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ABSTRACT

Fachada, Vasco
Intramyocellular Lipid Metabolism in Health, Diet and Exercise: A Focus on 
Lipid Droplets and the Perilipin Protein Family
Jyväskylä: University of Jyväskylä, 2023, 90 p. (+included articles)
(JYU Dissertations
ISSN 2489-9003; 639)
ISBN 978-951-39-9733-5 (PDF)

This doctoral study investigated the role of perilipins (PLINs) in skeletal muscle 
lipid metabolism and their association with intramyocellular lipid droplets (LDs) 
in relation to health, exercise and and nutrition. Using diverse study models in-
cluding human subjects, in vitro experiments, and advanced image analysis tech-
niques, the study aimed to explore the effects of insulin resistance, physical activ-
ity, and branched-chain amino acid (BCAA) availability on PLIN coating of LDs 
and its implications for muscle phenotype. The results revealed that individuals 
with unhealthier skeletal muscle phenotypes exhibited deficient PLIN coating of 
LDs, particularly in the inner regions of glycolytic fibertypes. These findings 
were further validated in glycolytic myotubes subjected to BCAA deprivation, 
which also displayed reduced PLIN coating together with reduced LD turnover 
indicators. On the contrary, physical activity and balanced BCAA availability 
were associated with enhanced LD coating, which can provide protection against 
intramyocellular lipotoxicity. Moreover, the study uncovered the involvement of 
PLINs in various cellular processes within and between organelles, emphasizing 
the significance of their functional role beyond LD association. Notably, i t was 
observed that PLIN5 translocated to the nuclei following muscle contractions, 
suggesting its potential contribution to transcriptional pathways. In conclusion, 
this study highlights the crucial role of PLIN physiology in skeletal muscle lipid 
metabolism and overall muscle health. Appropriate physical activity and nu-
trition were found to positively impact muscle health by facilitating proper as-
sociation of PLINs with intramyocellular LDs and engaging in diverse cellular 
functions. The study suggests that targeting the PLIN coating of LDs could hold 
therapeutic potential for metabolic diseases. Future research directions include 
further investigation of the different PLIN members, such as PLIN3 and PLIN4, 
and exploring the nature of a putative intramyocellular lipid network. Addition-
ally, understanding the mechanisms underlying PLIN translocation to nuclei fol-
lowing muscle contractions opens up new avenues for studying the involvement 
of PLINs in transcriptional pathways related to energy metabolism.

Keywords: perilipins, insulin resistance, skeletal muscle, physical activity, lipo-
toxicity, BCAA, lipid droplets, myotubes, PGC-1α



TIIVISTELMÄ (ABSTRACT IN FINNISH)

Fachada, Vasco
Terveyden, ruokavalion ja liikunnan vaikutukset lihassolun lipidimetaboliaan: 
painopisteenä lipidipisarat ja perilipiiniproteiinit
Jyväskylä: University of Jyväskylä, 2023, 90 s. (+artikkelit)
(JYU Dissertations
ISSN 2489-9003; 693)
ISBN 978-951-39-9733-5 (PDF)

Tässä väitöstutkimuksessa tutkittiin rasvapisaroiden ja niiden pintaproteiinien 
perilipiinien roolia luurankolihaksen rasva-aineenvaihdunnassa sekä liikunnan 
ja ravitsemuksen vaikutuksia. Tutkimuksessa analysoitiin näytteitä ihmistutki-
muksista sekä in vitro-solukokeista käyttäen kehittyneitä mikroskooppitekniikoi-
ta. Tutkimuksen tavoitteena oli tutkia insuliiniresistenssin, fyysisen aktiivisuu-
den ja haaraketjuisten aminohappojen (BCAA) saatavuuden vaikutuksia rasvapi-
saroiden perilipiineihin ja lihaksen ilmiasuun. Tulokset osoittivat, että yksilöillä, 
joilla oli normaalista poikkeava luurankolihaksen ilmiasu, rasvapisaroiden perili-
piinirakenne oli puutteellinen erityisesti nopeiden glykolyyttisten lihassolujen si-
säosissa. Nämä havainnot validoitiin edelleen in vitro-solukokeilla glykolyyttisis-
sä myotuubeissa, joilta poistettiin BCAA:t. Tämä aiheutti perilipiinipinnoitteen 
vähentymisen rasvapisaroiden vaihdunnan vähentyneiden indikaattorien ohella. 
Sen sijaan, fyysinen aktiivisuus ja tasapainoinen BCAA:n saatavuus liittyivät pa-
rempaan rasvapisaroiden pinnan perilipiinirakenteeseen, mikä tarjoaa suojaa so-
lunsisäistä lipotoksisuutta vastaan. Lisäksi tutkimuksessa paljastui perilipiinien 
osallistuminen erilaisiin soluprosesseihin organellien välillä, mikä korostaa nii-
den toiminnallisuutta rasvapisararoolin lisäksi. Erityisesti havaittiin, että perili-
piini 5 proteiini siirtyi lihastumiin lihassupistusten jälkeen, viitaten sen mahdolli-
seen tehtävään geenien ilmenemisen säätelyssä. Yhteenvetona voidaan todeta pe-
riliipiineillä olevan merkittävä rooli luurankolihaksen rasva-aineenvaihdunnassa 
ja lihaksen terveydessä. Fyysisen aktiivisuuden ja ravitsemuksen havaittiin vai-
kuttavan myönteisesti lihasten terveyteen edistämällä perilipiinien vuorovaiku-
tusta solunsisäisten rasvapisaroiden kanssa niiden osallistumista. Tutkimus viit-
taa siihen, että rasvapisaroiden periliipini-päällysteen muokkaamisella voisi olla 
terapeuttista potentiaalia aineenvaihduntasairauksien hoidossa. Tulevissa tutki-
muksissa tulisi selvittää myös muiden perilipiinien, kuten perilipiini 3 ja 4 roolia 
sekä solunsisäisen lipidiverkoston rakennetta. Lisäksi lihassupistusten aiheutta-
man perilipiinien tumaan siirtymisen mekanismien ymmärtäminen avaa mah-
dollisuuksia tutkia perilipiinien osallistumista energia-aineenvaihduntaa sääte-
levien geenien ilmenemiseen.

Avainsanat: perilipiinit, insuliiniresistenssi, luustolihakset, fyysinen aktiivisuus, 
lipotoksisuus, BCAA, rasvapisarat, myotuubit, PGC-1α
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1 INTRODUCTION

Lipids are ubiquitous molecules and are believed to have played a crucial role
in abiogenesis (Goodpaster et al. 2001; Rimmer et al. 2018). According to the
’lipid world’ hypothesis, liposomes were the first self-assembling and replicating
structures to emerge on Earth, even before RNA (Subbotin & Fiksel 2023). They
became an essential component of living organisms and play vital roles in various
biological processes, including cell membrane formation, energy storage, and cell
signaling (Akie & Cooper 2015; Gemmink et al. 2016; Halama et al. 2016). Today
liposomes exist in virtually every cell type of every organism, often receiving the
name of lipid droplets or LDs (Figure 1).

Most liposomes are spherical structures composed of lipid bilayers that
have the ability to encapsulate a hydrophobic compartment. They can form spon-
taneously in aqueous environments and are considered a probable precursor to
the first cells (Cavalier-Smith 2001; Hanczyc et al. 2003). While the most well-
known function of liposomes relates to their role as a cell membrane, they are
also involved in the formation of organelles such as mitochondria, peroxisomes
or the endoplasmic reticulum (Casares et al. 2019; Hanczyc et al. 2003).

However, not all liposomes are made of bilayers. For example, lipid
droplets and lipoproteins are a special kind of liposome made up of a phospho-
lipid monolayer. The former are lipid-rich organelles found in many cell types,
including adipocytes, hepatocytes, and myocytes, serving as a primary storage
site for fatty acids and energy (Bartz et al. 2007; Listenberger et al. 2003; Pressly
et al. 2022; Zadoorian et al. 2023). While they are crucial for cellular metabolism,
LDs can also be a source of toxicity to cells if their metabolism is dysregulated,
leading to a pathophysiological state known as lipotoxicity (Unger et al. 2010).
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FIGURE 1 Intracellular liposomes in different cells and lifeforms, often organizing as
lipid droplets. Here stained as neutral lipids, ranging from dark purple (low
concentrations) to bright orange (high concentrations). A) Human erythro-
cyte, cyan is actin cytoskeleton; B) Plant (Pinus mugo) epidermal and hypo-
dermal cells, cyan are nuclei; C) Mouse (Mus musculus) liver, cyan are nuclei,
green is PLIN5; D) Rat (Rattus norvegicus) striatum, green are D1 positive
neurons; E) Mushroom (Inocybe asterospora) hymenium with basidia, cystidia
and ejected spore, cyan is autofluorescence; F) Rat (Rattus norvegicus) fibrob-
lasts, green is PLIN5. Bars = 5 µm.

Lipotoxicity occurs when cells accumulate excess lipids that cannot be effectively
utilized, leading to cellular dysfunction and damage. This phenomenon is of-
ten observed in metabolic disorders such as obesity, type 2 diabetes, and non-
alcoholic fatty liver disease (Pressly et al. 2022; Wree et al. 2013; Zadoorian et
al. 2023). These disorders are prevalent in western countries, and their treat-
ment imposes a significant economic burden on healthcare systems worldwide
(Gustafson et al. 2007).

This dissertation focuses on glycerolipids, which are a type of lipid that con-
tains a glycerol backbone and one or more fatty acid chains. Glycerolipids are the
primary constituents of LDs, and their metabolism is critical for maintaining cel-
lular homeostasis (Listenberger et al. 2003; Zadoorian et al. 2023). This is remark-
ably true in the skeletal muscle, given its large volume and high lipid turnover
rate (Kenney et al. 2021; Seibert et al. 2020). The perilipin protein family mem-
bers (PLINs) are central agents in regulating LDs and glycerolipids, keeping the
skeletal muscle lipid metabolism at equilibrium (MacPherson & Peters 2015).

Nevertheless, the study of skeletal muscle lipid metabolism must not be
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segregated from the complete and holistic metabolic essence. A prime exam-
ple of this is the crosstalk with energy metabolism and branched-chain amino
acid (BCAA) metabolism (Kainulainen et al. 2013). In this regard, metabolic
phenotypes are not merely defined by the individual genotype and can be sig-
nificantly impacted by human behavior, namely through nutrition and exercise
(Goodpaster et al. 2001).

As the cardinal aim, the present work proposes to investigate the distri-
bution of LDs and PLINs within muscle cells and their relationship with other
organelles such as the nucleus and the sarcolemma. As a secondary objective,
sizeable efforts are steered towards the connection between the muscle lipid, en-
ergy and BCAA metabolisms. These grounds were studied across contrasting
metabolic, nutritional and physical activity statuses. The chosen approach in this
dissertation is largely based on pattern recognition and comprehension, as it is
believed that characterizing and understanding patterns in cellular events can
provide insight into metabolic status and disease development (Murphy 2010;
Xu et al. 2020; Zheng et al. 2011).

In summary, this dissertation aims to provide insight into the allocation pat-
terns of LDs and related markers, together with their association with other or-
ganelles within cells, particularly in muscle cells, to gain a better understanding
of cellular lipid metabolism and its dysregulation in metabolic disorders.
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2 LITERATURE REVIEW

2.1 Skeletal muscle lipid metabolism

Being such prevailing molecules, lipids are also harbored within muscle cells
(Machann et al. 2004; Malenfant et al. 2001; Moro et al. 2008; Shaw et al. 2008).
As the largest organ in the human body, skeletal muscle plays a major part in
metabolizing nutrients and other compounds (Pedersen 2013). This becomes
more evident when acknowledging the high energy demands of skeletal muscle
(Kenney et al. 2021). In respect to lipids, these are the source of one of the three
macronutrients, necessary to make all cells function. Although the immediately
obvious role lipids play in myofibers is as an energy fuel (Kenney et al. 2021; Seib-
ert et al. 2020), this group of molecules have a wide array of other critical func-
tions within the skeletal muscle cell and organ as a whole. Such additional roles
range from cell mechanical protection and structural integrity via sarcolemma
and other membranal complexes, signaling pathways related to inflammation or
vesicle trafficking (Morales et al. 2017; Seibert et al. 2020; Zehmer et al. 2009).

Moreover, the overall relevance of skeletal muscle lipid metabolism is high-
lighted by its connection with several health implications (Le Lay & Dugail 2009;
Morales et al. 2017) and a close interplay with energy metabolism as well as
BCAA metabolism (Hatazawa et al. 2014; Sjögren et al. 2021).

2.1.1 Extracellular lipid sources

Lipids reach myofibers via blood circulation, to where they can be introduced
from either ingestion or from the adipose tissue. If ingested, lipids start being
broken down by saliva in the mouth, though most of their digestion happens in
the small intestine (Silverthorn 2010). Once in the blood, lipids circulate mostly
as lipoproteins, which are essentially esterified fatty acids into glycerol, which
together with cholesterol are enveloped by a phospholipid monolayer embedded
with regulating proteins (Maughan et al. 1997; Silverthorn 2010).

When these circulating lipids reach the capillaries contiguous to myofibers,
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specific enzymes released from the endothelium can hydrolyze lipoproteins into
simpler free fatty acids (FA), releasing them into the plasma. Then, these simpli-
fied albumin-bound FAs can enter skeletal muscle cells assisted by protein chan-
nels and transporters (Goldberg et al. 2021; Maughan et al. 1997; Silverthorn 2010;
Su & Abumrad 2009).

2.1.2 Intramyocellular lipids and terminology

Now that the intramyocellular space has been reached, it is important to define a
few lipid-related terms. Starting with the FAs that just entered the cell, these are
relatively simple molecules, which will be, eventually, directly utilized by the cell
to carry numerous vital functions, such as β-oxidation at the mitochondria and
consequential ATP production. Like the term suggests, these are molecules with
an acidic signature (Gunstone & Harwood 2007; Voet et al. 2016).

Another possible fate of FAs is esterification by binding glycerol molecules,
thus generating glycerolipids, the most referred one being triacylglycerol (TAG).
The latter is composed of one glycerol molecule bound to three FAs, and no
longer has an acidic profile, but a neutral one (Gunstone & Harwood 2007; Voet
et al. 2016). When TAG is discussed inside muscle fibers, the term intramycellular
triglycerides (IMTG) is often applied (Badin et al. 2013; Coen et al. 2009; Moro et al.
2008; Watt 2009).

Although a commonly used term, including in this dissertation, intramy-
ocellular lipids (IMCL) is arguably the most controversial or ambiguous one.
Interpreted literally, it should refer to all lipids present within the myocite, in-
cluding FAs, phospholipids, cholesterol, TAG and so on. However, IMCL has
often been used throughout the literature to refer to those lipids with a neutral
charge, such as diacyglycerol (DAG), monoacyglycerol (MAG) and cholesterol,
but mainly to TAG, i.e., the neutral lipids which reside inside the muscle cell
(Chow et al. 2017; Gemmink et al. 2016, 2021; Stokie et al. 2023).

2.1.3 Lipid droplets & cell architecture

The main container of TAG in muscle cells – or IMTG – is the LD, a very popular
term in the field. It is sometimes used interchangeably with IMCL, although in
this dissertation those two terms are not considered synonyms. Here, the term
LD is reserved for neutral lipid aggregates of subglobose shapes. On the contrary,
IMCL are used to refer to neutral lipids in general, which are targeted by stains
like Bodipy or LD540, and not necessarily to lipids organized within any kind of
subglobose organelle (see section 6.2 for related discussion).

In the particular case of skeletal muscle, most of the intracellular LDs visbile
with light microscopy are well under 1 µm in diameter, rarely reaching 2 µm,
and localize just adjacent to myofibrils and its sheeting sarcoplasmic reticulum
(Bosma 2016; Koh et al. 2017; Walther & Farese 2012), as illustrated in Figure 2.

Given the tightly packed architecture and the contractile properties of mus-
cle fibers (Kenney et al. 2021), LD morphology and distribution are under the
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influence of both biochemical and biomechanical dynamics (Prats et al. 2006).

FIGURE 2 Architecture of the skeletal muscle, from bone to protein filaments. The
structures in the illustration are not to scale.

2.1.4 Lipid turnover & LD regulation by the perilipin protein family

The LD is a dynamic organelle involved in the storage and utilization of lipids in
cells (Welte 2015). It is composed of a neutral lipid core surrounded by a phos-
pholipid monolayer and associated proteins (Figure 3). The most abundant neu-
tral lipid in LDs is TAG, with smaller amounts of cholesterol and DAG (Murphy
2012; Wilfling et al. 2014).
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FIGURE 3 Simplified illustration of LD composition and main regulating interactions
of PLINs. While FAs flow to and from the phospholipid-monolayered LD
before used by mitochondria, the LD is metabolized by enzymes like ATGL
or HSL, which in turn are regulated by PLINs. Some PLINs seem to have a
nuclear role.

This organelle plays a crucial role in the energy metabolism by providing FAs –
hydrolyzed from TAG –, as a source of acetyl coenzyme A for the Krebs cycle
in mitochondria, and ultimately producing the ATP required for contraction and
other cellular functions (Bosma 2016; Kenney et al. 2021; Maughan et al. 1997;
Morales et al. 2017). Simultaneously, LDs are the first stop for freshly endocytosed
FAs (Kanaley et al. 2009; Su & Abumrad 2009).

The regulation of LDs involves several enzymes, including hydrolyzing en-
zymes – such as hormone-sensitive lipase (HSL) or adipose triglyceride lipase
(ATGL) – and esterifying enzymes such as diacylglycerol O-acyltransferase 2
(DGAT2) (Krahmer et al. 2009). These enzymes play a critical role in control-
ling the size and number of LDs in cells. Many of these enzymes are regulated
by post-translational modifications and complex interactions with other proteins
(Krahmer et al. 2009; Wilfling et al. 2014).

Central to such regulation are the PLIN proteins, formerly known as PAT
proteins (Greenberg et al. 1991; MacPherson & Peters 2015). The PLINs are
primarily located on the surface of LDs, where they interact with other LD-
associated proteins and enzymes involved in lipid metabolism, regulating their
access to lipid stores (Granneman et al. 2009). They can, for instance, inhibit lipol-
ysis by interacting with ATGL, HSL and some of their co-activators (Granneman
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et al. 2011; Sztalryd & Brasaemle 2017). In skeletal muscle, all isoforms but PLIN1
seem to be present, whereas PLIN2 and PLIN5 are the more prominent, partic-
ularly in fine tuning LD hydrolysis (Daemen et al. 2018b; MacPherson & Peters
2015), and therefore will be under focus in this review.

