











proteins, in comparison to control-fed animals (P = 0.0016 for overall CLA effect). The
expression levels of Tfam, a major regulator for mitochondrial DNA replication and transcription,
in the CLA supplemented groups were greater than the controls (P = 0.0195 for overall CLA
effect). There were no exercise effects in both activities of NRF-1 and Tfam (Fig. 7.4C and
7.4D).

We further determined expression levels of mitochondrial proteins, cytochrome ¢ which
is located in the inner membrane of mitochondria, and SOD2 which protects mitochondria from
reactive oxygen species. No significant overall effects of CLA or exercise were observed on
cytochrome ¢ and SOD2; however, the exercise trained mice showed marginally increased

expression levels of both proteins, although the results were not significant (Fig. 7.4E and 7.4F).

Figure 7.4. Effects of conjugated linoleic acid (CLA) on mitochondrial biogenesis-related
molecular markers from the gastrocnemius muscle in sedentary and exercise-trained mice.

7.3.7 Effects on muscle fiber type composition
The effects of CLA and/or exercise on changes in the composition of the four different

genes in myosin heavy chain (MYH) were evaluated in the gastrocnemius muscle (Fig. 7.5).
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These myosin heavy chain genes include MYH?7 (slow-twitch fiber type I), MYH3 (embryonic
fiber), MYH?2 (slow/fast-twitch fiber type 1la) and MYH1 (fast-twitch fiber type IIx/d). The
significant differences in MYH7 (P < 0.0001), MYH3 (P = 0.0019) and MYH1 (P = 0.0041) were
observed in the CLA-fed animals. On the other hand, the exercise trained mice showed
significantly increased gene expression levels of MYH?2 (P = 0.0205 for overall exercise effect).
Specifically, the CLA-fed mice in the exercise trained group expressed the most mRNA levels of

MYH7, MYH3 and MYH2 among all experimental groups.

2.0 [ Sedentary control
[ Sedentary CLA
== Exercise control
_ 2 Exercise CLA
[ =)
E § 1:5 [ % a
< > = 2 ] .
E "g c % b E2 b %é all?
c § 1.0 gé %
(O3] //
23 //
B 5 .
32 05 |
e n
S //
2 .
|
0.0 A %%
MHC 7 MHC 3 MHC 2 MHC 1
Exercise (E) CLA (D) Interaction
MHC 7 n.s. < 0.0001 n.s.
MHC 3 n.s. 0.0019 n.s.
MHC 2 0.0205 n.s. n.s.
MHC 1 n.s. 0.0041 n.s.

Figure 7.5. Effects of conjugated linoleic acid (CLA) on skeletal muscle fiber type
transformation. Samples were obtained from the gastrocnemius muscle in sedentary and exercise-
trained mice.
7.3.8 Effects on lipid and glucose metabolism in skeletal muscle

To determine the effects of CLA and/or exercise on lipid metabolism in skeletal muscle,
the selected genes measured the mRNA levels in the gastrocnemius muscle (Fig. 7.6A). The CLA
supplementation significantly increased the mRNA expression of LPL (the master regulator of

fatty acid uptake, P = 0.00154), PPARa (the key regulator of lipid metabolism, P = 0.00154) and

CPT 1§ (the key enzyme of fatty acid B-oxidation, P = 0.039), while no effects of CLA were
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observed on Fabp4 and UCP2 in muscle. Overall exercise effect was not shown in lipid

metabolism.
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Figure 7.6. Effects of conjugated linoleic acid (CLA) on mRNA expressions of selected genes
representative to lipid metabolism (A) and glucose and insulin metabolism (B) in the
gastrocnemius muscle in sedentary and exercise-trained mice.

The relative mRNA expression levels of PI3K, PDK4, AKT1 and GLUT4, markers for
glucose and insulin metabolism, were determined in the gastrocnemius muscle (Fig. 7.6B).

Among these targets, mRNA levels of GLUT4 (the insulin-regulated glucose transporter) were

significantly up-regulated by CLA supplementation (P = 0.0447), but not by exercise training.