Starting with PLIN2 – also known as adipophilin and ADRP, amongst other
names – it is a ubiquitous isoform throughout the different tissues and, at the
same time, the most expressed PLIN in skeletal muscle (MacPherson & Peters
2015; Shaw et al. 2009; Shepherd et al. 2012, 2013). Accordingly, PLIN2 seems to
replace the function of other PLINs in different tissues and therefore it is likely a
more generalistic or unspecialized isoform (MacPherson & Peters 2015). This fact
is perhaps reflected by the ability to bind and interact with both lipases and es-
terification enzymes, thus participating actively in both lipolysis and lipogenesis
(MacPherson & Peters 2015; Stone et al. 2009; Wang et al. 2011).

Very close to PLIN2 in its RNA sequence, there is PLIN5, an isoform mainly
expressed in highly oxidative tissues, such as skeletal muscle and also known as
OXPAT, MLDP, or LSDP5 (MacPherson & Peters 2015; Shepherd et al. 2012, 2013;
Wolins et al. 2006). It seems to behave very similarly to PLIN2 in the capacity to
inhibit lipases, LD hydrolysis and consequently promoting LD growth (Daemen
et al. 2018b; MacPherson & Peters 2015). However, unlike PLIN2, PLIN5 is not
reported to interact with DGAT2 (Stone et al. 2009) and there are studies connect-
ing PLIN5 with increased oxidative capacity, TAG hydrolysis and LD enrichment
with high energy TAG (Billecke et al. 2015; Bosma et al. 2012b; Peters et al. 2012;
Whytock et al. 2018). Taken together, this suggests PLIN5 plays a specialized
role in skeletal muscle, where it has the ability to quickly restrict or activate the
lipolytic status of LDs (Wolins & Mittendorfer 2018; Zhang et al. 2022).

However, the roles of PLIN-LD dynamics expand beyond providing FAs
to mitochondria. For instance, they have been shown to translocate to nuclei
and directly influence transcriptional events (Cinato et al. 2023; Farese & Walther
2016). One such event, for instance, is the activation of peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1α) and consequentially, mi-
tochondrial biogenesis (Gallardo-Montejano et al. 2016; Seibert et al. 2020).

In conclusion, LDs are dynamic organelles involved with – but not lim-
ited to – lipid turnover. The regulation of LDs is complex and involves sev-
eral proteins, including the PLINs. Both LDs and PLINs have a role in energy
metabolism, lipid turnover and intramyocellular signaling in general. A simpli-
fied illustration of the LD dynamics in the muscle cell can be seen in Figure 3.

2.1.5 Link between lipid, energy and BCAA metabolisms

The connection between the lipid and energy metabolisms also extends to the
BCAA metabolism, as muscle BCAA are an important source of IMTG (Nye et al.
2008). The latter occurs through glyceroneogenesis, a crucial metabolic pathway
in facilitating the production of glycerol 3-phosphate or TAG from sources other
than glucose. In this process, pyruvate, alanine, glutamine, and various sub-
stances derived from the Krebs cycle serve as precursors for glycerol 3-phosphate.
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Glyceroneogenesis not only produces lipids for utilization in other metabolic
pathways but also maintains cytosolic lipid levels by re-esterifying FAs to form
triglycerides (Kainulainen et al. 2013; Nye et al. 2008). Highlighting this, there is
the fact that unlike other amino acids that can be processed by the liver, BCAAs
are mainly broken down in skeletal muscle (Kainulainen et al. 2013; Lerin et al.
2016). Importantly, PGC-1α constitutes a critical link between the lipid and BCAA
metabolisms in skeletal muscle, as it plays a role in activating the latter through
multiple nuclear receptors (Hatazawa et al. 2018; Sjögren et al. 2021). The rele-
vance of PGC-1α is further emphasized by correlating with glucose transporter
type 4 (GLUT4) and insulin sensitivity in skeletal muscle (Al-Khalili et al. 2006).

Additionally, poor BCAA metabolism in skeletal muscle has been linked to
impaired lipid metabolism and insulin resistance (Lerin et al. 2016), while exer-
cise has been shown to affect muscle BCAA metabolism (Leskinen et al. 2010).
For instance, the high expression of genes involved in BCAA degradation and
FA metabolism in skeletal muscle is linked to high endurance capacity in rats
(Kivela et al. 2010). Likewise, an under-regulated amino acid catabolism impairs
exercise metabolism and reduces endurance capacity in mice (She et al. 2010).
Furthermore, it has been demonstrated that acute exercise stimulus activates the
primary pathways of BCAA oxidation (Kasperek et al. 1985; Xu et al. 2001).

Despite this, research establishing a connection between intramyocellular
BCAA and PLINs is scarce, at best. It is therefore essential to investigate the
effects of BCAA availability on the LD-PLIN regulation, as this could potentially
reveal crucial dynamics underlying several aspects of metabolic health.

2.2 Intramyocellular lipids & metabolic health

2.2.1 The athlete paradox

The interest in the study of IMCL, particularly LDs, exploded with the paradigm
shift initiated by the so-called athlete paradox (Daemen et al. 2018a; Goodpaster
et al. 2001; Russell 2004; van Loon et al. 2004a; Wolins & Mittendorfer 2018). By
comparing obese and type 2 diabetic individuals against healthy controls, it was
thought that insulin resistance correlated linearly with increased IMCL (Falholt et
al. 1988; Standl et al. 1980). However, when researchers decided to look into ath-
letes – particularly endurance oriented, but not limited to (Shepherd et al. 2014)
– they were surprised by the even higher content of IMCL in these individuals
(Goodpaster et al. 2001). It became evident that the relationship between insulin
resistance and IMCL content was not a linear one (Figure 4). The necessary con-
clusion was that skeletal muscle insulin resistance was not simply determined by
the amount of IMCL, and the number of research questions multiplied from there
(Daemen et al. 2018a; Goodpaster et al. 2001; Russell 2004; van Loon et al. 2004a).
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FIGURE 4 The athlete paradox. Insulin-resistant individuals, such as type 2 diabetic rep-
resented on the left side of the plot, show increased IMCL content when
compared to insulin sensitive controls, in the center of the plot. However,
paradoxically athletes show even higher contents of IMCL, despite elevated
insulin sensitivity.

One of the questions emerging from the athlete paradox concerns the location of
LDs and its metabolic implications, both in terms of cell type, as well as in terms
of subcellular localization (Nielsen et al. 2010; van Loon & Goodpaster 2006; van
Loon et al. 2004b). However, studies focusing on this matter are relatively scarce
and occasionally inconsistent in their results, especially in human skeletal mus-
cle (Daemen et al. 2018b). The present dissertation proposes to contribute novel
insights to this field of knowledge.

2.2.2 Lipotoxicity and metabolic disorders

The main metabolic disorder connected to the study of intramyocellular LDs is in-
sulin resistance (Bouzakri et al. 2005; Daemen et al. 2018a; Goodpaster et al. 2001;
Pressly et al. 2022; Russell 2004; van Loon et al. 2004a; Zadoorian et al. 2023),
the rationale being the disruption of the insulin-signaling pathway, specifically
through inhibition of insulin receptor substrates (IRS). These signaling cascades
initiated by specific ceramides – and possibly DAG to some degree – ultimately
result in impaired translocation of GLUT4 towards the sarcolemma (Figure 5),
consequently leading to hyperglycemia due to decreased glucose uptake by cells
(Chaurasia & Summers 2015; Daemen et al. 2018b; Ebeling et al. 1998; Koistinen
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FIGURE 5 Simplified model of lipotoxic influence of LDs in skeletal muscle and conse-
quent insulin resistance. Specific types of ceramides inhibit IRS and/or Akt,
ultimately preventing GLUT4 storage vesicles (GSV) from translocating to
the sarcolemma.

& Zierath 2002; Machann et al. 2004; Park & Seo 2020; Perreault et al. 2018; Sum-
mers et al. 1998; Watt 2009). Such ceramides seem to originate from inefficient
mitochondrial β-oxidation, which, together with FA transportation and hydrol-
ysis within LDs, has been demonstrated to be impaired in insulin-resistant indi-
viduals (Ahmed et al. 2021; Blaak 2005; Blaak et al. 2000; Listenberger et al. 2003;
Moro et al. 2008; Scott et al. 2016). Proportionally, ceramide levels are shown to
be higher in insulin-resistant individuals (Adams et al. 2004; Amati et al. 2011).
The ramifications of excess intramyocellular ceramides for metabolic disorders
are not limited to insulin resistance. Some schools of thought consider cancer to
be a metabolic disorder (Coller 2014) and, in fact, ceramides are connected to the
induction of apoptosis in muscle cells and ultimately cancer if unaddressed phys-
iologically (Hsieh et al. 2014; Pierucci et al. 2021). Interestingly, cancer patients
have been demonstrated to have increasing intramyocellular LDs as cachexia pro-
gresses (Stephens et al. 2011). To summarize, the effects that dysfunctions of
skeletal muscle lipid metabolism can have on metabolic health cannot be ignored,
particularly with regard to LDs and their regulation.

2.2.3 The LD-PLIN dynamics in health, nutrition and exercise

As discussed in section 2.1.4, LDs are often coated by PLINs, a family of pro-
teins with several roles in managing the fate of intracellular lipids. In C2C12
muscle cells, PLIN2 has been associated with both the formation of LDs and the
improvement of insulin sensitivity (Bosma et al. 2012a). Likewise, PLIN2 seems
to be expressed more in the muscle of insulin-sensitive populations (Amati et al.
2011; Minnaard et al. 2009; Shepherd et al. 2013) and in insulin-resistant individ-
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uals when undergoing treatment, thus improving their insulin sensitivity (Bosma
et al. 2012a). Similarly to PLIN2, trained endurance individuals have increased
levels of PLIN5 expression in both fiber types when compared to untrained BMI-
matched participants (Shaw et al. 2020). Importantly, PLIN5 deletion causes in-
sulin resistance in skeletal muscle and it is suggested to protect this organ against
lipotoxicity (Laurens et al. 2016; Mason et al. 2014).

In general, both PLIN2 and PLIN5 seem to follow IMCL levels, which is
highly influenced by nutrition (MacPherson & Peters 2015; Minnaard et al. 2009;
Peters et al. 2012; Shepherd et al. 2013). In mice, for instance, high fat feeding
results in increased muscle PLIN5 mRNA expression and protein content, while
PLIN2 responses were similar, but seemed bolstered by exercise (Rinnankoski-
Tuikka et al. 2014). The concentrations of IMCL appear to be mainly driven by
circulating FA, as the replenishment of depleted IMCL (e.g. by exercise) happens
pretty quickly in all fiber types after FA ingestion (Daemen et al. 2018b; Phielix
et al. 2012). The same phenomenon – and extended to PLIN2 expression – can
be observed in C2C12 cells when supplemented with FAs (Bosma et al. 2012a).
Larger LDs can also be the result of fasting, as long as these droplets are coated
with PLIN5. The latter is especially true in insulin sensitive individuals, reinforc-
ing the protective role of PLIN5 against lipotoxicity discussed above (Daemen
et al. 2018b; Gemmink et al. 2016). It is worth mentioning that not all calories
are made equal, and some specific diets (e.g. one including resveratrol) seem to
have benefits similar to exercise, with the strongest response for IMCL and PLIN5
happening in type I fibers (Daemen et al. 2018b; Timmers et al. 2011).

Curiously, the usage of IMCL with exercise may be interconnected with nu-
trition, as FA pre-loading increases significantly IMCL utilization during exercise,
especially in trained individuals. Naturally, IMCL utilization also depends on in-
creasing exercise duration (Daemen et al. 2018b; Stokie et al. 2023). Regarding
the effects of short-term exercise on PLIN2 and PLIN5, there are sufficient stud-
ies showing their increased mRNA expression or protein content, especially in
type I fibers (Rinnankoski-Tuikka et al. 2014; Shaw et al. 2012; Shepherd et al.
2013, 2017). As stated in section 2.2.1, athletes have the highest concentrations of
IMCL, however exercise does not seem to lead to increased IMCL in every case.
Insulin-resistant groups tend to show conflicting results, with no clear increase
or decrease in IMCL with exercise, despite a known improvement in insulin sen-
sitivity, oxidative capacity and increased contact between LDs and mitochondria
(Daemen et al. 2018b; Devries et al. 2013; Shepherd et al. 2017; Tarnopolsky et al.
2007). Some of the existing contradictions might be due to a lack of truly longitu-
dinal studies on the topic of physical activity, LDs and PLINs. The latter equally
applies with regard to LD coating, wherein there are fewer studies investigat-
ing the effects of exercise, especially long-term, and it is not clear that there are
significant differences in LD coating by PLINs (Shepherd et al. 2013).

Despite the lack of studies, there are good studies alluding to the relation-
ship between exercise and LD coating by PLINs. Some research has interestingly
demonstrated that LDs coated with PLINs tend to be depleted after exercise, con-
trarily to those LDs which are uncoated (Shepherd et al. 2012, 2013). Still, and
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despite the current model pointing to PLIN5 as protective against lipotoxicity, its
coating of LDs has been considered insufficient in explaining insulin sensitivity
(Gemmink et al. 2018). At this point is worth acknowledging that although this
thesis focuses on PLIN2 and PLIN5, nutrition and and physical activity also have
an impact on the muscle PLIN3 and PLIN4 isoforms (Pourteymour et al. 2015;
Shepherd et al. 2017; Whytock et al. 2020).

FIGURE 6 Illustration of the current model characterizing intramyocellular lipotoxic
IMCL. Increased subsarcolemmal IMCL correlates with insulin resistance,
especially in type I fibers.

Studies on LD distribution are not abundant, but the most well-established mod-
els state that insulin-resistant participants have higher IMCL contents and larger
LDs in subsarcolemmal regions, especially in type I fibers (Figure 6). The LDs in
these regions seem to be metabolically more accessible and mutable, thus being
more quickly normalized towards physiological levels after exercise (Bucher et al.
2014; Devries et al. 2013; Li et al. 2014; Nielsen et al. 2010). However, such prefer-
ential usage between subsarcolemmal and intermyofibrillar LDs may depend on
the specific muscle involved, type of exercise and algorithm defining the different
subcellular regions (Koh et al. 2017; Stokie et al. 2023). Notably, recent research
has shown that subsarcolemmal LDs are differently composed than LDs in inner
regions of fibers, remarkably in being more saturated and correlating with insulin
resistance (Daemen et al. 2020; Kahn et al. 2021). However, the great majority of
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studies focusing on LD subcellular distribution do not investigate the differential
LD coating by PLIN proteins.

In summary, there is a gap in the literature connecting metabolic health with
the combined importance of subcellular localization and PLIN association of LDs.
This dissertation proposes to test the hypothesis that the subcellular localization
of coated IMCL is as critical to understand as are the isolated questions of local-
ization and PLIN association. In addition, this work explores the extent to which
the latter events are predetermined by genetics and influenced by behaviors re-
lated to nutrition and exercise.
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3 AIMS OF THE STUDY

The aim of this dissertation was to better understand how intramyocellular
LDs and the perilipin protein family contribute to the health and efficiency of
skeletal muscle lipid metabolism. For good measure, the connection between
LD, PLINs and the BCAA metabolism is also investigated. Since it is already
known that these agents are affected by physical activity and nutrition, these
were investigated in different human and cell models. The approach chosen to
investigate this matter was mostly pattern-based with careful high-throughput
measurements of cellular and subcellular localization, colocalization, density
and size of LDs, PLINs and other targeted markers with roles in the lipid and
energy metabolisms. Additionally, other standard molecular approaches were
implemented in order to complement the morphological observations and
skeletal muscle lipid metabolism in general.

The specific aims were as follows:

1. Expand on known topography of LD coating by PLIN5 in skeletal muscle
of type 2 diabetic, obese and lean individuals.

Hypothesis: Different metabolic profiled individuals reveal additional
differences in LD coating by PLIN5. Different-sized LDs in different
regions of the muscle cell reveal different coating patterns previously
unknown.

2. Establish the profile of LDs and PLIN proteins in human twin pairs with
contrasting long-termed lifestyles.

Hypothesis: Inactive twins have higher IMCL content accompanied
by different PLIN protein association. Even though PLIN levels are associ-
ated with systemic fat in literature, less relative percentage of this protein
properly targets and is associated with LDs in inactive twins.
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3. Study lipogenesis and lipolysis in vitro, involving LDs, PLINs and PGC1-α
during exercise and BCAA supplementation. Further investigate PLIN
proteins as regulatory factors in the lipid and BCAA metabolisms in
skeletal muscle.

Hypothesis: Exercise and BCAA supplementation alter lipid turnover,
together with PLIN concentration and IMCL coating profile. The roles of
PLINs beyond regulation of lipolysis and lipogenesis are expanded, show-
ing novel patterns of associations with PGC1-α in different compartments
of cells.
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4 MATERIALS AND METHODS

4.1 Experimental designs

4.1.1 Insulin resistant humans (I)

Twenty-five physically inactive male participants were grouped depending on
their health status and body mass index (BMI). Seven healthy individuals (BMI
≤30 kg · m−2 or body fat percentage 10-20%) formed the control group (HC). The
obese group (OB) was composed of 8 non-diabetic obese men (BMI >30 kg · m−2).
Finally, the diabetic group (T2D) consisted of 10 participants clinically diagnosed
with type 2 diabetes (Table 1). Prior to collecting the muscle biopsy, subjects re-
frained from exercising for 48 h. The skin area was shaved and cooled with ice
for 10 min before local the anaesthetic was injected (Lidocain 20 mg · mL−1 con-
centration of adrenalin). Biopsies were taken with a Bergström needle from the
vastus lateralis muscle. The samples were covered with Tissue-Tek and frozen im-
mediately in isopentane cooled with liquid nitrogen, then stored at −80◦C until
further analyses.

TABLE 1 Group characteristics in study I. Mean ± SEM. **p < 0.01 using a Kruskal-
Wallis H test. Pairwise post hoc significance (p < 0.05) is denoted with letters
a to c, from highest to lowest value.

Controls (HC) Diabetic (T2D) Obese (OB)
Variable n=7 n=10 n=8
Age (years) 56.4 ± 2.8 52.7 ± 2.2 51.9 ± 3.2
Body weight (kg)** 78.4 ± 2.4c 112.0 ± 7.1a 99.6 ± 5.4b

BMI (kg·m−2)** 25.8 ± 0.4b 34.0 ± 1.6a 32.3 ± 1.0a

Body fat (%)** 19.9 ± 1.1b 29.2 ± 1.4a 30.7 ± 1.8a

Triglycerides (mmol · L−1)** 1.4 ± 0.2b 2.8 ± 0.7a 1.8 ± 0.4b

Blood glucose (mmol · L−1)** 5.1 ± 0.2b 8.0 ± 1.3a 5.1 ± 0.6b

VO2 max (mL · min · kg−2)** 30.7 ± 1.5b 23.0 ± 1.8a 28.6 ± 2.1b
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4.1.2 Physical activity discordant twin pairs (III)

A total of 4 pairs of same-sex twins (2 male and 2 female) with discordant leisure
time physical activity (LTPA) were identified from the Finnish Twin Cohort (Ta-
ble 2). Discordance was based on a questionnaire relating to leisure activity and
physical activity. It should be noted that the active twins’ average LTPA score
(13.8), corresponds to 1 h of running per day, for more than three decades. Con-
versely, the inactive twins were not sedentary and endured basic levels of phys-
ical activity. Participants were instructed not to exercise heavily before their lab-
oratory visits. Muscle biopsies were taken after an overnight fast between 8 am
and 10 am and in a similar fashion as in section 4.1.1.

TABLE 2 Characteristics of twin pairs. Mean ± SEM. **p < 0.001 with T-Test

Inactive Active
Number of participants n=4 n=4
LTPA (MET-hours ·day−1)** 2.9 ± 1.4 13.8 ± 1.0
Age (years) 58.0 ± 2.9 58.0 ± 2.9
VO2 max (mL · min · kg−2) 30.2 ± 1.4 32.8 ± 1.8
Body weight (kg) 71.5 ± 3.4 69.8 ± 5.1
BMI (kg · m−2) 25.0 ± 0.6 24.6 ± 1.1
Body fat (%) 24.1 ± 2.9 20.2 ± 3.3
Triglycerides (mmol · L−1) 0.9 ± 0.2 1.0 ± 0.3

4.1.3 Electrically stimulated & BCAA treated myotubes (II, III)

Murine C2C12 myoblasts (American Type Culture Collection, ATCC, Manas-
sas, VA, USA) were kept in high glucose-containing Dulbecco’s Modified Eagle
growth medium (GM) (4.5 g · L−1, DMEM, #BE12-614F, Lonza, Basel, Switzer-
land) enriched with 10% (v/v) fetal bovine serum (FBS, #10270, Gibco, Rockville,
MD, USA), 100 U · mL−1 penicillin, 100 µg · mL−1 streptomycin (P/S, #15140,
Gibco) and 2 mM L-glutamine (#17-605E, Lonza). The cells were seeded on 6-
well plates (NunclonTM Delta; Thermo Fisher Scientific, Waltham, MA, USA)
until 95-100% confluence was reached. The myoblasts were then rinsed with
phosphate-buffered saline (PBS, pH 7.4), and the GM was replaced by differenti-
ation medium (DM) containing high glucose DMEM, 2% (v/v) horse serum (HS,
12449C, Sigma-Aldrich, St. Luis, MO, USA), 100 U · mL−1 and 100 µg · mL−1 P/S
and 2 mM L-glutamine to promote differentiation into myotubes. The DM was
replaced on alternate days. Mycoplasma contaminations were negative after cell
screening, following the manufacturer’s instructions (MycoSPY Master Mix Test
Kit, M020, Biontex, München, Germany). The following experiments were dupli-
catedly conducted on days 5-6 after differentiation.

The myotubes on 6-well plates were acquainted to 0.1 mM oleic acid and 1
mM L-carnitine in normal BCAA DM on day 4 post differentiation. On the next
day, the electrodes were placed directly into the wells. The electrical pulse stim-
ulation (EPS) was applied to the cells (1 Hz, 2 ms, 12 V) using a C-Pace pulse
generator (C-Pace EM, IonOptix, Milton, MA, USA) for 24 h at 37◦C. Then, EPS
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was paused after 22 h and target BCAA concentrations were employed to inves-
tigate the interactive effects of EPS and BCAA treatments.

The BCAA experiments were carried out for 2 h at 37◦C in high-glucose
BCAA-free DM (4.5 g · L−1, BioConcept, 1-26S289-I, Allschwill, Switzerland). The
utilized BCAA concentrations were as follows: 1) cells deprived 0.0 (mmol · L−1)
of any BCAAs (No BCAA); 2) cells supplemented with 0.8 mmol · L−1 of every
(Normal BCAA); and 3) cells supplemented with 2.8 mmol · L−1 of every BCAA
(High BCAA). A resume of the C2C12 study setup can be seen in Table 3.

TABLE 3 Study setup for studying combined effects of EPS and BCAA on C2C12 my-
otubes. Arrows represent measurements equally performed under EPS con-
ditions.

BCAA
concentration

Rest EPS

No
BCAA

(0.0 mmol · L−1)

Metabolite analysis (II) −−−−−−−−−−−→
Total protein content & citrate synthase (II) −−−−−−−−−−−→
Lipogenesis & Lipid oxidation (II) −−−−−−−−−−−→
Lipid droplet microscopy (II, III) −−−−−−−−−−−→
PLIN2; PLIN5 & PGC-1α microscopy (IIII) −−−−−−−−−−−→
Intensity correlation analysis (III) −−−−−−−−−−−→
Myotube compartmental analysis (cytosol vs. nuclei) (III) −−−−−−−−−−−→
Protein content & mRNA expression (III)

Normal
BCAA

(0.8 mmol · L−1)

Metabolite analysis (II) −−−−−−−−−−−→
Total protein content & citrate synthase (II) −−−−−−−−−−−→
Lipogenesis & Lipid oxidation (II) −−−−−−−−−−−→
Lipid droplet microscopy (II, III) −−−−−−−−−−−→
PLIN2; PLIN5 & PGC-1α microscopy (IIII) −−−−−−−−−−−→
Intensity correlation analysis (III) −−−−−−−−−−−→
Myotube compartmental analysis (cytosol vs. nuclei) (III) −−−−−−−−−−−→
Protein content & mRNA expression (III)

High
BCAA

(2.8 mmol · L−1)

Metabolite analysis (II) −−−−−−−−−−−→
Total protein content & citrate synthase (II) −−−−−−−−−−−→
Lipogenesis & Lipid oxidation (II) −−−−−−−−−−−→

4.2 Lipid oxidation & Lipogenesis in C2C12 myotubes (II)

Succinctly, myotubes cultivated in normal BCAA conditions 0.8 mmol · L−1)
were first acclimatized to dissolved and albumin-complexed 0.1 mM oleic acid
(#O3008, Sigma-Aldrich, St. Luis, MO, USA) and 1 mM L-carnitine (C0158,
Sigma-Aldrich) in DM on the day 4 post differentiation. The following day, the
myotubes were rinsed with PBS and incubated in the oxidation medium contain-
ing BCAA-free medium, 0.1 mM oleic acid, 2% (v/v) horse serum, 100 U · mL−1

penicillin, 100 µg · mL−1 streptomycin and 2 mM L-glutamine, 1 mM L-carnitine
and 1 µCi · mL−1 9,10-[3H(N)] oleic acid 24 (Ci · mmol−1, NET289005MC,
PerkinElmer, Boston, MA, USA). The radiolabeled oleic acid was omitted from
the negative controls.
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4.2.1 Lipogenesis

Lipogenesis was assessed by using 3H-acetate to track lipids as described previ-
ously in more detail (Akie & Cooper 2015). To examine the impact of BCAA de-
privation or supplementation on lipogenesis, myotubes were washed with PBS
and then placed in DM with various BCAA concentrations (see Table 3) on the
fifth day after differentiation. To stimulate lipogenesis, 10 µM sodium acetate
and 0.5 µCi 3H-acetate were added per well, and myotubes were incubated in
the lipogenesis medium at 37°C for 16 h. After the incubation period, cells were
washed with PBS and scraped into 0.1 M HCl. An aliquot of the lysate was re-
served for total protein content analysis. The lipids were extracted using a mix-
ture of chloroform and methanol, and the samples were centrifuged before the
lower phases were transferred to scintillation vials (Akie & Cooper 2015). The
amount of radioactivity incorporated into the cellular lipids was measured using
scintillation counting and expressed relative to the normal BCAA group.

4.2.2 Lipid oxidation

The lipid oxidation experiment was carried out as previously described (Lau-
taoja et al. 2021). Target BCAA concentrations (see Table 3) were applied during
the 2 h at 37◦C to investigate the effect of BCAA deprivation or supplementa-
tion on lipid oxidation. After the lipid oxidation experiment, the myotubes were
washed with PBS and harvested into PBS-0.1% PBS-Triton X-100 for analysis of
total protein content and enzyme activity. The media and PBS were run through
Dowex OH resin ion-exchange columns (pH 7.1 · 8-200, Cat no. 217425, Sigma
Aldrich). In order to elute the 3H2O produced and released by the myotubes to
the media, deionized H2O was employed. The radioactivity was analyzed as dis-
integrations per minute (DPM). The scintillation counting technique was used to
determine the radioactivity in 3H2O that was integrated with Optiphase HiSafe
3 scintillation cocktail (Cat no. 1200.437, PerkinElmer) using the Tri-Carb 2910
TR Liquid Scintillation Analyzer (PerkinElmer). The outcome was stated in DPM
per well. The findings of lipid oxidation were normalized to the BCAA group
that was normal.

4.2.3 Nuclear magnetic resonance (NMR) spectroscopy

The lipid oxidation experiment involved collecting and preparing both the cell
lysates and experiment media for 1H-NMR analysis. The process of analysis
and data interpretation was explained in detail previously (Lautaoja et al. 2021).
In short, cold methanol was mixed with media from three wells and cells were
scraped into a mixture of aqueous methanol-chloroform. After being lyophilized,
the resultant supernatants were reconstituted. An AVANCE III HD NMR spec-
trometer (Bruker Company, MA, USA) with a cryogenically cooled 1H, 13C, and
15N triple-resonance probe head was used to acquire all of the NMR spectra. The
software Chenomx 8.6 was used to evaluate the data (Edmonton, AB, Canada).

36



4.2.4 Enzyme activity & total protein content

The total protein content was measured using the Bicinchoninic Acid Protein As-
say Kit from Pierce Biotechnology (Rockford, IL, USA), while citrate synthase
(CS) activity was analyzed using the #CS0720 kit from Sigma-Aldrich. An auto-
mated Indiko analyzer from Thermo Fisher Scientific (Vantaa, Finland) was used
to perform the analysis following the manufacturers’ protocols.

4.3 Western blotting (III)

Briefly, the myotubes were harvested and 10 µg of total protein per samples were
loaded on 4%–20% Criterion TGX Stain-Free protein gels (#5678094, Bio-Rad Lab-
oratories, Hercules, CA, USA) before being separated by SDS-PAGE.

To visualize proteins using stain-free technology, the gels were activated
and the proteins were transferred to the PVDF membranes. The membranes were
then blocked with Intercept Blocking Buffer (#927-70001, LI-COR, Lincoln, NE,
USA) followed by overnight incubation at 4◦C with primary antibody (PGC-1α,
1:10000, ab191838, Abcam, Cambridge, UK) in Intercept Blocking Buffer diluted
(v:v, 1:1) with 0.1% Tween-20 in Tris-buffered saline (TBS).

Membranes were finally incubated with the horseradish peroxidase-
conjugated secondary IgG antibody (anti-Rabbit, 1:40000) (Jackson ImmunoRe-
search Laboratories, West Grove, PA, USA) in Intercept Blocking Buffer diluted
(v:v, 1:1) with TBS-0.1% Tween 20. Enhanced chemiluminescence (SuperSignal
west femto maximum sensitivity substrate; Pierce Biotechnology, Rockford, IL,
USA) and ChemiDoc MP device (Bio-Rad Laboratories) were together used for
protein visualization. Stain free (75-250 kDA area of the lanes) was used as a
loading control and for the normalization of the results.

4.4 mRNA arrays (III)

Briefly, Trizol-reagent (Invitrogen, Carlsbad, CA, USA) was used to isolate total
RNA from the twin muscle biopsies, which were homogenized on FastPrep FP120
apparatus (MP Biomedicals, Illkirch, France). An Illumina RNA amplification kit
(Ambion, Austin, TX, USA) was used to obtain biotinlabeled cRNA from 500 ng
of total RNA.

Hybridizations to Illumina HumanWG-6 v3.0 Expression BeadChips (Illu-
mina Inc., San Diego, CA, USA) containing probes for PLIN2 and PLIN5, were
performed by the Finnish DNA Microarray Center at Turku Center for Biotech-
nology according to the Illumina BeadStation 500x manual. Hybridized probes
were detected with Cyanin-3-streptavidin 1 (µg · mL−1, Amersham Biosciences,
GE Healthcare, Uppsala, Sweden) using Illumina BeadArray Reader (Illumina
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Inc.) and BeadStudio v3 software (Illumina Inc.). More details can be found in
the work by Leskinen et al. 2010.

The gene expression data and the raw data sets for skeletal muscle
have been deposited in the GEO database (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE20319, accessed on January 5th, 2023).

4.5 Histology (I, II, III)

4.5.1 Sample preparation

Muscle biopsies were cut (5 µm in study I and 8 µm in study III) in a cryostat
at -25◦C (Leica CM 3000, Germany). Sections were collected onto 13 mm round
coverslips. For the myotube experiments, 6-well plates were used containing
three 13 mm round coverslips in each well. Measurements were made from 18
coverslips for every experimental group. After the 24 h of EPS, the plates were
removed from the incubator and the medium was aspirated.

4.5.2 Fixation, blocking & permeabilization

After the previous steps, all coverslips were immediately fixed in 4%
paraformaldehyde for 15 min at room temperature (RT), followed by a 3 · 5 min
wash in PBS. The samples were then incubated for 30 min in blocking buffer (BF;
3% bovine serum albumin (BSA) in study I and 10% goat serum (GS) in studies
II and III) in PBS with 0.05% saponin (PBSap) for 30 min at RT. To remove excess
serum, a quick 10 seconds wash with PBSap took place before antibody incuba-
tion.

4.5.3 Immunohistochemistry (I, III)

Primary antibodies were diluted in 1% BF-PBSap and incubated for 1 h at RT. A
3 · 10 min wash in PBSap ensued before incubating the secondary antibodies for
1 h at RT. Excess antibody was removed with another 3 · 10 min wash in PBSap.
Cross reactivity was successfully ruled out by carefully controlling every anti-
body combination. Finally, non-immuno stains were incubated for 30 min and
consequently washed 2 · 10 s with PBS. Active stirring and smooth rocking were
a constant in order to grant even staining. Every dye and marker is represented
in Table 4.
Every coverslip was mounted on microscopy slides using Mowiol with 2.5%
DABCO (Sigma-Aldrich) and left to dry for 24 h in the dark at 4◦C. Imaging took
place within 48 h after mounting.
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TABLE 4 Combination of histochemical markers for each study. *Repeated secondary
antibodies over different primary antibodies were incubated in different cov-
erslips.

study protocol step product (manufacturer) host/target dilution or
[concentration]

Diabetic
humans
(study I)

primary
antibodies

M4276 (Sigma, USA) mouse/fast myosin 1:50
GP31 (Progen, USA) guinea pig/PLIN5 1:200

secondary
antibodies

AlexaFluor AMCA (JacksonImmunoResearch, USA) goat/mouse 1:50
AlexaFluor 594 (JacksonImmunoResearch, USA) goat/guinea pig 1:50

other stains LipidTOX™ Green (Molecular Probes, USA) —/neutral lipids 1:100

Twin
humans
(study

III)

primary
antibodies

PA1-066 (Thermo Fisher Scientific, USA) rabbit/Caveolin3 [2µg · mL−1]
A4.951 (DSHB, USA) mouse/slow myosin [2µg · mL−1]
GP47 (Progen, USA) guinea pig/PLIN2 1:200
GP31 (Progen, USA) guinea pig/PLIN5 1:200

secondary
antibodies

Alexa Fluor 405 (JacksonImmunoResearch, USA) goat/rabbit 1:200
Alexa Fluor 594 (JacksonImmunoResearch, USA) goat/mouse 1:200
Alexa Fluor 488 (JacksonImmunoResearch, USA) goat/guinea pig* 1:200
Alexa Fluor 488 (JacksonImmunoResearch, USA) goat/guinea pig* 1:200

other stains LD540 (University of Jyväskylä, Finland) —/neutral lipids [0.1µg · mL−1]

C2C12
myotubes
(studies
II & III)

primary
antibodies

MF-20 (DSHB, USA) mouse/sarcomere [5µg · mL−1]
GP31 (Progen, USA) guinea pig/PLIN5 1:200

ab52356 (Abcam, USA) rabbit/PLIN2 [5µg · mL−1]
ab191838 (Abcam, USA) rabbit/PGC-1α [5µg · mL−1]

secondary
antibodies

Alexa Fluor 647 (Thermo Fisher Scientific, USA) donkey/mouse 1:200
Alexa Fluor 488 (Thermo Fisher Scientific, USA) goat/guinea pig 1:200
Alexa Fluor 594 (Thermo Fisher Scientific, USA) donkey/rabbit* 1:200
Alexa Fluor 594 (Thermo Fisher Scientific, USA) donkey/rabbit* 1:200

other stains
LD540 (University of Jyväskylä, Finland) —/neutral lipids [0.1µg · mL−1]

DAPI (Thermo Fisher Scientific, USA) —/nuclei [5µg · mL−1]

4.6 Microscopy (I, II, III)

4.6.1 Instruments

For study I, widefield data was collected with an BX50 BXFLA microscope
(Olympus, Japan) and a ColorViewIII camera (Soft Imaging Systems, Germany),
through a FLUAR 40×/0.7 objective (Olympus, Japan). The secondary antibody
conjugates were excited with a mercury lamp, via U-MWB, U-MWU and MWG
excitation cubes.

For studies II and III, confocal data was collected with a LSM700 micro-
scope (Zeiss, Germany), using a 20×/0.8 (Twin study) and a 63×/1.4 oil (C2C12
studies) Plan-Apochromat objectives (Zeiss, Germany). The selected antibody
conjugates were excited with 405 nm, 488 nm, 555 nm or 639 nm laser lines.

4.6.2 Acquisition & controls

For each channel in study I, fluorescence data was acquired as gray signal via the
software AnalySIS 5.0 (Soft Imaging Systems, Germany). Mild exposure time and
a dimming filter were used to decrease bleed-through to negligible levels.

Confocal images in studies II and III were acquired with the ZEN black soft-
ware (Zeiss, Germany). Voxel size was set to 0.31 µm · 0.31 µm · 2.4 µm in the
Twin study and 0.1 µm · 0.1 µm · 1.0 µm in the C2C12 studies. Any potential
bleed through was completely ruled out by single track imaging and secondary
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dichroic mirror configuration for each channel separately. In all cases, control
samples incubated solely with secondary antibodies were used to set background
values.

4.7 Batch processing & analyses (I, II, III)

4.7.1 Denoising & Deconvolution

All collected images were subject to linear denoising with soft background sub-
traction before deconvolution. Applying the Richards & Wolf 3D optical model with
PSF Generator (Kirshner et al. 2013) in Fiji (Schindelin et al. 2012), a theoretical
point spread function was created separately for each wavelength in each dataset
and respective voxel size. Deconvolution was achieved by applying the Richard-
son & Lucy algorithm with the DeconvolutionLab2 plugin (Sage et al. 2017) in Fiji
(Schindelin et al. 2012). Additionally and in conjunction with the previous, 0.5
µm TetraSpeck microbeads (Molecular Probes, USA) were imaged for particle
size calibration and validation.