7.4 Discussion

Previously, numerous studies with CLA investigated the mechanisms to reduce body
weight and body fat mass by modulating metabolism in adipose tissues '>'°. However, the effects
of CLA on skeletal muscle metabolism have garnered relatively less attention, even though a
number of early studies demonstrated that CLA increased lean body mass, including muscle mass

and improved physical activities '*°. In the current study, we have assessed the effects of CLA on

98



endurance capacity and the metabolic alteration of intracellular molecular markers in skeletal
muscle. Of particular importance, up- and down-stream markers of PPARS regulated
mitochondrial biogenesis and muscle fiber type composition. Those markers were primarily
investigated as the metabolic events that influence endurance capacity. Results from the present
study indicated that CLA supplementation, but not exercise training, stimulated mitochondrial
biogenesis and induced genes of myosin heavy chains composed of muscle fiber in mice,
resulting in enhancement of lipid metabolism. Thus, CLA supplementation might be a more
effective way to control skeletal muscle metabolism rather than exercise training alone.

In this study, the CLA-fed mice had an enhanced endurance capacity compared to the
control diet groups. Furthermore, 0.5% CLA supplementation combined with endurance training
showed a significant additional effect on the maximum running time and distance (Fig. 7.2).
These results are consistent with the previous studies that demonstrate increased maximum
swimming or running capacity in mice by CLA treatment '®'**%>?% Indeed, three early studies
reported that 0.5% CLA supplemented mice increased voluntary movement (non-exercise
physical activity) '7?%=%_ Although our results did not observe the overall CLA effect in
voluntary movement, the CLA-fed mice significantly traveled greater distances compared to
control-fed animals within the sedentary group. On the other hand, no CLA effect was observed
in the trained mice. This result is supported by a study where the trans-10,cis-12 CLA isomer
improved endurance capacity, while there were no changes in voluntary movement in the trained
mice '*. Ohnuki et al."*® also demonstrated no effect of a single oral administration of CLA on
locomotive activity. Thus, further studies with CLA are needed to discover the correlation
between voluntary movement and extensive endurance training.

It is known that endurance training activates various signaling cascades in skeletal
muscle energy metabolism. In particular, AMPK plays a central role in the adaptive response to
exercise, since AMPK senses lowered ATP levels due to increased energy demands by exercise,

which in turn leads to the activation of oxidative metabolism for energy homeostasis in the body
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' Our results demonstrated that the exercise trained groups had remarkably upregulated AMPK
phosphorylation levels in comparison to the sedentary animals, although other markers in the
down-stream signaling pathway of AMPK showed no alteration of their activities by overall
exercise effect. It might occur due to a bout of exercise with the same intensity and duration as
the training protocol before sacrifice. In fact, it has been reported that acute exercise enhanced
AMPK activities in skeletal muscle **,

Adaptation in skeletal muscle includes the modulation of several transcriptional factors
in response to mitochondrial metabolism to promote lipid consumption as an energy source **.
Specifically, PGC-1a acts as a key regulator in these transcriptional alterations, which regulates
mitochondrial and fatty acid metabolism ***. In these metabolic events, SIRT1 contributes to the
deacetylation of PGC-1a, and in turn controls its activity 3% 1n the same context, our data showed
that CLA supplementation activated SIRT1 expression in skeletal muscle, and up-regulated PGC-
la (Fig. 7.3E and 7.3F). However, further studies are required to investigate how SIRT1 is
activated by CLA.

Mitochondrial biogenesis is a complex process that increases volume and changes
mitochondrial composition in response to physical and nutritional stimuli *"°. Activated PGC-1a.
triggers the modulation of nuclear and mitochondrial regulators such as PPARS, NRF-1 and -2,
and Tfam, which are intimately linked to the stimulation of mitochondrial biogenesis '°. In the
current study, CLA supplementation sequentially facilitated PGC-1a, PPARS and PGC-1a-NRF-
1-Tfam signaling cascades. Therefore, it suggests that CLA may potentiate mitochondrial
biogenesis. Although this study demonstrated the alteration in the biochemical markers of
mitochondrial biogenesis, it did not include a histological analysis, such as a visualization of
fluorescent mitochondria using dyes and microscopy, as well as the number of mitochondrial
DNA copies ***. Thus, further studies are needed in order to better understand the underlying