4.7.2 Segmentation & Classification

In study I, given a high number of low quality samples, intact myofibers were
pre selected with the aid of a Cadboy drawing tablet (NGS technologies, China).
Fiber types were classified either as type I or type II depending on a thresholded
value for the stained fast myosin. Additionally, every LD (all-LDs) was further
classified as coated (col-LDs) or uncoated (unc-LDs) by PLIN5, after performing
colocalization analysis in Fiji (see 4.7.4). Segmentation, classification and mea-
surements of cells and intracellular particles were performed with TopoCell, an
ImageJ plugin developed for this study (Fachada et al. 2012).

In studies II and III, cell segmentation was achieved in Fiji by a machine
learning approach in teaching the computer how to recognize C2C12 myotubes
and human myofiber sarcolemma, using Trainable Weka Segmentation (Arganda-
Carreras et al. 2017). By the same means, myotube nuclei and cytosol were also
classified for later analysis.

4.7.3 Intracellular particle density

In study I the intracellular density of the studied markers was measured as area
fraction, i.e., dividing the total area of the binarized marker particles by the cross
sectional area of the cell, expressed as percentage. Additionally, the same method
was implemented in study II in order to count the number of individual lipid
droplets. For studies II and III, intracellular density of each studied marker was
measured directly as the mean non-binarized signal after denoising and decon-
volution.
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4.7.4 Intensity correlation analysis

The non-random colocalization between pixel intensity of different channels was
assessed through intensity correlation analysis (ICA), implemented accordingly
to Costes et al. (Costes et al. 2004), using Coloc 2 (ImageJ.net 2018) in Fiji.

In the case of study I, ICA was performed in order to generate col-LDs from
IMCL and PLIN5 signals, and from there deduce unc-LDs. The main objective
being the comparison of the size and distribution of binarized col-LDs and unc-
LDs between study groups. On the other hand, in study III, ICA was used to more
closely compare the degree the level of association between the studied markers
amongst the study groups.

4.7.5 Subcellular localization

In study I, using TopoCell (Fachada et al. 2012) in ImageJ, individual intramy-
ocellular particles were measured for their size and subcellular coordinates af-
ter binarized. Each particle coordinate was then measured against the clos-
est point of the sarcolemma of its respective cell, generating a distance value
for each particle. All ImageJ routines coded for this purposes can be found
online (https://github.com/seiryoku-zenyo/Diabetic-study, accessed on March
1st, 2023).

However, in study III, the approach was slightly different. While in hu-
man twin data the intracellular signal was only differentially measured be-
tween fiber types, in myotubes every marker was measured separately from
the cytosol and the nuclei. The Fiji routines coded for this purpose can also
be found online (https://github.com/seiryoku-zenyo/twinC2C12-studies, ac-
cessed on March 1st, 2023).

4.8 Data analysis (I, II, III)

4.8.1 Data crunching

The ’comma-separated values’ generated with Fiji were then imported and
cleaned as working dataframes in the pandas (pandas development team 2020)
in Pyhton 3.9.0.

For the diabetic human study (I), values from each single particle analyzed
were averaged into cellular values, followed by further averaging by fiber type
into a final participant mean value. Thus, human participants configured the
statistical cases as seen in Table 1 for the box blot figures. For particle intracellular
localization in function of their size, from each fiber type and particle type, 500
LDs per participant were drawn at random into a pool representing each group,
and then 3000 LDs were drawn at random from each pool.

In the twin human dataset (III), given the very low number of participants,
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individual muscle fibers composed the statistical cases (Table 2). Since there were
no segmented particle measurements, no averaging was required. Finally, out-
liers were identified and removed via z-score (2 standard deviations).

Concerning the C2C12 myotubes (II, III), from each coverslip, the two clos-
est values per variable were averaged. Then from each well, the mean values
from the two closest coverslips were also averaged. To control for batch variabil-
ity, all values were normalized against the control group (Normal BCAA|Rest).
Outliers were equally processed as in the twin dataset above.

4.8.2 Statistics

Concerning the diabetic dataset (study I), group and fiber type differences were
investigated by a two-way analysis of variance (ANOVA2), while post-hoc eval-
uation was carried through Mann-Whitney U tests. Lastly, correlation analyses
were conducted by Spearman’s rank correlation coefficient. The significance lev-
els were set for p < 0.05 and p < 0.01.

In study III, group or fiber type comparisons were performed using ei-
ther the Mann-Whitney U-test or the t-test, depending on the data distribution.
The effect of interaction was tested using ANOVA2. The ICA between different
markers was tested using the Manders split coefficient test. In the twin human
dataset, due to the large number of myofibers, the levels of significance were set
to p < 0.01 and p < 0.001. For the C2C12 data, significance levels were set to
p < 0.05 and p < 0.01.

Relatively to study II, if normality criteria were met, differences between
groups were assessed using one-way analysis of variance (ANOVA1) followed by
independent-samples t-test. If the normality criterion was not met, the Kruskal-
Wallis test followed by the Mann-Whitney U test was used to assess differ-
ences between groups. Levels of significance were set to p < 0.05, p < 0.01 and
p < 0.001.

In all studies, the Shapiro-Wilk test and histogram analysis were used to
determine normality. All variable sets prepared in pandas dataframes were statis-
tically analyzed with the SciPy and statsmodels modules in Python 3.9.0 (Seabold
& Perktold 2010; Virtanen et al. 2020).

4.8.3 Visualization

Boxes in the boxplot figures depict interquartile ranges and medians, while
whiskers represent the 95% confidence interval, unless stated otherwise. The dots
within the boxes represent statistical cases. The significant main effects tested by
ANOVA1, ANOVA2 or Kruskal-Wallis test are depicted by the # symbol, while
the significant interacting effects between variables are depicted with the & sym-
bol. The significant effects measured by t-student, Mann-Whitney U and Spear-
man’s ρ tests are depicted with the * symbol. Double or triple symbols signify
reaching the established significance levels.

In study I, the intracellular distribution of differently sized particles was
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probabilistically visualized by density kernel estimation (KDE), see sections 4.8.1
and 5.1.4. The Spearman’s ρ was visualized by line charts where the shaded areas
represent bootstrapped 95% confidence intervals for the fitted regressions (5.1.5).
Data visualization in every publication was produced with seaborn and matplotlib
in Python 3.9.0 (Hunter 2007; Waskom & the seaborn development team 2020).
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5 RESULTS

5.1 Lipid droplets and PLIN5 coating in insulin resistance (I)

5.1.1 Increased PLIN5-uncoated IMCL in insulin resistant type II fibers

There were no discernible changes between the groups in the proportion of total
LDs (all-LDs), despite the tendency of increasing IMCL in T2D and OB. Nonethe-
less, type I fibers had a substantially greater all-LDs proportion when compared
to type II fibers among groups, as expected (p < 0.05). As shown in Figure 7a,
these fiber type changes were primarily caused by variations within the HC and
T2D groups (p = 0.02 and p = 0.032, respectively).
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FIGURE 7 Area fraction for a) all-LDs; b) col-LDs; c) unc-LDs and d) PLIN5. Fiber type
differences by ANOVA2 denoted with #(p < 0.05) and ##(p < 0.01). Post hoc
statistical significance is denoted with horizontal bars (p < 0.05) or double
horizontal bars (p < 0.01).

With respect to the area fraction of uncoated LDs (unc-LD), HC retained dif-
ferences between fiber type (p = 0.048), whereas T2D lost these differences (p
= 0.240). As a result, as seen in Figure 7c, type II fibers in T2D exhibited a signif-
icantly higher unc-LD fraction than the same fiber type in HC (P = 0.044). This
phenomenon can be observed in representative Figure 8.
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FIGURE 8 Representative image of IMCL and PLIN5 in different fiber types of diabetic
vs. lean participants. Note greener type II fibers in T2D, depicting increased
IMCL (green) unattended by PLIN5 (red). Small boxes correspond to the
area pointed by magenta arrows. Large bar = 10 µm; small bar = 2 µm.

More overtly than all-LD, significant differences in PLIN5 area fraction were
found between fiber types throughout all groups (p < 0.001) and within each
group (p = 0.001 for HC, p < 0.001 for T2D and p = 0.041 for OB), as seen in
Figure 7d. The increase in PLIN5 area fraction in type I fibers was particularly
pronounced in T2D, and post-hoc revealed significantly higher values when com-
pared to the same fiber type in HC (p = 0.029). Interestingly, the same PLIN5 area
fraction increase in type I fibers in T2D vs. HC was not observed in type II fibers
(p = 0.200).

In addition to the higher PLIN5 area fraction in type I fibers, T2D also
showed a significantly higher percentage of colocalized (col-LD) than HC in both
fiber types (p = 0.014 for type I fibers and p = 0.036 for type II fibers). See Fig-
ure 7b.

5.1.2 Uncoated droplets are larger in diabetic type II fibers

Regarding the size of LDs, notable variations in the diameter of LDs in all groups
were observed (p = 0.008), particularly in type II muscle fibers (p = 0.021). The
data presented in Figure 9a indicates that these differences are mainly due to the
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FIGURE 9 Size of a) all-LDs; b) col-LDs and c) unc-LDs. Group differences by ANOVA2
denoted with *(p < 0.05) and **(p < 0.01). Post hoc statistical significance is
denoted with horizontal bars (p < 0.05) or double horizontal bars (p < 0.01).

larger size of LDs in T2D when compared to HC individuals, with a significance
level of p = 0.029 for type I fibers and p = 0.001 for type II fibers.

Although ANOVA2 did not reveal any differences in fiber type among all
groups, T2D individuals were discovered to have significantly larger LDs in type
II muscle fibers compared to type I fibers (p = 0.027). Interestingly, the differences
in LD size appear to arise from unc-LDs (p = 0.070) rather than col-LDs, as shown
in Figure 9b-c, where the differences between fiber types vanish (p = 0.760).

In all groups, it was observed that the size of col-LDs was greater than that
of unc-LDs in both types of fibers, as anticipated (p < 0.010).

5.1.3 Uncoated droplets lay deep inside diabetic type II fibers

Although there were no significant differences between groups (p = 0.120) or
fiber types (p = 0.300) with ANOVA2, the HC group tended to have LDs that
were closer to the sarcolemma, as demonstrated in Figure 10a. Interestingly, HC
type II fibers had significantly closer LDs to the sarcolemma than type I fibers p
= 0.027. In addition, HC type II fibers had LDs that were significantly closer to
the sarcolemma than the same fiber type in T2D individuals (p = 0.018), which
indicates a difference in the internalization of LDs between the two groups. This
observation seems to originate from unc-LDs, as shown in Figure 10c.

It is noteworthy that ANOVA2 did reveal that PLIN5 was significantly
closer to the sarcolemma in type II fibers (p = 0.032), although it did not de-
tect any significant differences between groups (p = 0.070), as illustrated in Fig-
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FIGURE 10 Distance to sarcolemma of a) all-LDs; b) col-LDs; c) unc-LDs and d) PLIN5.
Fiber type differences by ANOVA2 denoted with #(p < 0.05). Post hoc sta-
tistical significance is denoted with horizontal bars (p < 0.05).

5.1.4 Larger and deepest LDs in diabetic type II fibers are left uncoated

After observing the increased percentage and size of unc-LDs in the deeper sub-
cellular regions of type II fibers in T2D individuals, it was decided to investigate
this relationship further. To do so, a bivariate kernel density estimation was plot-
ted for the diameter and subcellular location of LDs (Figure 11). The analysis
revealed a distinct sub-population of enlarged unc-LDs in inner regions of type
II fibers only in T2D, as illustrated in Figure 11b.
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FIGURE 11 Large lipid droplets uncoated from PLIN5 in inner parts of diabetic type
II fibers. The plots depict the bivariate kernel density estimation between
diameter and distance to sarcolemma of a) colocalized lipid droplets (col-
LDs) and b) uncoated lipid droplets (unc-LDs). From each fiber type and
particle type, 500 LDs per subject were randomly selected into a pool repre-
senting each group, then from each pool, 3000 LDs were randomly selected
to generate the present figure.

Interestingly, in all groups and fiber types, the largest LDs were consistently
found close to the sarcolemma and associated with PLIN5. This pattern was par-
ticularly evident in type II fibers, where a relatively low density col-LDs was
observed in the inner regions of the cells, as shown in Figure 11a.
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5.1.5 PLIN5 coated LDs correlate with VO2max

Finally, it is worth reporting that a strong correlation (ρ= 0.760, p = 0.011) was
found between unc-LDs in type II fibers and VO2max, but this was observed
only in T2D individuals, as shown in Figure 12b.
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HC: = 0.357; P= 0.432
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FIGURE 12 Uncoated LDs significantly correlate with lower VO2 max only in diabetic
type II fibers. Plot shows the linear association between VO2 max and
area fraction of a) colocalized lipid droplets (col-LDs) and b) uncoated lipid
droplets (unc-LDs). Shaded areas show bootstrapped 95% confidence in-
tervals for the fitted regressions. Bold signifies |ρ| > 0.5; *p < 0.05.

5.2 Intramyocellular lipids, PLIN2 and PLIN5 in long-term physi-
cal activity (III)

The twin pairs with discordant physical activity provided an excellent model to
investigate the effects of long-life physical activity regardless of the genetic back-
ground. Below the reader can read specifically the effects on IMCL, PLIN2, PLIN5
and their associations in different fiber types.
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5.2.1 Type I Fibers in active Twins exhibit higher levels of IMCL

Regarding the twin participants described in Table 2, type I fibers showed more
IMCL than type II fibers, which was expected and confirmed by Figure 13A-C
with statistical significance (p < 0.001). Notably, physically active twins had more
IMCL in their type I fibers compared to their inactive twin (p < 0.001, Figure 13B-
C), but there was no difference in type II fibers due to LTPA. Active twins also
had a significant difference in IMCL between fiber types (p < 0.001), which was
not observed in inactive twins (p = 0.064), as shown in Figure 13C.

FIGURE 13 IMCL mean signal intensity between twin pairs. (A) representative image
showing differences between groups. Gray level indicates signal, cyan indi-
cates segmented sarcolemma. Note the active twin type I fibers with higher
IMCL signal; Bar = 20 µm; (B) fiber type as main effect, with LTPA com-
bined; (C) LTPA main effect, with fiber type combined; main effect differ-
ences denoted with ## (p < 0.001); combined group differences denoted
with ** (p < 0.001); interacting effect between fiber type and LTPA denoted
with && (p < 0.001). Dots in B and C represent individual muscle fibers.

As anticipated, IMCL associated with PLIN5 was significantly higher in type I
fibers than in type II fibers (p = 0.001, Figure 14A-B), with no differences observed
between twin pairs (Figure 14B-C). Lastly, both PLIN5 mRNA levels and PLIN5
confocal mean signal remained unchanged between twin pairs (III).
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FIGURE 14 IMCL-PLIN5 intensity correlation analysis in twin pairs. (A) representa-
tive image showing differences between groups. Gray level indicates sig-
nal, cyan indicates segmented sarcolemma. Bar = 20 µm; (B) fiber type as
main effect, with LTPA combined; (C) LTPA main effect, with fiber type
combined. Main effect differences denoted with ## (p < 0.001). Combined
group differences denoted with * (p < 0.01) and ** (p < 0.001). Dots in B
and C represent individual muscle fibers.

5.2.2 Inactive twins with decreased IMCL-PLIN2 association

The twin pairs who are not physically active exhibit a reduced association be-
tween IMCL and PLIN2 (p = 0.008), primarily due to a substantial decrease in
type II fibers (p < 0.001, Figure 15A-C). Despite no disparities in PLIN2 mean
signal or PLIN2 mRNA levels between fiber types or physical activity levels (III).
Together, this indicates that PLIN2’s ability to target IMCL is distinctly restricted
in type II fibers of inactive twins.
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FIGURE 15 IMCL-PLIN2 intensity correlation analysis in twin pairs. (A) representative
image showing differences between groups. Gray level indicates marker
signal, cyan indicates segmented sarcolemma. Note active twin type II fiber
with high intensity IMCL significantly colocalized by PLIN2 (magenta ar-
rows), unlike the inactive twin (orange arrows). Bar = 10 µm. Scatter plot
is relative to the arrowed type II fiber; (B) fiber type as main effect, with
LTPA combined; (C) LTPA as main effect, with fiber type combined, main
effect differences denoted with # (p < 0.010); combined group differences
denoted with ** (p < 0.001). Dots in B and C represent individual muscle
fibers.

5.3 Effects of amino acids and muscle contractions in myotubes (II,
III)

In order to complement the observations made from the human studies, it was
decided to investigate the impacts of EPS-derived muscle contractions and BCAA
availability in C2C12 myotubes.

More concretely, the objective was to assess the combined effects that BCAA
and EPS have in myotube lipid metabolism, focusing on IMCL turnover, subcel-
lular localization and association with other key participants in the energy and
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BCAA metabolisms, such as PLIN2, PLIN5 and PGC-1α.

5.3.1 BCAA deprivation decreases BCAA degradation products, total protein
and citrate synthase enzyme activity (II)

To verify that our cell culture medium without BCAAs contained very low levels
of BCAAs, and that adding normal levels of BCAAs led to substantially higher
levels of both BCAAs and their degradation products, NMR-based metabolomics
were conducted on the C2C12 cells and their cell media (Table 5). Our find-
ings confirmed that myotubes cultured with No BCAA had lower levels of both
pooled and individual BCAAs than myotubes cultured with Normal BCAA (p
= 0.004, Table 5). Moreover, the cell culture media of myotubes cultured without
BCAAs had lower levels of both pooled and individual BCAAs, as well as lower
pooled BCAA degradation products than myotubes cultured with BCAAs, indi-
cating reduced BCAA degradation in cells treated with the no BCAA medium (p
= 0.014, Table 5).

TABLE 5 Metabolites measured via 1H-NMR spectroscopy both within the cells and in
the culture media (µM). Data is presented as mean (SEM). Metabolites with
significant p-values are marked with *.