morphological changes of how CLA regulates mitochondrial biogenesis.
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Along with PGC-1a, one of the key regulators in mitochondrial biogenesis and muscle
fiber type transformation is PPARGS. It is evident that PPARS in skeletal muscle increases
mitochondria-rich oxidative type I fiber >'*""'*, In regards to skeletal muscle fibers, they are
briefly categorized into slow-twitch and fast-twitch, depending on their contractile properties '**.
The fiber in humans consists of myosin heavy chains (MHCs), which are segmented into MHC I,
MHC IIa and MHC IIx/d. These MHC isoforms have different characteristics: MHC I is an
oxidative slow-twitch type I fiber with a high density of mitochondria, which uses fatty acids as
the primary energy source; MHC IIx/d is a glycolytic fast-twitch type II fiber, using glucose and
phosphocreatine primarily to generate energy; MHC Ila is likely between type I and IIx/d '®. As
shown in the previous study '*>, PPARS could affect the regulation of muscle fiber type,
contributing to prolonged running endurance. In the present study, CLA-fed mice led to an
increase of PPARGS expression and the induction of overall MHC genes. Furthermore, CLA
supplementation significantly increased the gastrocnemius muscle mass (Table 7.2). Thus, it
suggests that CLA supplementation could affect the overall physiology of skeletal muscle based
on the PPARS-driven metabolic events.

In regards to lipid metabolism, free fatty acids in plasma pass through a plasma
membrane in skeletal muscle by diffusion, or by transportation using receptor proteins such as
cluster of differentiation 36 (CD36), fatty acid binding protein (Fabp) and fatty acid transporter
protein 1 (FATP1), which in turn forms fatty acyl-CoA complexes. Subsequently, they enter
mitochondria by shuttling through CPT1 and then undergo oxidation **. Our data demonstrated
that CLA significantly increased three key genes associated with lipid metabolism in skeletal
muscle, especially LPL, PPARa and CPT1f, which is consistent with the previous studies in mice
1718.273663.19 particularly, two studies among these elucidated to the effects of CLA
supplementation combined with endurance training on the alteration of molecular markers in

skeletal muscle lipid metabolism '*'*. Intriguingly, a number of transcriptional factors to control
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lipid metabolism are regulated by PPARGS in skeletal muscle, resulting in increased fatty acid -
oxidation *.

Furthermore, PPARGS targets genes in glucose and insulin metabolism. Increased PPARS
induces phosphorylation of PDK, leading to the negative regulation of pyruvate dehydrogenase
complex (PDC). As a consequence, carbohydrate oxidation is reduced during fasting '* .
However, results from the current study did not observe the overall effects of CLA or exercise in
PDK4 expression, although PPARS protein levels were increased by CLA supplementation. Parra
et al."”® reported that CLA supplementation did not increase mRNA levels of PDK4, as well as
other genes associated with glucose and insulin metabolism. Increased GLUT4 expression in this
study is consistent with the previous observations '7**%. Therefore, our data suggest that CLA
supplementation may not inhibit glucose and insulin metabolism, but may promote lipid
metabolism.

Overall, CLA supplementation led to enhanced endurance capacity and positively
altered molecular markers in skeletal muscle metabolism, whereas exercise effects were limited
in this study. It might be derived from the heterogeneous factors in terms of the exercise protocols
such as intensity and duration. Although overall endurance exercise is known to induce
mitochondrial biogenesis and muscle fiber type transformation via the modulation of intracellular
biomarkers, it is not completely understood how the magnitude of exercise intensity and duration
influences these physiological and phenotypic alterations in skeletal muscle *”’. In fact, Tadashi et
al.**® reported that PGC-1a expression levels were significantly correlated with the intensity of
running endurance in mice. In our study, we used a mixture of low-intensity and low-volume as
an exercise protocol. Thus, it could be suggested that increased endurance capacity under low
levels of exercise intensity and duration relies on CLA supplementation rather than exercise.

The potential health concerns related to CLA supplementation to date are glucose
intolerance and fatty liver >*’**"! In the present study, we could not find any evidence in terms

of glucose intolerance associated with CLA supplementation. In fact, no significant increases in
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serum glucose levels were observed. However, more studies like glucose tolerance tests are
needed to confirm the influence of CLA in glucose intolerance. As reported in previous studies
1718152 '\we observed an enlarged liver after CLA supplementation. It can be suggested that CLA
dramatically affects lipid metabolism, including reduced adipose tissue and increased hepatic
lipogenesis, resulting in the accumulation of TG in the liver. In the same context, the current
results showed decreased adipose tissue weight and serum TG levels in the CLA supplemented
mice (Table 7.2 and 7.3). Moreover, previous studies in rodents demonstrated no pathological
significance in the hepatic markers ***.