Metabolite (µM) No BCAA
control

No BCAA
EPS

Normal BCAA
control

Normal BCAA
EPS

p
(BCAA)

p
(EPS)

Myotubes
(n=3/group)

Pooled BCAAs* 6.6(3.8) 14.0(8.1) 213.9(123.5) 275.8(159.2) 0.004∗ 0.749
Isoleucine* 2.0(1.2) 4.4(2.6) 75.7(43.7) 97.4(56.2) 0.004∗ 0.749
Leucine* 2.3(1.3) 4.7(2.7) 66.0(38.1) 85.4(49.3) 0.004∗ 0.749
Valine* 2.3(1.3) 4.8(2.8) 72.2(41.7) 93.0(53.7) 0.004∗ 0.749

Pooled BCAA degradation
products

0.0(0.0) 0.0(0.0) 2.2(1.3) 2.1(1.2) 0.140 0.902

Isobutyrate 0.0(0.0) 0.0(0.0) 0.3(0.2) 0.3(0.2) 0.138 1.000
Isovalerate 0.0(0.0) 0.0(0.0) 0.9(0.5) 0.7(0.4) 0.140 0.902

2-Methylbutvrate 0.0(0.0) 0.0(0.0) 1.0(0.6) 1.1(0.7) 0.140 0.902

Cell media
(n=2-3/group)

Pooled BCAAs* 23.4(16.5) 36.9(26.1) 1717.3(1214.3) 1789.0(1032.9) 0.014∗ 0.806
Isoleucine* 8.2(5.8) 12.7(9.0) 629.1(444.8) 646.0(372.9) 0.014∗ 0.806
Leucine* 6.8(4.8) 10.9(7.7) 475.5(336.2) 509.5(294.1) 0.014∗ 0.806
Valine* 8.4(6.0) 13.3(9.4) 612.8(433.3) 633.6(365.8) 0.014∗ 1.000

Pooled BCAA degradation
products*

6.6(4.6) 10.6(7.5) 46.9(33.2) 46.8(27.0) 0.014∗ 1.000

Isobutyrate 0.7(0.5) 0.7(0.5) 3.6(2.5) 2.1(1.2) 0.121 1.000
Isovalerate 1.2(0.8) 1.1(0.7) 10.2(7.2) 6.8(4.0) 0.121 1.000

2-Ketoisovalerate 0.8(0.6) 1.5(1.1) 3.5(2.5) 5.1(2.9) 0.348 0.184
2-Methylbutyrate 1.3(0.9) 1.3(0.9) 10.3(7.3) 5.5(3.2) 0.121 1.000

3-Methyl-2-oxovalerate 1.5(1.1) 3.3(2.3) 9.3(6.6) 13.5(7.8) 0.355 0.127
2-Oxoisocaproate 1.1(0.8) 2.7(1.9) 10.0(7.1) 13.8(8.0) 0.355 0.275

The effects of BCCA were additionally investigated for total protein contents
and CS activity (Figure 16). When compared to both Normal|BCCA and
High|BCAA, the deprivation of BCAA resulted in significant decrease of total
protein content and CS activity (Figure 16A-B). Interestingly, such impacts seem
to originate mostly from isoleucine (Figure 16C-D).
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FIGURE 16 Effects of all BCAAs on total protein content (A) and CS activity (B). Effects
of individual BCAAs on total protein content (C) and CS activity (D). * (p
< 0.050), ** (p < 0.010), *** (p < 0.001).

5.3.2 BCAA deprivation hampers lipogenesis and lipid oxidation (II)

The lipid oxidation experiments evaluated the ideal BCAA supplementation us-
ing the three distinct BCAA concentrations explained in 4.1.3 and resumed in
Table 3. The concentration of 0.8mmol · L−1 resulted in the most significant lipid
oxidation among the three concentrations tested (Figure 17A, p < 0.001). Conse-
quently, it was named Normal BCAA and it was selected as the reference level for
the lipid oxidation tests. Both Normal BCAA and High BCAA resulted in more
significant lipogenesis than the absence of BCAA (Figure 17B, p = 0.021). As
there was no notable difference between Normal and High BCAA supplementa-
tion (p = 0.093), the same concentration as utilized in the oxidation experiment
was selected as the control level for the lipogenesis experiment.

In addition to the effects of all BCAAs combined, individual BCAA were
also tested in lipogenesis and lipid oxidation. The removal of leucine (p = 0.046)
and isoleucine (p < 0.001), but not valine (p = 0.070), was found to reduce lipid
oxidation. Furthermore, lipid oxidation was diminished even further in the
isoleucine deprivation group when compared to the groups that experienced
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leucine and valine deprivation (p = 0.004, as illustrated in Figure 17C). In the my-
otubes, the absence of all BCAAs resulted in decreased lipogenesis (p < 0.001) as
demonstrated in Figure 17D when compared to the presence of normal BCAA.
Similarly, when a single BCAA was eliminated at a time (valine, leucine, or
isoleucine), lipogenesis decreased compared to normal BCAA (p < 0.001); how-
ever, the decrease was not as substantial as when all BCAAs were absent (no Leu,
no Ile, or no Val compared with no BCAA, p = 0.003).

FIGURE 17 Lipid oxidation (A) and lipogenesis (B) in C2C12 cells with different BCAA
levels. Lipid oxidation (C) and lipogenesis (D) in C2C12 deprived from
different individual BCAAs. * (p < 0.050), ** (p < 0.010), *** (p < 0.001).

Figure 18 displays the results of experiments examining the effects of supple-
menting the three levels of BCAA with and without EPS. The data indicates that
EPS reduced lipid oxidation regardless of BCAA levels, with a significant effect
observed (p = 0.023, Figure 18A-B). Interestingly, only when combined with EPS,
high BCAA levels reduced lipid oxidation (p = 0.032). The deprivation of BCAA
reduced lipogenesis in both control (p = 0.002) and EPS-treated (p = 0.022) my-
otubes, as seen in Figure 18C.
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FIGURE 18 Lipid oxidation, BCAA deprivation and EPS in C2C12 cells with Normal
(A) and High (B) BCAA levels; and lipogenesis with BCAA deprivation
and EPS (C). * (p < 0.050), ** (p < 0.010).

5.3.3 Subcellular outline of IMCL, PLINs and PGC-1α (III)

Afterwards, PGC-1α’s association with IMCL and PLIN5 was investigated in dif-
ferent compartments of myotubes, as it plays a crucial role in regulating energy
metabolism and interacts with PLIN5 in the nucleus. The compartmental analysis
demonstrated a substantial distinction (p < 0.001) in the signals between cytoso-
lic and nuclear markers in myotubes. IMCL and PLIN5 had the highest nuclear
signals, while only a small portion of PLIN2 was detected above the background
(p < 0.001) and sometimes in a particle-like pattern (Figure 19A-B).
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FIGURE 19 Marker signal comparison between myotube compartments. (A) propor-
tion of nuclear signal (blue bars) in relation to cytosolic signal (full bars).
Data normalized to the cytosolic reference and measured from the con-
trol group (Normal BCAA|Rest). Differences between nuclear fractions of
IMCL versus remaining markers * (p < 0.05) and ** (p < 0.001). Whiskers
signify standard deviation; (B) representative images of respective mark-
ers. Gray is signal, blue are limits of segmented nuclei, magenta are limits
of segmented myotubes. Bar = 5 µm.

5.3.4 Dissociation of PLIN2 from IMCL due to BCAA deprivation (III)

Most of the signal for both IMCL and PLIN2 appeared to be diffused in the C2C12
myotubes, although there were occasional semi-spherical IMCL aggregates visi-
ble as LDs. Additionally, PLIN2 aggregates were common and often observed as
dotted ring structures surrounding the LDs (as shown in Figure 20A).

Apart from exercise and muscle fiber type, BCAA can also have an impact
on IMCL metabolism, which may interact with muscle contraction. Respectively,
this dissertation’ results demonstrated a decrease in the cytosolic association be-
tween PLIN2 and IMCL after BCAA deprivation (p = 0.028, Figure S2), particu-
larly following EPS (p = 0.048, Figure 20B). In the absence of BCAA and with EPS,
an increase in the association of PLIN2 and PLIN5 inside the nuclei was observed
(p = 0.030), and this was dependent on each other (p = 0.033, Figure 20C).

These events were not influenced by the overall PLIN2 signal, which re-
mained unchanged after both EPS and BCAA deprivation (III).
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FIGURE 20 Compartmental PLIN2 association with IMCL and PLIN5 after EPS and
BCAA deprivation. (A) representative image. Note a more diffused PLIN2
pattern after BCAA deprivation and PLIN2-PLIN5 association in nuclei af-
ter EPS (pink arrow). Gray is signal, blue are limits of segmented nuclei.
Bar = 3 µm; (B) colocalization via intensity correlation analysis (ICA) be-
tween PLIN2 and IMCL; (C) colocalization via intensity correlation analysis
(ICA) between PLIN2 and PLIN5. Main effect differences denoted with # (p
< 0.05). Combined group differences denoted with * (p < 0.05); interacting
effect between fiber type and LTPA denoted with & (p < 0.05).

5.3.5 Translocation of PLIN5 to nuclei following stimulation, increasing its as-
sociation to IMCL and PGC-1α (III)

The signal for PLIN5 appeared mostly as numerous punctate structures and was
often located next to or overlapping with other markers. On the other hand, PGC-
1α showed mostly a scattered signal, occasionally gathering in variously shaped
clusters, and frequently co-occurring with IMCL (as shown in Figure 21A).

Importantly, the signal of PLIN5 increased in nuclei after EPS (p = 0.033 as
shown in Figure 21B), where its association with IMCL increased significantly (p
= 0.019, Figure 21D). Moreover, under normal BCAA and EPS conditions, the
association of nuclear PLIN5 with PGC-1α increased even further and in a highly
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significant manner (p = 0.009, Figure 21E).

FIGURE 21 Compartmental association and distribution of PLIN5, IMCL and PGC-1α

after EPS and BCAA deprivation. A) Representative image. Note more
abundant PLIN5 in nuclei after EPS, with stronger association with PGC-
1α (orange arrows) and IMCL (cyan arrow). Gray is signal, blue are limits
of segmented nuclei, magenta are limits of segmented myotubes. Bar = 3
µm; B) PLIN5 signal intensity in different compartments; C) PGC-1α signal
intensity in different compartments; D) ICA between IMCL and PLIN5 in
different compartments; E) ICA between PGC-1α and PLIN5 in different
compartments. Main effect differences denoted with #(p < .05). Combined
group differences denoted with *(p < .05). Dots in B-E represent averaged
coverslip values. Data normalized to the control group reference (Normal
BCAA|Rest).
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6 DISCUSSION

This dissertation investigated the relationship between metabolic health, physical
activity and skeletal muscle lipid metabolism. More specifically, it focused on
how intramyocellular lipids and their key regulators – the PLIN proteins – behave
in insulin resistance, physical activity and BCAA supplementation.

The main finding was that healthier metabolic phenotypes and behaviors
– characterized by adequate physical activity and nutrition – are associated with
specific patterns of IMCL distribution and coating by PLIN proteins, namely with
robust coating by PLIN2 and PLIN5 and a reduced presence in type II fibers. Fur-
thermore, such appropriate coating of IMCL by PLINs seems to be promoted by
adequate BCAA availability and metabolic efficiency, both correlated to a bal-
anced IMCL turnover.

Additionally, this study further expands the knowledge on IMCL-PLINs
dynamics beyond their known cytosolic roles related to energy metabolism and
mitochondrial function. Specifically, both IMCL and PLINs may interact with
transcription factor activators related to cell respiration and indeed translocate to
nuclei upon contraction.

6.1 Intramyocellular lipids in different models (I, III)

In order to better understand the skeletal muscle lipid metabolism, IMCL were
studied in two different human models plus in C2C12 cells. Although the terms
IMCL and skeletal muscle are repeatedly used within these studies – and the litera-
ture in general – it is important to recognize that these and other models are mere
approximations of each other. In other words, these lipids may not necessarily
behave and respond in the same way to different stimuli in different models.

On one hand, the organisms themselves may often differ between each
other, and that alone forcibly means that the results might not be directly compa-
rable. For instance, it is known that mouse skeletal muscle, unlike human skeletal
muscle, expresses the IIb isoform, resulting in the presence of type IIb fibers, with
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specific mechanical and molecular properties (Andruchov et al. 2004).
Not only may species differ throughout the literature, but different mus-

cle groups often add to the difficulty in comparing results between studies. Of-
ten IMCL and PLIN are compared between different muscles (e.g. gastrocnemius
vs. vastus lateralis), adding one more layer of potential error in interpretations
(Schrauwen-Hinderling et al. 2006). Despite this, the human studies in this dis-
sertation both looked at the vastus lateralis muscle cross-sections (Figure 22A).

FIGURE 22 Different IMCL study models in fluorescence microscopy. A) Cross-sections
(Human vastus lateralis, red: IMCL, green: sarcolemma, blue: fast myosin);
B) Cultured myotubes (C2C12, red: IMCL, green: PLIN2, blue: nuclei, cyan:
edge of segmented myotube); C) Longitudinal sections (Human vastus lat-
eralis, red: IMCL, green: sarcolemma, blue: slow myosin); D) Isolated fibers
(Rat EDL, red: IMCL, green: Golgi). Bars = 10 µm.

Besides cross-sections, another way to microscopically study IMCL, though less
common, is longitudinally, either from muscle biopsies (Figure 22C) or from dis-
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sected myofibers (Figure 22D). The choice between these two options can easily
produce results which can be hard to compare and can certainly convey different
information. For instance, only occasionally can large LDs be seen to organize
in chain-like patterns, spanning a large portion of the cross sectional area. How-
ever, in longitudinal views LDs are very frequently organized in chain-patterns
running along the myofibrils (Bosma 2016), as seen in Figure 22C. For this doc-
toral program, longitudinal data from C2C12 myotubes were studied in more
depth (Figure 22B).

Despite being equally longitudinal in orientation, myotube studies can be
difficult to directly compare against isolated myofibers or longitudinal sections.
Even if differentiated and contracting, C2C12 myotubes are hardly striated and
consequently have different physical and physiological properties when com-
pared to tissue or dissected fibers (Figure 22B).

6.2 Different approaches in studying IMCL and LDs through mi-
croscopy

When studying LDs and IMCL microscopically, it is important to understand and
define the terms at play (see section 2.1.2). The concept of intramyocellular LDs
itself can be cumbersome and rather subjective to delimit. The term LD is ex-
tensively used in the study of IMCL and is typically treated as a subspherical
and isolated structure (Daemen et al. 2018b), see Figure 23A-B. However, real-
ity may be more complex than that. During the period of my PhD candidacy,
several terabytes worth of IMCL micrographs were produced and inspected in
different types of samples. The immediate contrast with most of the literature
was the fact that, in skeletal muscle, neutral lipids rarely organize in purely iso-
lated globose LDs. On the contrary, these LDs often seemed part of a web-like
continuum, embedding the whole cell and manifesting in larger and brighter de-
pots (Figure 23D), something that is seldom reported in literature (Howald et al.
2002).
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FIGURE 23 Neutral lipids versus LDs. Depending on the pre-processing of light mi-
croscopy data (B- threshold segmentation, D- gray signal), different struc-
tures may be measured (A- larger LDs; C- neutral lipids in general).

It is conceivable that intramyocellular LDs are just larger aggregates – or depots –
of a large and interconnected structure of lipids, and eventually serving as a net-
work of signaling molecules. Whether such a reticulated structure stands alone
or integrates fatty membrane structures of the myocyte, such as the sarcoplasmic
reticulum (Figure 23C), remains to be fully understood. Interestingly, PLIN5 has
been recently demonstrated to interact with the sarcoplasmic reticulum, potenti-
ating cardiac contractility via Ca2+ signaling (Cinato et al. 2023), strengthening
the hypothesis of a neutral lipid continuum.

Either way, it is important to keep in mind that, frequently, LDs are arbitrar-
ily segmented through image thresholding before being studied, and much of
the dimmer signal from the reticulated network or lower background is left out
from analyses. Every study should take this in consideration, as neutral lipids,
TAG and even PLINs (if also thresholded) with relevant roles may be excluded
unintendedly.

In the present studies it was decided to approach the term LD as a thresh-
olded/binarized structure, while the term IMCL is understood as whole signal
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left after denoising and deconvolution, including larger subspherical droplets,
reticulum-like structures and general diffused intracellular signal. Both ap-
proaches are useful and informative, and should be chosen depending on the
original research question (Figure 23).

6.3 Lipids to where they belong

The collective psyque of many cultures still sees fats from a rather negative lens,
associating it to wrong nutritional behaviors and poor aesthetics (Brewis & Wu-
tich 2012; Cramer & Steinwert 1998; Orbach 2005; Roddy et al. 2011). Researchers
however, have added more resolution to this topic throughout the years, namely
by categorizing the quality of different types of fat. Nevertheless, the paradigm
may still be focusing excessively in the bad fats versus good fats perspective (Asrih
& Jornayvaz 2014; DiNicolantonio & O’Keefe 2017; Hapala et al. 2011; McClain
et al. 2007; Russell et al. 2003).

By now, the reader would have realized that this doctoral dissertation fo-
cuses on muscle fats as either detrimental or beneficial depending on their cel-
lular and subcellular location, in combination with proper targeting by the PLIN
protein family. As such, throughout the following subsections, I will present the
arguments supporting the hypothesis wherein IMCL can become and remain the
most harmful if accumulated deep within glycolytic myocytes.

6.3.1 Inadequacy of glycolytic myocytes in managing lipids

It is well established that glycolytic fibers are less oxygenated by capillaries, have
fewer mitochondria than oxidative fibers and therefore its ability to oxidize lipids
is diminished (Ingjer 1979; Picard et al. 2012; Tan et al. 2018). Moreover, type II
fibers are ill equipped for FA endocytosis and transportation (Bonen et al. 1998).
Interestingly, in insulin resistance the ability to internalize FAs can be increased to
abnormal levels, while mitochondrial respiration remains severely reduced (Bo-
nen et al. 2004; Mogensen et al. 2007).

Correspondingly, study I revealed that when compared to controls, T2D
participants have increased concentrations of LDs in type II fibers (Figure 24),
something that has been equally observed by other groups (Daemen et al. 2018a;
Koh et al. 2018). In short, LDs and their derivatives are not necessarily harmful,
but in tissues and cells not prepared to process them, they could become patho-
physiologic.
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FIGURE 24 Graphical summary of study I. Insulin resistant individuals have a signif-
icant portion of large and uncoated LDs in inner regions of type II fibers.
The illustration refers to vastus lateralis muscle

6.3.2 Accessibility of LDs helps determine metabolic health

Study I (see section 5.1) has not only shown that T2D participants have larger
intramyocellular LDs when compared to lean controls, but also that a significant
portion of these LDs is uncoated by PLIN5 in the inner regions of type II fibers,
establishing a novel result in the field (Figure 24). Indeed, the current model
suggests that PLIN5 plays a role in protecting the myocyte against insulin resis-
tance by coating LDs and preventing the release of lipotoxic molecules from this
organelle (Gemmink et al. 2016; MacPherson & Peters 2015; Mason et al. 2014).

However, it is often discussed in the literature that peripheral – or subsar-
colemmal – LDs are likely the major initiator of lipotoxic events leading to insulin
resistance, especially in type I fibers (Bucher et al. 2014; Daemen et al. 2020; De-
vries et al. 2013; Kahn et al. 2021; Li et al. 2014; Nielsen et al. 2010). This may
be so. By being closer to the extracellular space and the source of lipids, oxygen,
mitochondria and protein transporters, it is expected that these droplets are more
readily assembled, expanded, shrunk or depleted. Consequently, these periph-
eral LDs may also release lipotoxic molecules at significantly higher rates when
compared to intermyofibrillar LDs. By the same token, they are demonstratedly
the first droplets to reacquire a healthy insulin sensitive phenotype after exercise
interventions (Bucher et al. 2014; Devries et al. 2013; Li et al. 2014; Nielsen et al.
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2010; Shepherd et al. 2017).

FIGURE 25 Proposed model hypothesis. Subsarcolemmal LDs in type I fibers as main
lipotoxicity initiator and as main responders to exercise interventions. in-
termyofibrillar LDs in type II fibers as persistent lipotoxic agents, poor re-
sponders to exercise interventions.

The research question arising from study I relates to the role and impact of those
distantly internalized intermyofibrillar LDs, harder to access by regulating pro-
teins, including the insulin-sensitizing PLINs (Figure 24). The findings of this
doctoral dissertation suggest that internalized, large and uncoated LDs in gly-
colytic fibers of T2D individuals, do in fact characterize the insulin resistant phe-
notype and may continue to contribute for lipotoxicity, even after the initial ben-
efits that exercise interventions bring to peripheral LDs (Figure 25).

Ultimately, this study adds resolution to the body of evidence linking the
inadequacy of excessive and unregulated intramyocellular LDs in type II fibers
and the skeletal muscle insulin-resistance phenotype. Whether the model hy-
pothesis proposed in Figure 25 represents reality, is something that will require
future research to determine. Nonetheless, the remaining discussions relative to
those from studies II & III do seem supportive, or at least compatible, with the
aforementioned hypothesis.
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FIGURE 26 Graphical summary of study III. A) Active twins have higher concentra-
tions of IMCL in type I fibers and improved PLIN2 coating in type II fibers;
B) EPS induced contractions promote PLIN5 translocation towards nuclei,
further associating with LDs and PGC-1α. BCAA deprivation leads to LD
uncoating by PLIN2 as well as PGC-1α diminishment in nuclei.

6.4 Long-term physical activity improves IMCL-PLIN profile re-
gardless of genotype

One of the observations of study III was that LTPA alone can produce an athlete
phenotype, that is, it leads to increased IMCL levels in comparison to controls,
especially in type I fibers (Figure 26). This conclusion is relevant as it was the first
time it was demonstrated that the athlete paradox could be achieved via LTPA
and regardless of the individual’s genetic background.
The twins labeled as ’inactive’ were not sedentary or unhealthy individuals, yet,
in comparison to the ’active’ group, the contrasts in IMCL profile were clear and
not limited to IMCL concentrations. Another major difference observed was the
significantly improved IMCL coating by PLIN2 in type II fibers of the active twins
(Figure 26). Correspondingly, as cited in the literature review (see 2.2.3), IMCL
coating by PLIN2 is also associated with insulin sensitivity.

Altogether, the fact that LTPA promotes better coating of IMCL in type II
fibers and that insulin resistance is associated with large portions of uncoated
IMCL in the same fiber type (Figure 24), further indicates that unattended LDs
in less oxidative muscle may be pathophysiological and that short-term exercise
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may not be enough to revert such a profile (Figure 25).

6.5 BCAA availability linked to healthy IMCL phenotypes

A dysregulated BCCA metabolism is often connected to impaired lipid oxidation
and consequent insulin resistance, wherein emphasis is usually given to excess
BCAA availability (Connor et al. 2010; Lerin et al. 2016; Newgard et al. 2009).
In study II not only excess BCAA supplementation reduced lipid oxidation in
myotubes, but BCAA deprivation produced the same result (section 5.3.2), some-
thing that has been equally observed in previous research (Estrada-Alcalde et al.
2017). Moreover, study II demonstrated that BCAA deprivation also led to de-
creased lipogenesis (section 5.3.2). The previous hypothesis by Kainulainen et
al. (2013) is supported by these findings, indicating that both lipid oxidation and
lipogenesis would be disrupted by BCAA deprivation. The disturbances of glyc-
eroneogenesis, lipid oxidation and lipogenensis could be speculated to have a
direct impact in lipotoxic signaling, ultimately promoting insulin resistance.

Returning to the topic of PLIN2 coating, study III revealed that BCAA de-
privation led to a dissociation between IMCL and this PLIN member in myotubes
(see section 5.3.4). As introduced in 2.1.4, IMCL coating by PLIN2 is linked to in-
sulin sensitivity through improved regulation of lipogenic and lipolytic enzymes
on the surface of LDs. This might explain the outcome of study II, where in
the same samples, BCAA deprivation resulted in decreased lipid oxidation, de-
creased lipogenesis, as well as reduced CS activity (see 5.3.2). Together, study
II and III suggest that proper intake of BCAA may be necessary for a healthy
IMCL profile, namely by adequate PLIN2 coating and consequent balanced LD
turnover.

However, BCAA deprivation resulted in no equivalent results when it
comes to PLIN5 (Figure 21), possibly reflecting a more adaptive and resistant
role of this PLIN member in comparison to PLIN2, compensating for the latter
during the typically more demanding stimuli of skeletal muscle.

6.6 LDs beyond energy sources

As briefly mentioned in section 2.1.4, LDs play several intracellular roles beyond
serving as energy reservoirs, from membrane trafficking, inflammation and im-
mune response pathways, to mRNA transcription (Cruz et al. 2020; Henne et al.
2018; Pereira-Dutra et al. 2019; Welte 2015).

Concerning transcription and still related to energy metabolism, it has been
shown that the phosphorylation of PLIN5 and its lipid-bound translocation to
nuclei, promote the activation of PGC-1α through the disinhibition of Sirtuin 1
(Gallardo-Montejano et al. 2016; Najt et al. 2020). This event seems to be trig-
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gered by catecholamines and fasting, and therefore, it was hypothesized that ex-
ercise could elicit a comparable reaction (Gallardo-Montejano et al. 2016). Find-
ings from study III substantiate this hypothesis, as it newly demonstrated that
EPS leads to the enrichment of PLIN5 in myotube nuclei, forming additional as-
sociations with PGC-1α (under normal BCAA) and LDs (Figure 26).

Irrespective of EPS, a significant decrease in nuclear PGC-1α was observed
following BCAA deprivation (Figure 26). This suggests that the role of PGC-1α

as a promoter of mitochondrial biogenesis is hindered under these conditions.
These findings align with the reduced lipid oxidation and lipogenesis resulting
from the same BCAA deprivation (5.3.2), as previously hypothesized (Kainu-
lainen et al. 2013).

Taken together, this thesis further contributes to the field of knowledge in-
volving LDs-PLINs and transcriptional events. Namely by demonstrating that
LDs and PLIN5 may be key players in contraction-induced mitochondrial bio-
genesis.

6.7 Strengths and limitations

One of the strengths of this doctoral work lies in the utilization of different study
models, namely two human and one in vitro. Insulin resistant humans in study
I provided a classical model already extensively studied in the field of intramy-
ocellular LDs and PLINs. With this setup it was primarily possible to validate the
methodology by replicating comparable results with the known literature. Only
then were the novel pattern recognition results produced, specifically the identi-
fication of large and uncoated LDs in inner regions of diabetic type II fibers. The
second human setup – the twins with discordant physical activity in study III –
provided an important and unstudied model in this field, allowing for the first
time a glimpse of the effects of life-long physical activity on IMCL and PLINs,
while controlling for genetic background. Finally, the C2C12 myotube model in
studies II and III brought the ability to investigate the combined effects of EPS and
BCAA availability on the subcellular arrangement of IMCL, PLINs and PGC-1α.

However, it is in the C2C12 model where one of the limitations of this dis-
sertation can be found, concretely in the fact that this cell line may bear too little
resemblance to muscle tissue, especially to type I fibers. Thus, C2C12 myotubes
may be a sub-optimal model in the study of oxidative responses and lipid utiliza-
tion (Brown et al. 2012; Son et al. 2019). On the flip side, these myotubes proved
to be a good glycolytic study model. In study II, for instance, there was indeed
a poor lipolytic response to EPS, triggering no changes in lipogenesis or IMCL
content together with a decrease in lipid oxidation (5.3.2). This indicates a rather
glycolytic response to EPS, something indeed previously observed from the exact
same setup (Lautaoja et al. 2021).

Other limitations worth noting concern the twin setup in study III, explicitly
the low number of participants which ultimately did not allow an in-depth con-
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trol for variables like gender or zygosity. On the other hand, the strength comes
from the twin model, quite powerful in itself (Kujala et al. 2013) and from the
several hundreds of glycolytic and oxidative myocytes compared between active
and inactive twin pairs (see 5.2).

As mentioned earlier, the main approach during this work was based on mi-
croscopy. Although the robust image analyses involving deconvolution, machine
learning segmentation or ICA can be a strength in these studies, it is also true
that without complementary methodologies, the meaningfulness of a single ap-
proach may be compromised. To that effect, studies II and III pose a considerable
enhancement in comparison to study I and contribute to a better overall picture
of the studied phenomena. Nevertheless, even within microscopy, neither of our
studies involved electron microscopy nor live imaging, therefore terms such as
association or translocation, respectively, should be interpreted with caution. On
the other hand, the latter methods lack the ability to easily scan large areas of
samples stained for multiple markers, as it was the case with five markers for
C2C12 myotubes in study III.

In a nutshell, the main strength and the main limitation of the present work
simultaneously relate to the methodological focus, that is, microscopy and im-
age analysis. If on the one hand such focus risks overinterpreting the data and
missing the big picture, then, on the other, hand it allows a deeper examination
of unexplored phenomena. The necessary conclusion is that both the broad ap-
proach together with the in-depth one should be equally invested in.

6.8 Future directions

Arguably, the main open question raised by this doctoral study relates to the
PLIN coating of LDs in glycolytic muscle fibers (studies I and III). As discussed
in 6.3, when researching skeletal muscle lipotoxicity, a significant effort has been
directed to LDs from subcellular areas where they most abound, that is, the sub-
sarcolemmal region of type I fibers. Therefore, a logical path forward would be
to first corroborate the observations made here, and then investigate the practical
impacts of having IMCL dissociated from PLINs in intermyofibrillar regions of
type II fibers. Is this just a coincidental correlation towards the unhealthier phe-
notypes, without any causation or physiological significance? Can it be merely
diagnostical? Or perhaps, is it indeed causational and could eventually become
a target for future therapeutic strategies? The model hypothesis proposed in Fig-
ure 25 should be tested. These are questions raised in this dissertation that should
be pursued in future research.

Regarding the role of PLINs and LDs as partakers in transcriptional path-
ways, the proverbial surface has only recently been scratched. On the one side,
it seems clear that PLIN5 is required to chaperone FAs towards myonuclei in
order to promote PGC-1α activation and consequent mitochondrial biogenesis
(Gallardo-Montejano et al. 2016; Najt et al. 2020). On the other side, it is not clear
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if LD proximity is required for this process, or if it needs to occur only within
the nuclei. Study III contributed to this field of knowledge by demonstrating that
contractions indeed lead to nuclear enrichment by PLIN5 and its association with
both PGC-1α and LDs (Figure 26). Additionally, BCAA deprivation led to an in-
creased association between PLIN5 and PGC-1α in the cytosol while leading to
nuclear depletion of the latter (Figure 26). The exact reasons for these events are
unclear. It is evident that there is still much to be learned about the role of PLIN5
– and other PLINs too – in regulating transcription factors related to the energy
metabolism, both in the cytosol and in the nuclei. It is thus foreseeable that this
research direction will receive escalating attention in the years ahead.

Concerning the nature of the perilipin family, the publications produced
during the PhD period approached solely PLIN2 and PLIN5, the most promi-
nent and well studied PLIN members in skeletal muscle (Daemen et al. 2018b;
MacPherson & Peters 2015). Thus, it is legitimate to pose questions regarding
the role of other less notable PLINs present in this tissue, such as PLIN3 and
PLIN4. The differential tasks of each PLIN are still a rather obscure topic, with
little known about the degree of overlapping, compensating ability or distinctive
nuances of each member in skeletal muscle metabolism. This should certainly
prompt research efforts in the near future.

Finally, as shortly debated in section 6.2, there may be meaningful discov-
eries to be made concerning IMCL as a neutral lipid network, hypothetically
yielding physical routes for signaling pathways. Understanding this network,
of which LDs would be a part, could prove to be crucial in further disclosing the
mechanisms connecting intramyocellular LD dynamics and metabolic diseases.
For instance, it could add resolution to the process involving the interaction be-
tween PLINs and the sarcoplasmic reticulum, also discussed in section 6.2. More-
over, it could help explain how large droplets form and remain uncoated in inner
regions of type II fibers in diabetic individuals.
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7 MAIN FINDINGS AND CONCLUSIONS

1. When compared to healthy and active, insulin resistant and less active 
human skeletal muscle phenotypes show poorer PLIN coating of LDs, 
particularly in the inner regions of more glycolytic fiber types. Decreased 
PLIN coating further extends to glycolytic myotubes when deprived of 
BCAA. (I, III)

2. Physical activity can promote better coating of LDs, which is known to 
protect against intramyocellular lipotoxicity. Similar effects can be enhan- 
ced by balanced BCAA availability and an efficient BCAA metabolism. 
Conversely, BCAA deprivation decreases both lipogenesis and lipoly-
sis in myotubes. (II, III)

3. PLINs are not mere LD proteins and seem to participate in several cellu-
lar roles between and inside different organelles. Plus, the PLIN profile of 
LDs is more critical than LD size or abundance. Cellular and subcellular 
localization of LDs may also define myocyte health, depending on their LD 
coating profile. (I, II, III)

In conclusion, appropriate physical activity and nutrition exert positive effects
on health and skeletal muscle lipid metabolism through functional PLIN physi-
ology, namely via adequate association with intramyocellular lipid droplets and
by participating in further cellular roles.
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Abstract: Impaired lipid metabolism is a common risk factor underlying several metabolic diseases
such as metabolic syndrome and type 2 diabetes. Branched-chain amino acids (BCAAs) that include
valine, leucine and isoleucine have been proven to share a role in lipid metabolism and hence in
maintaining metabolic health. We have previously introduced a hypothesis suggesting that BCAA
degradation mechanistically connects to lipid oxidation and storage in skeletal muscle. To test our
hypothesis, the present study examined the effects of BCAA deprivation and supplementation on
lipid oxidation, lipogenesis and lipid droplet characteristics in murine C2C12 myotubes. In addition,
the role of myotube contractions on cell metabolism was studied by utilizing in vitro skeletal-muscle-
specific exercise-like electrical pulse stimulation (EPS). Our results showed that the deprivation of
BCAAs decreased both lipid oxidation and lipogenesis in C2C12 myotubes. BCAA deprivation
further diminished the number of lipid droplets in the EPS-treated myotubes. EPS decreased lipid
oxidation especially when combined with high BCAA supplementation. Similar to BCAA deprivation,
high BCAA supplementation also decreased lipid oxidation. The present results highlight the role of
an adequate level of BCAAs in healthy lipid metabolism.

Keywords: metabolic health; protein supplementation; skeletal muscle; electrical pulse stimulation;
in vitro exercise; nuclear magnetic resonance spectroscopy

1. Introduction

Impaired lipid metabolism and fat accumulation predispose people to several adverse
health risks such as insulin resistance, metabolic syndrome and type 2 diabetes [1]. Over
the last decade, branched-chain amino acids (BCAAs) that include valine, leucine and
isoleucine have been proven to share a role in fat oxidation and hence in maintaining
metabolic health [2,3]. More specifically, metabolomic and transcriptomic studies suggest
that efficient BCAA catabolism (i.e., low serum BCAA levels) is associated with higher fat
oxidation, physical activity and leanness [4,5]. On the contrary, inefficient BCAA catabolism
(i.e., high serum BCAA levels) is linked to low physical activity, increased adiposity and
other risk factors for metabolic diseases [6]. Nevertheless, the underlying mechanisms
between BCAA utilization and lipid oxidation remain to be determined.

We have previously introduced a hypothesis suggesting that BCAA degradation mecha-
nistically connects to lipid oxidation and storage in the skeletal muscle (Figure 1) [3]. Unlike
other amino acids, BCAAs are not degraded directly by the liver but are transported into the
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bloodstream and catabolized mainly in muscle cells [7,8]. Since skeletal muscle comprises
around 40% of body mass, it is also the main tissue that oxidizes lipids and thus aids in the
prevention of obesity [9,10]. According to our hypothesis, we propose that, especially during
increased demand for BCAA catabolism (such as during exercise), transamination of BCAAs is
critical for cytosolic oxaloacetate formation. In our model, oxaloacetate is further metabolized
to phosphoenolpyruvate for glyceroneogenesis, which is required in skeletal muscles for the
storage of fatty acids as lipid droplets (LDs) (Figure 1). We suggest that these intramyocellular
LDs are then utilized to provide energy during extended exercise sessions as well as consti-
tutively during rest. Thus, the high activity of this cycle leads to better exercise performance,
leaner body composition and improved health [3]. Our hypothesis is supported by the ob-
servations that the prevention of amino acid catabolism in mice impairs exercise metabolism
and reduces endurance capacity [11], whereas high expression of the genes involved in BCAA
degradation and fatty acid metabolism in skeletal muscle is linked to high endurance capacity in
rats [12]. Furthermore, acute exercise stimulus has proven to activate branched-chain α-ketoacid
dehydrogenase (BCKD) [13,14], which is the main regulator of BCAA oxidation.

Figure 1. Schematic presentation of BCAA catabolism, lipid oxidation and lipogenesis in skeletal muscle.
BCAA = branched-chain amino acid, EPS = electrical pulse stimulation, TCA = tricarboxylic acid cycle,
OAA = oxaloacetate, CoA = coenzyme A, ATP = adenosine triphosphate, αKG = α-ketoglutarate, Glu
= glucose, PEP = phosphoenolpyruvate, GAP3 = glyceraldehyde-3-phosphate, FFA = free fatty acid.
Modified from Kainulainen et al., 2013 [3]. Figure was created with BioRender.com.

In line with our hypothesis, a growing number of both rodent and human studies
suggest that BCAA-rich protein supplementation has beneficial effects on several health-
and-fitness-related factors, such as body composition, exercise performance and muscle
properties, as well as glucose and lipid metabolism [15–22]. On the other hand, BCAA
deficiency has been shown to result in impaired growth and protein wasting, as well as
changes in hormonal secretion and intracellular signaling [23,24]. In contrast, some studies
have shown that diets with reduced BCAA content promote metabolic health [25,26].
Particularly, reducing isoleucine has been shown to restore the metabolic health of diet-
induced obese mice [27].