In conclusion, we demonstrated that CLA supplementation, yet not exercise alone,
promotes endurance capacity and increases skeletal muscle mass in this mouse model. It implies
that CLA supplementation is involved in skeletal muscle metabolism by stimulating
mitochondrial biogenesis and inducing muscle fiber gene expression, resulting in increased lipid
metabolism. Particularly, enhanced PPARJ-mediated signaling pathways regulate these metabolic
events. Although the precise mechanism of whether CLA regulates PPARS directly or indirectly
was not dealt with this study, it is suggested that CLA exerts its action via the activation of PGC-
la through SIRT1, subsequently leading to the up-regulation of PPARS and its related target
markers in skeletal muscle. If further research on CLA supplementation is combined with an

appropriate exercise regime, with intensity and duration, it may provide a more effective method

to prevent obesity by the modulation of skeletal muscle metabolism.
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CHAPTER 8

CONCLUDING REMARKS

To date, calorie restriction and exercise are the most effective strategies to prevent
and/or reduce incidences of obesity. Nonetheless, there is an increasing prevalence of obesity due
to physical inactivity and sedentary lifestyle. Thus, various studies have been trying to find more
efficient prevention and treatment for obesity by understating the determinants contributing to
skeletal muscle and physical activity.

It is known that CLA reduces body fat and increases lean mass, resulting in the
alteration of body composition. While it is well established that CLA attenuates body fat
accumulation through the regulation of metabolism in adipocytes, the mechanisms of CLA on
skeletal muscle metabolism are not yet fully known. The objective of this proposed research was
to discover the underlying mechanism of how CLA modulates metabolism in skeletal muscle
based on the AMPK signaling pathway, and subsequent downstream signaling cascades.

In C2C12 murine skeletal muscle cells, both active CLA isomers (cis-9,trans-11 and
trans-10,cis-12) significantly activated PGC-1a, a master regulator of mitochondrial biogenesis,
via AMPKa phosphorylation in an isomer-specific manner. Subsequently, CLA isomers
enhanced PPARS, NRF-1 and Tfam, which was needed to regulate mitochondrial biogenesis.
Consequently, CLA isomers increased the number of copies of mitochondrial DNA, mirrored by
enhanced mitochondrial biogenesis. It was suggested that CLA might act as an activator of
mitochondrial biogenesis in skeletal muscle.

In the genetically induced inactivity adult-onset obesity model (Nhlh2 gene knockout
mice), CLA supplementation prevented body weight gain and fat accretion by improved physical
activity. Specifically, CLA enhanced voluntary movement and increased skeletal muscle mass. It

is implied that CLA induced the physiological changes in skeletal muscle, supporting the
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activation of AMPKa, PGC-1a and downstream biomarkers related to mitochondrial biogenesis,
such as PPARS and Tfam in CLA-fed mice. Thus, it might indicate that CLA treatment during the
developmental period in mice had a preventive effect on obesity caused by physical inactivity.

Next, we demonstrated that post-weaning CLA supplementation contributed to the
reduction of voluntary activity and glucose intolerance using the CLA withdrawal model in the
high-fat fed Nhlh2 mice. Although the genetically obese mice were not sufficient per se to
maintain health benefits by CLA supplementation during the pre-obese state, normal mice
showed significantly decreased body weight gain and fat mass along with increased physical
activity throughout the experiment. In particular, CLA-fed mice after withdrawal had improved
glucose homeostasis. These alterations in normal mice might be derived from the upregulation of
AMPKo and PPARS, as well as the desensitization of PTEN and the sensitization of AKT at
threonine 308 in skeletal muscle. Thus, it could be suggested that the post-weaning administration
of CLA during the pre-obese state might partially stimulate the underlying molecular targets
involved in muscle metabolism in normal mice, yet not in the genetically induced inactive adult-
onset animal model.

Lastly, we elucidated to the effects of CLA supplementation and/or endurance exercise
on skeletal muscle metabolism. Results from this study demonstrated that CLA, but not low-
levels of exercise alone, promoted the maximum running time and distance along with increased
skeletal muscle mass. In addition, CLA supplementation stimulated mitochondrial biogenesis-
related factors through the activation of SIRT1 and PGC-1a in skeletal muscle. Of particular
importance, CLA increased the expression levels of PPARS which is a key regulator of muscle
fiber type transformation. Consequently, CLA induced these molecular events such as
mitochondrial biogenesis and upregulated genes in muscle fibers, resulting in increased lipid
metabolism in skeletal muscle. It implied that CLA exerted its actions via the PPARS-mediated
signaling pathway.

Collectively, CLA potentially acts as an exercise-mimetic, resulting in improved
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physical activity, which can support its function of regulating body fat.
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