Exercise acutely increases fat oxidation in the skeletal muscles [28]. Furthermore, en-
durance training increases the capacity of muscle to oxidize fat by increasing mitochondrial
density, the activity of key enzymes involved in lipid oxidation and oxygen delivery to the
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muscles [29]. It is also well-established that skeletal muscles from trained individuals have
higher lipid content compared with untrained individuals, yet they have better insulin
sensitivity and oxidative capacity [30,31]. This phenomenon, called “athlete’s paradox”, is
thought to store and serve energy in the form of LDs for long-lasting exercise [30]. Some
studies suggest that BCAA supplementation may further promote resistance to fatigue by
increasing lipid oxidation during exercise [16].

In the present study, we examined the effects of BCAA deprivation and supplementa-
tion on lipid metabolism in murine C2C12 myotubes. In addition, we utilized an in vitro
skeletal-muscle-specific exercise-like electrical pulse stimulation (EPS) to mimic and investi-
gate the effect of exercise on myotube metabolism. According to the previous literature, we
suggested two hypotheses: First, deprivation of BCAAs will lead to reduced lipid oxidation
in myotubes. Second, EPS combined with BCAA supplementation further increases lipid
oxidation in myotubes. In addition, we investigated how these conditions affect lipogenesis
and lipid droplets (Figure 1).

2. Results

Optimal BCAA supplementation for lipid oxidation was tested with three different BCAA
concentrations: 0 (no BCAA), 0.8 (normal BCAA) and 2.8 mmol/L (high BCAA) (Figure 2A).
Of the three BCAA concentrations tested, the normal BCAA led to the highest lipid oxidation
compared with both no BCAA and high BCAA groups (Figure 2A, p ≤ 0.001); thus, it was
chosen as the control level for the lipid oxidation experiments.

Figure 2. Lipid oxidation (A) and lipogenesis (B) in C2C12 myotubes with different BCAA lev-
els. (A) Normal BCAA level (0.8 mmol/L) led to higher lipid oxidation compared with no BCAA
(0 mmol/L) or high BCAA (2.8 mmol/L). n = 16/group. (B) Normal and high BCAA levels led
to higher lipogenesis compared with no BCAA. n = 8/group. Boxes in the boxplot figures depict
interquartile ranges and medians, and whiskers represent the 95% confidence interval. * p ≤ 0.050, **
p ≤ 0.010, *** p ≤ 0.001. BCAA = branched-chain amino acid.

The optimal BCAA supplementation for lipogenesis was examined with the same
BCAA concentrations as used for the lipid oxidation experiment (Figure 2B). Of the BCAA
concentrations tested, both normal and high BCAA led to higher lipogenesis compared
with no BCAA (Figure 2B, p ≤ 0.021). Since the groups with normal and high supple-
mentation of BCAAs did not significantly differ from each other (p = 0.093), the same
concentration as chosen for the oxidation experiments was used as the control level for the
lipogenesis experiments.
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2.1. BCAA Deprivation Decreased Lipid Oxidation and Lipogenesis in C2C12 Myotubes

Deprivation of all BCAAs decreased lipid oxidation in murine C2C12 myotubes
(normal BCAA vs. no BCAA, p < 0.001, Figure 3A). In addition, the deprivation of leucine
(p = 0.046) and isoleucine (p < 0.001), but not valine (0 = 0.070), decreased lipid oxidation.
Lipid oxidation was also lower in the isoleucine deprivation group compared with the
leucine and valine deprivation groups (p ≤ 0.004, Figure 3A). The deprivation of all BCAAs
decreased lipogenesis in the myotubes (Figure 3B, normal BCAA vs. no BCAA, p < 0.001).
In addition, the deprivation of a single BCAA at a time (valine, leucine or isoleucine)
decreased lipogenesis compared with normal BCAA (p < 0.001), yet the decrease was not
as significant as when all BCAAs were absent (no Leu, no Ile or no Val compared with no
BCAA, p ≤ 0.003).

Figure 3. Lipid oxidation (A) and lipogenesis (B) with BCAA deprivation in murine C2C12 myotubes.
(A) Deprivation of all BCAAs or deprivation of leucine or isoleucine alone reduced lipid oxidation in
myotubes. Lipid oxidation was lower in isoleucine deprivation group compared with leucine and
valine deprivation groups. Normal BCAA n = 26, no BCAA n = 21, no Leu n = 16, no Ile n = 12, no Val
n = 16. (B) Deprivation of all BCAAs reduced lipogenesis in myotubes (normal BCAA vs. no BCAA).
Deprivation of a single BCAA reduced lipogenesis compared with normal BCAA. Lipogenesis in
single BCAA deprivation groups was higher compared with the no BCAA group. Normal BCAA
n = 24, no BCAA n = 23, no Leu n = 14, no Ile n = 17, no Val n = 14. Boxes in the boxplot figures depict
interquartile ranges and medians, and whiskers represent the 95% confidence interval. * p ≤ 0.050,
** p ≤ 0.010, *** p ≤ 0.001. BCAA = branched-chain amino acid, Leu = leucine, Ile = isoleucine,
Val = valine.

2.2. High BCAA Supplementation Combined with EPS Decreased Lipid Oxidation, whereas BCAA
Deprivation but Not EPS Decreased Lipogenesis in C2C12 Myotubes

The experiments with normal (0.8 mmol/L), no (0 mmol/L) and high (2.8 mmol/L)
BCAA supplementation with and without EPS are shown in Figure 4. There was a signifi-
cant effect of EPS regardless of BCAA level (p ≤ 0.023), indicating that EPS decreased lipid
oxidation (Figure 4A,B). High BCAA content in cell media did not affect lipid oxidation
(normal BCAA control vs. high BCAA control, p = 0.292), whereas high BCAA combined
with EPS decreased lipid oxidation (p = 0.032). The deprivation of BCAAs decreased
lipogenesis in both control (p = 0.002) and EPS-treated (p = 0.022) myotubes (Figure 4C).
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Figure 4. Lipid oxidation, BCAA deprivation and EPS in murine C2C12 myotubes with normal
(A) and high (B) BCAA levels and lipogenesis with BCAA deprivation and EPS in myotubes (C).
(A) Normal BCAA (0.8 mmol/L) concentration, EPS or BCAA deprivation did not affect lipid
oxidation. (B) High BCAA (2.8 mmol/L) combined with EPS-reduced lipid oxidation. n = 4/group.
(C) Deprivation of BCAAs reduced lipogenesis in myotubes during control conditions (normal BCAA
vs. no BCAA) and with EPS treatment (normal BCAA EPS vs. no BCAA EPS) n = 6/group. Boxes
in the boxplot figures depict interquartile ranges and medians, and whiskers represent the 95%
confidence interval, * p ≤ 0.050, ** p ≤ 0.010. BCAA = branched-chain amino acid, EPS = skeletal-
muscle-specific exercise-like electrical pulse stimulation.

2.3. BCAA Deprivation Diminished the Number of Lipid Droplets in the EPS-Treated
C2C12 Myotubes

Microscopic examinations of lipid droplets (LD) in murine C2C12 myotubes with and
without BCAA and with and without EPS are shown in Figure 5. There were no significant
effects of EPS, BCAA levels or their interaction. However, the group-wise comparisons
showed that in EPS-treated myotubes, BCAA deprivation led to a lower number of LDs
per mm3 (p = 0.048, Figure 5B,C).
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Figure 5. Lipid droplet characteristics in murine C2C12 myotubes (A–C). (A) In EPS-treated myotubes,
there were no changes in LD signal fraction, whereas (B,C) BCAA deprivation diminished the number
of LDs (EPS-treated myotubes 0.8 mmol BCAA vs. 0 mmol/L BCAA). n = 17–18/group. Boxes in the
boxplot figures depict interquartile ranges and medians, and whiskers represent the 95% confidence
interval, * p ≤ 0.050. BCAA = branched-chain amino acid, EPS = skeletal-muscle-specific exercise-like
electrical pulse stimulation. In (C), MF20 = green, DAPI = blue and LD540 = red, gray and binary.
Scale bar = 5 μm.

2.4. Metabolites in C2C12 Myotubes and in Cell Culture Media

To confirm that our cell culture media with no BCAA were very low of BCAAs and
that being supplemented with normal BCAA had substantially higher BCAA and BCAA
degradation product contents, nuclear magnetic resonance (NMR)-based metabolomics
was conducted for murine C2C12 myotubes and cell media (Supplementary Table S1). Our
results confirmed that, in myotubes cultured without BCAAs (no BCAA), the levels of
pooled BCAAs (isoleucine, leucine and valine) and individual BCAAs were lower than
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in myotubes cultured with BCAAs (normal BCAA) (p = 0.004, Supplementary Table S1).
Furthermore, in the cell culture media of the myotubes cultured without BCAAs, the
level of pooled BCAAs, individual BCAAs as well as pooled BCAA degradation products
(isobutyrate, isovalerate, 2-ketoisovalerate, 2-methylbutyrate, 3-methyl-2-oxovalerate and
2-oxoisocaproate) were lower than in myotubes cultured with BCAAs, suggesting de-
creased BCAA degradation in cells treated with no BCAA media (p = 0.014, Supplementary
Table S1). All identified metabolites in myotubes and cell culture media are presented in
Supplementary Table S2.

2.5. Total Protein Content, and Citrate Synthase Activity and Cell Viability Measurements

Corresponding total protein contents and citrate synthase activities of the study se-
tups are presented in Supplementary Figures S1–S3. Overall, BCAA supplementation
increased both the total protein content and CS activity of the murine C2C12 myotubes
(Supplementary Figures S1–S3).

The cell viability following EPS was examined via measuring lactate dehydrogenase
(LDH) level in cell medium after lipid oxidation and lipogenesis experiments (Supplemen-
tary Figure S4). Our results showed that, in lipid oxidation experiment, the LDH level
was lower in the media of EPS-treated myotubes (main effect p = 0.013), whereas there
was no effect of BCAA level (main effect p = 0.257, Supplementary Figure S4a). When
examining the lipogenesis experiment, BCAA deprivation increased the LDH level (main
effect p = 0.003). EPS treatment slightly but consistently increased LDH activity in all of the
studied BCAA concentrations in the lipogenesis experiment (main effect p > 0.001).

3. Discussion

This study examined the effects of branched-chain amino acid (BCAAs = valine,
leucine and isoleucine) supplementation on lipid metabolism of the murine C2C12 my-
otubes. In addition, the effects of muscle contractions in muscle metabolism were mimicked
and studied in myotubes utilizing in vitro skeletal-muscle-specific exercise-like electrical
pulse stimulation (EPS). Supporting our previous hypothesis [3], the present study showed
that deprivation of the BCAAs reduced both lipid oxidation and lipogenesis in C2C12
myotubes. The BCAA deprivation further diminished the number of lipid droplets in the
EPS-treated myotubes. High serum BCAA levels can act as biomarkers for some metabolic
diseases [4,6]; indeed, we observed that a high BCAA level in myotube media may lead to
dysregulated lipid metabolism. However, the current results together with the data from
other research groups [32] suggest that also very low levels (or ingestion of) BCAAs may
lead to disturbances in muscle lipid metabolism. These results thus suggest that adequate
(not too high nor too low) BCAA level is important for healthy lipid metabolism in muscle.
However, further studies are warranted to elucidate the dose response in BCAA ingestion
and its possible connection to lipid metabolisms in vivo.

3.1. The Deprivation of BCAAs Reduced Lipid Oxidation and Lipogenesis in C2C12 Myotubes

We hypothesized that as BCAAs may feed lipid oxidation, deprivation of BCAAs
would lead to reduced lipid oxidation. According to our hypothesis, deprivation of all
BCAAs reduced lipid oxidation in murine C2C12 myotubes. This observation is in line
with previous literature, showing that defects in muscle BCAA oxidation contribute to
impaired lipid metabolism [33,34]. Interestingly, in addition to BCAA deprivation, high
level of BCAAs also resulted in reduced lipid oxidation when compared to normal level
of BCAAs. These results are supported by a previous study where both deprivation and
excess supplementation of leucine reduced palmitate oxidation in C2C12 myotubes [35].

We observed that the deprivation of leucine or isoleucine but not valine alone re-
duced lipid oxidation. Lipid oxidation was also lower in the absence of isoleucine com-
pared with the leucine or valine deprivation groups. In a previous study, upregulation
of leucine catabolism together with β-oxidation was shown to protect mice from high-fat
diet-induced obesity, supporting the role of leucine catabolism on lipid oxidation and
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metabolic health [36]. In addition, isoleucine supplementation seems to simultaneously
activate liver and skeletal muscle free fatty acid uptake and oxidation [19]. The observed
prominent effect of isoleucine on lipid oxidation in our study may partly be due to the fact
that, unlike valine or leucine, isoleucine can feed the tricarboxylic acid (TCA) cycle through
two separate pathways: via acetyl-CoA or succinyl-CoA [3], thus, perhaps, acting as a regu-
lator of TCA activity. In the case of valine, the α-ketoacids, intermediate products resulting
from BCAA catabolism, undergo oxidative decarboxylation in the reactions catalyzed by
BCKD. BCKD is a rate-limiting enzyme complex in BCAA oxidation, which is activated
by increased availability of leucine and isoleucine but not valine [37]. If BCAA and lipid
oxidation are interconnected, the lack of BCKD activation by valine could partly explain
the smaller role of valine on lipid oxidation.

Our results also revealed that BCAA deprivation reduced lipogenesis in myotubes.
Deprivation of a single BCAA at a time reduced lipogenesis compared with normal BCAA
level, yet the decrease was not as significant as when all BCAAs were absent. These findings
support our previous hypothesis that BCAA deprivation would not only disrupt lipid
oxidation but also lipogenesis [3]. Supporting our hypothesis, studies have shown that
BCAAs fuel lipogenesis in adipocytes and adipose tissue [38,39]. Furthermore, removing
BCAAs from culture media prevents the ATP synthase-mediated LD formation in murine
myocytes [40]. According to our hypothesis, increased BCAA catabolism is essential
for cytosolic oxaloacetate production that is metabolized to phosphoenolpyruvate for
glyceroneogenesis. Increased glyceroneogenesis in turn leads to the storage of fatty acids
in lipid droplets in myocytes. Deprivation of BCAAs seems to disrupt this cycle, leading to
reduced lipogenesis. We observed decreased BCAAs and their breakdown products using
NMR spectroscopy, suggesting indeed substantially decreased BCAA degradation when
BCAAs are absent from the C2C12 culture medium.

3.2. EPS Treatment Decreased Lipid Oxidation but Not Lipogenesis in C2C12 Myotubes

In the present study, we further examined the effect of EPS on lipid oxidation and
lipogenesis in murine C2C12 myotubes. Our results revealed that EPS decreased lipid
oxidation, especially when combined with high BCAA supplementation. Accordingly, we
have previously reported that EPS reduces lipid oxidation under normal BCAA condi-
tions [41]. This result is probably due to the very glycolytic nature of C2C12 cells in ATP
production, also during low-intensity EPS [41,42]. In this setup, we did not observe a dif-
ference in lipid oxidation between BCAA deprivation and normal BCAA groups, possibly
due to small n used in the EPS experiments (n = 4) compared with the BCAA-deprivation
experiments (n = 21–26).

Furthermore, the high BCAA supplementation combined with EPS-reduced lipid
oxidation. In previous literature, some studies have shown a decrease in intramuscular
lipid content during electrically stimulated muscle contractions in situ or in vivo [43–45],
while others have not observed a decrease [46]. These inconsistencies may be due to the
high variability associated with the measurement of intramuscular lipid content as well
as differences in the stimulation protocol and duration of the stimulation [44]. In vitro,
EPS has been reported to have controversial effects on fatty acid oxidation, which may
be explained, for example, by the methodological differences, cell line used or fatty acid
analyzed [47–49]. In a previous study utilizing isolated soleus muscles, tetanic contractions
increased palmitate oxidation [50]. However, in our setup, we were only able to successfully
measure lipid oxidation. This is one limitation of our study, as lipid oxidation does not
necessarily represent the whole lipid oxidation capacity of the myotubes. Furthermore,
C2C12 cells normally use carbohydrates as their primary energy source [41,42]. Hence,
cultured murine C2C12 myotubes with treated EPS do not necessarily fully represent
muscle metabolism during human exercise in vivo.
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3.3. BCAA Deprivation Diminished the Number of Lipid Droplets in the EPS-Treated
C2C12 Myotubes

EPS treatment combined with BCAA deprivation diminished the number of lipid
droplets in murine C2C12 myotubes. This observation is in line with previous literature
showing that LDs are an important source of energy during exercise and that acute exercise
as well as electrically stimulated muscle contractions reduce LDs due to increased oxida-
tion [43–45,51]. Yet, this result is inconsistent with the findings in the present study that
both BCAA deprivation and EPS led to decreased lipid oxidation. However, it is important
to note that lipid oxidation directly concerns fatty acids and only indirectly LDs, which are
made primarily of triacylglycerol [45].

As previously studied, a decrease in the LD number may be a reflection of fission, not
only from chemical hydrolysis but from mechanical stress as well [52,53].

Nevertheless, despite the decrease in the number of detectable lipid droplets, the
overall lipid signal was not affected by our experiments. This may be explained by the
fact that a large part of neutral lipids (i.e., triacylglycerols) diffuse through the cytosol in
the form of suboptical (<~100 nm in diameter) LDs [54]. We thus hypothesize that, when
combined with myotube contractions, BCAA-driven lipogenesis could be providing fatty
acids for triacylglycerol esterification and respective LD replenishment. Conversely, BCAA
deprivation and consequent reduced lipogenesis would lead to lower fatty acid availability,
resulting in lower esterification rates and a reduced number of LDs. An overall reduced
lipid oxidation explains the unchanged neutral lipid signal.

4. Materials and Methods

Murine C2C12 myoblasts (American Type Culture Collection, ATCC, Manassas, VA,
USA) were maintained in high glucose-containing Dulbecco’s Modified Eagle growth
medium (GM) (4.5 g/L, DMEM, #BE12-614F, Lonza, Basel, Switzerland) supplemented
with 10% (v/v) fetal bovine serum (FBS, #10270, Gibco, Rockville, MD, USA), 100 U/mL
penicillin, 100 μg/mL streptomycin (P/S, #15140, Gibco) and 2 mM L-Glutamine (#17-
605E, Lonza). For the experiments, myoblasts were seeded on 12-well or 6-well plates
(NunclonTM Delta; Thermo Fisher Scientific, Waltham, MA, USA). When the myoblasts
reached 95–100% confluence, the cells were rinsed with phosphate-buffered saline (PBS,
pH 7.4), and the GM was replaced by differentiation medium (DM) containing high glucose
DMEM, 2% (v/v) horse serum (HS, 12449C, Sigma-Aldrich, St. Luis, MO, USA), 100 U/mL
and 100 μg/mL P/S and 2 mM L-glutamine to promote differentiation into myotubes,
unless stated otherwise. Fresh DM was changed every other day. The cells were screened
negative for mycoplasma contaminations, following manufacturer’s instructions (MycoSPY
Master Mix Test Kit, M020, Biontex, München, Germany). The experiments were conducted
on days 5–6 post differentiation, and samples were collected immediately after indicated
time points.

4.1. Treatments

The BCAA deprivation and supplementation experiments were carried out in high-
glucose BCAA-free DM, i.e., containing no L-leucine, L-isoleucine and L-valine. More
specifically, DM contained high glucose BCAA-free DMEM (4.5 g/L, BioConcept, 1-26S289-
I, Allschwill, Switzerland), 2% (v/v) horse serum, 100 U/mL penicillin, 100 μg/mL strepto-
mycin and 2 mM L-Glutamine. The experimental groups were as follows: normal BCAA
cells (normal BCAA) were supplemented with 0.8 mmol/L of all BCAAs, relative to which
BCAA deprivation (0 mmol/L, no BCAA), and high BCAA supplementation (2.8 mmol/L,
high BCAA) groups contained indicated amounts of BCAAs. In deprivation of a single
BCAA at the time, the media were deficient of either L-leucine, L-isoleucine or L-valine
and were supplied with 0.8 mmol/L of other BCAAs. The experiments were repeated in
duplicate or triplicate.
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4.1.1. Lipid Oxidation

Lipid oxidation experiments were carried out by measuring oleate oxidation as de-
scribed previously [41]. Briefly, for measuring oleate oxidation, the murine C2C12 myotubes
grown in normal BCAA conditions (0.8 mml/l) were first acclimatized to dissolved and
albumin-complexed 0.1 mM oleic acid (#O3008, Sigma-Aldrich, St. Luis, MO, USA) and
1 mM L-carnitine (C0158, Sigma-Aldrich) in DM on the day 4 post differentiation. The
following day, the myotubes were rinsed with PBS and incubated in the oxidation medium
containing BCAA-free medium, 0.1 mM oleic acid, 2% (v/v) horse serum, 100 U/mL peni-
cillin, 100 μg/mL streptomycin and 2 mM L-Glutamine, 1 mM L-carnitine and 1 μCi/mL
[9,10-3H(N)] oleic acid (24 Ci/mmol, NET289005MC, PerkinElmer, Boston, MA, USA).
The radiolabeled oleic acid was omitted from the negative controls. The lipid oxidation
experiment was carried out for 2 h at 37 ◦C, as previously described [41]. Target BCAA
concentration (no BCAA, normal BCAA or high BCAA) was applied during the 2 h lipid
oxidation experiment to investigate the effect of BCAA deprivation or supplementation
on lipid oxidation. After the lipid oxidation experiment, the myotubes were washed with
PBS and also PBS was collected. The myotubes were harvested into PBS-0.1% PBS-Triton
X-100 for enzyme activity and total protein content analyses. The media and PBS were
run through Dowex OH resin ion-exchange columns (pH 7.1 × 8−200, Cat no. 217425,
Sigma Aldrich). Deionized H2O was used to elute the 3H2O produced and secreted by
the myotubes to the media. The radioactivity was analyzed as disintegration per minute
(DPM), as previously described [41]. The radioactivity that had been incorporated in 3H2O
was determined by scintillation counting in Optiphase HiSafe 3 scintillation cocktail (Cat no.
1200.437, PerkinElmer) with Tri-Carb 2910 TR Liquid Scintillation Analyzer (PerkinElmer)
and expressed as DPM/per well. The lipid oxidation results were expressed relative to
normal BCAA group.

4.1.2. Skeletal-Muscle-Specific Exercise-like Electrical Pulse Stimulation (EPS) and
Lipid Oxidation

The murine C2C12 myotubes on 6-well plates were acclimatized to 0.1 mM oleic acid
and 1 mM L-carnitine in normal BCAA DM on the day 4 post differentiation. On the next
day, the electrodes were placed directly onto the wells. The electrical stimulation (1 Hz,
2 ms, 12 V) was applied to the cells using a C-Pace pulse generator (C-Pace EM, IonOptix,
Milton, MA, USA) for 24 h at 37 ◦C with the same protocol as described earlier [41], as it
has been shown to mimic various exercise-like responses [41,48]. As described previously,
EPS was paused after 22 h and lipid oxidation experiment was carried out for 2 h at 37 ◦C
with EPS and target BCAA concentration (no BCAA, normal BCAA or high BCAA) to
investigate the interactive effects of EPS and BCAA deprivation or supplementation on
lipid oxidation. For the final 10 min of EPS, 10 min control myotubes were supplied with
the radiolabeled medium. The 10 min controls were used as a baseline, and the control
DPM was subtracted from the 2 h measurement DPMs. After the EPS, the oxidation media
were collected. A 500 μL aliquot was taken from the medium, from which 20 μL input was
placed on scintillation vials. The remaining 480 μL were run through Dowex OH resin
ion-exchange columns and the 3H2O produced by the cells was eluted with deionized H2O.
The results were calculated as described above. The myotubes were harvested immediately
after the EPS into PBS-0.1% PBS-Triton X-100 for enzyme activity and total protein content
analyses. The lipid oxidation results were expressed relative to normal BCAA group.

4.1.3. Lipogenesis

Lipogenesis was measured by the uptake of 3H-acetate into the lipids described
previously [55], with minor modifications. On the day 5 post differentiation, murine C2C12
myotubes were washed with PBS and changed to DM with target BCAA concentration
(no BCAA, normal BCAA or high BCAA) to investigate the effect of BCAA deprivation or
supplementation on lipogenesis. In addition, DM was supplied with 10 μM sodium acetate
(Cat no. 32319, Sigma-Aldrich, USA) and 0.5 μCi 3H-acetate (Cat.no. NET003H005MC,
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PerkinElmer, USA) per well to stimulate lipogenesis. Myotubes were incubated for 16 h at
37 ◦C in lipogenesis medium. After incubation, cells were washed with PBS and scraped
into 0.1 M HCl. An aliquot of the lysate was reserved for analysis of total protein content.
The lipids were extracted with 2:1 chloroform/methanol (v:v) [55]. The samples were
centrifuged for 10 min at 3000 x g in RT. The lower phases were transferred to scintillation
vials. The radioactivity that had been incorporated in the cellular lipids was determined by
scintillation counting, as described above. The results were expressed relative to normal
BCAA group.

4.1.4. Electrical Pulse Stimulation (EPS) and Lipogenesis

On the day 5 post differentiation, the murine C2C12 myotubes on 6-well plates were
washed with PBS and fresh lipogenesis medium with target BCAA concentration (no BCAA,
normal BCAA or high BCAA) as described above was added. Electrical stimulation (1 Hz,
2 ms, 12 V) was applied for 16 h. After the EPS, the cells were collected for lipid extraction.
The scintillation counting was performed as described above. The lipogenesis results were
expressed relative to normal BCAA group.

4.2. Histology and Image Analysis

Histology and image analysis were carried out for lipid oxidation experiments. For this
purpose, the cells were cultured on 6-well plates containing coverslips. Each experimental
group was measured from 18 coverslips. After the 24 h of EPS, the cells were fixed with
4% paraformaldehyde for 15 min, followed by 30 min blocking using 10% goat serum
(GS) in PBS with 0.05% saponin (PBS-SAP). As a marker for differentiated murine C2C12
myotubes, MF-20 mouse monoclonal antibody (Developmental Studies Hybridoma Bank,
University of Iowa, Iowa City, IA) was incubated for 1 h with a dilution 1:100 in 1% GS in
PBS-SAP. The secondary antibody incubation with Alexa fluor 647 Donkey anti-Mouse IgG
(H+L) (Thermo Fisher Scientific) for 1 h with a 1:150 dilution in 1% GS in PBS-SAP was
followed by marking of the neutral lipids and nuclei for 30 min in PBS with 0.1 μg/mL of
LD540 [56] and 0.5 μg/mL of DAPI (Thermo Fisher Scientific), respectively. The samples
were mounted with Mowiol. The confocal images (voxel size = 0.1 × 0.1 × 1.3 μm) were
made from three random 203.3 × 203.3 μm areas in each coverslip, using a Zeiss LSM700
microscope with a 63×/1.4 oil objective. Nuclei, myotubes and neutral lipid markers were
excited with a 405, 488 and 555 laser line, respectively. The MF-20 signal was used to
segment and analyze lipid droplets from differentiated myotubes only. Image analysis was
performed in ImageJ 1.53c and Python 3.9.0. Cell culture, microscopy and image analysis
were performed blindly from each other.

4.3. Nuclear Magnetic Resonance (NMR) Spectroscopy

The cell lysates and the experiment media were collected and prepared for the 1H-
NMR analysis from lipid oxidation experiment. The method and data analysis have been
explained in detail previously [41]. Briefly, media from three wells were mixed with
cold methanol (600 μL of sample and 1.200 μL of methanol), and cells were scraped into
200μL of 90% (v:v) 9:1 aqueous methanol/chloroform mixture. The resulting supernatants
were lyophilized and then reconstituted. All the NMR spectra were collected using a
Bruker AVANCE III HD NMR spectrometer, operating at 800 MHz 1H frequency (Bruker
Corporation, MA, USA) equipped with a cryogenically cooled 1H, 13C, 15N triple-resonance
probe head. The obtained data were analyzed using Chenomx software 8.6 (Chenomx,
Edmonton, AB, Canada).

4.4. Total Protein Content and Enzyme Activity Measurements

Total protein content (Bicinchoninic Acid Protein Assay Kit, Pierce Biotechnology,
Rockford, IL, USA) and citrate synthase (CS) activity (#CS0720, Sigma-Aldrich) were
analyzed according to the manufacturers’ protocol with an automated Indiko analyzer
(Thermo Fisher Scientific, Vantaa, Finland). To assess the cell viability, media lactate
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dehydrogenase (LDH) activity was measured from the EPS experiments using an LDH
assay kit following the manufacturer’s instructions (#981906, Thermo Fisher Scientific,
Waltham, Massachusetts, Canada) [57].

4.5. Statistical Analyses

The results in the figures are presented as interquartile ranges and medians with 95%
confidence interval (CI) and in tables as mean and standard error of mean (SEM). The
normal distribution of the variables was assessed using Shapiro–Wilks tests followed by
Levene’s test for examining the equality of the variances. First, the extreme outliers were
excluded from the analysis (>3× interquartile range). In the lipogenesis and lipid oxidation
experiments, the data are expressed relative to control group (normal BCAA), since the
treatments significantly affected the total protein content and CS activity of the samples
(Supplementary Figures S1–S3). When the normality criteria were met, the differences
between the groups were examined using one-way ANOVA followed by independent
samples t-test. When the normality criteria were not fulfilled, the differences between the
groups were examined using Kruskal–Wallis test followed by Mann–Whitney U-test. In
the NMR results, groups differing from BCAA level and EPS treatment were compared
using Mann–Whitney U-test. Data analyses were carried out using IBM SPSS Statistics. In
all analyses, p-value < 0.05 was considered to indicate statistical significance.

5. Conclusions

The present study shows that deprivation of BCAAs reduces both lipid oxidation
and lipogenesis in cultured murine C2C12 myotubes. These results partially support our
previous hypothesis that, in skeletal muscle, adequate BCAA catabolism increases lipid
oxidation and lipogenesis when compared to BCAA deprivation. However, it appears that
a higher BCAA level is not able to further increase these processes; instead, it may even
affect them contrariwise. Exercise mimicking EPS decreased lipid oxidation, especially
when combined with high BCAA supplementation, whereas BCAA deprivation combined
with EPS diminished the number of lipid droplets in myotubes. Our results highlight the
role of an adequate level of BCAAs in a healthy lipid metabolism.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/metabo12040328/s1, Table S1: Metabolites measured via 1H-
NMR spectroscopy in the myotubes and the cell culture media (μM); Table S2: List of all identified
metabolites in the myotubes and the cell culture media via 1H-NMR spectroscopy; Figure S1: The
C2C12 myotube total protein content (a) and CS activity (b) in lipid oxidation experiment and total
protein content in lipogenesis experiment (c) with different BCAA concentrations; Figure S2: The
C2C12 myotube total protein content (a) and CS activity (b) in lipid oxidation experiment and total
protein content (c) in lipogenesis experiments with BCAA deprivation; Figure S3: The C2C12 myotube
total protein content (a,c) and CS activity (b,d) in lipid oxidation experiments with no and high BCAA
and 24h EPS and protein content (e) in lipogenesis experiment with no BCAA and 16h EPS; Figure
S4: LDH activity (U/l) in cell media with and without EPS and with different BCAA levels in lipid
oxidation (a) and lipogenesis (b) experiments.
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Abstract: Cellular skeletal muscle lipid metabolism is of paramount importance for metabolic health,
specifically through its connection to branched-chain amino acids (BCAA) metabolism and through
its modulation by exercise. In this study, we aimed at better understanding intramyocellular lipids
(IMCL) and their related key proteins in response to physical activity and BCAA deprivation. By
means of confocal microscopy, we examined IMCL and the lipid droplet coating proteins PLIN2
and PLIN5 in human twin pairs discordant for physical activity. Additionally, in order to study
IMCLs, PLINs and their association to peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1α) in cytosolic and nuclear pools, we mimicked exercise-induced contractions in C2C12
myotubes by electrical pulse stimulation (EPS), with or without BCAA deprivation. The life-long
physically active twins displayed an increased IMCL signal in type I fibers when compared to their
inactive twin pair. Moreover, the inactive twins showed a decreased association between PLIN2 and
IMCL. Similarly, in the C2C12 cell line, PLIN2 dissociated from IMCL when myotubes were deprived
of BCAA, especially when contracting. In addition, in myotubes, EPS led to an increase in nuclear
PLIN5 signal and its associations with IMCL and PGC-1α. This study demonstrates how physical
activity and BCAA availability affects IMCL and their associated proteins, providing further and
novel evidence for the link between the BCAA, energy and lipid metabolisms.

Keywords: lipid droplets; PLIN2; PLIN5; skeletal muscle; physical activity; C2C12; electrical pulse
stimulation; EPS; subcellular localization

1. Introduction

On top of being the largest organ in the human body, skeletal muscle has high energy
demands, leading to elevated lipid turnover rates [1–3]. Despite being well established,
the connection between skeletal muscle lipid metabolism and metabolic health is far from
linear. On one hand, several metabolic diseases—such as insulin resistance—have been
associated with physical inactivity and elevated intramyocellular lipids (IMCL). On the
other hand, highly insulin sensitive individuals—such as endurance athletes—associate
with even higher levels of IMCL [2,4]. It became ever more clear that mere levels of IMCL
were not sufficient to explain skeletal muscle lipid metabolism efficiency. The perilipin
protein family members (PLINs) are central agents in managing the fate of IMCL, and they
are mostly known for regulating the access of lipolytic and lipogenic enzymes onto the
surface of lipid droplets (LDs), thus protecting the cell against lipotoxicity and improving
metabolic health [5–10].

The responses of human skeletal muscle LDs and PLINs to different exercise modalities
have been well studied in a multitude of setups [11–15]. However, up to this date, the
effects of long-term physical activity on IMCL and PLINs, amongst genetically similar
individuals, remain largely unstudied. As a first aim of the present work, we propose
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to explore this gap. Therefore, through confocal microscopy and pixel-to-pixel intensity
correlation analysis (ICA) [16], we examined IMCL, PLIN2 and PLIN5 and their associations
in two main fiber types of twin pairs with discordant physical activity. We hypothesize
that physically discordant twins will display different patterns of IMCL-PLIN association
relative to previously studied setups.

The IMCL-PLINs dynamics are complex, and the role of PLINs themselves is not
limited to hydrolysis or esterification of triacylglycerol (TAG) within LDs. For instance,
PLIN5 has been shown to be necessary to transport monounsaturated fatty acids (MUFAs)
into nuclei, in order to activate peroxisome proliferator-activated receptor gamma coacti-
vator 1-alpha (PGC-1α) and, consequently, induce mitochondria biogenesis and fatty acid
oxidation [17,18]. Additionally, PGC-1α is also an important bridge between the skeletal
muscle lipid and branched-chain amino acid (BCAA) metabolisms, as it activates the latter
through multiple nuclear receptors [19,20]. Importantly, unlike other amino acids that
can be processed by the liver, BCAA are mostly catabolized in skeletal muscle [21,22].
Respectively, we have previously hypothesized that the connection between IMCL and
metabolic health could further extend to the BCAA metabolism [22], as one important
source of TAG in muscle comes from glyceroneogenesis [23]. Furthermore, inefficient
skeletal muscle BCAA metabolism has been associated with impaired lipid metabolism
and insulin resistance [21]. Finally, there is a known interplay between exercise and muscle
BCAA metabolism [24,25]. However, studies establishing the relationship between intramy-
ocellular BCAA and PLINs are essentially lacking. Therefore, it is important to investigate
the impacts that BCAA availability may have on LD-PLINs regulation.

As a second aim, we investigated IMCL, PLIN2, PLIN5 and PGC-1α subcellular re-
sponses to exercise and BCAA availability. By combining electrical pulse stimulation
(EPS)—an exercise-mimicking method [26]—with BCAA deprivation, we measured the
optical density and performed ICA in different myotube compartments. We hypothe-
size that skeletal muscle PLIN5 and PGC-1α signals associate in response to EPS, espe-
cially within the nuclei. Moreover, we postulate that, besides LDs, PLIN5 or PGC-1α,
PLIN2 may have unreported nuclear associations, which could be affected by EPS and/or
BCAA deprivation.

2. Results

2.1. Active Co-Twins Have Increased IMCL in Type I Fibers

Concerning the twin participants described in Table 1, type I fibers contained more
IMCL than type II fibers, as expected (p < 0.001, Figure 1A–C). Interestingly, physically ac-
tive twins had increased IMCL in type I fibers compared to their inactive co-twin (p < 0.001,
Figure 1B,C), but there was no difference in type II fibers due to LTPA. The active twins
demonstrated a significant difference in IMCL between fiber types (p < 0.001), which was
not observed in the inactive co-twins (p = 0.064), as seen in Figure 1C.

As expected, PLIN5 associated IMCL was significantly higher in type I than in type II
fibers (p = 0.001, Figure 2A,B), and with no differences between twin pairs (Figure 2B,C).
Lastly, both PLIN5 mRNA levels and PLIN5 confocal mean signal remained unchanged
between twin pairs (Figure S7).



Int. J. Mol. Sci. 2023, 24, 4282 3 of 19

Figure 1. IMCL mean signal intensity between twin pairs. (A) representative image showing
differences between groups. Gray level indicates signal, cyan indicates segmented sarcolemma. Note
the active twin type I fibers with higher IMCL signal; Bar = 20 μm; (B) fiber type as main effect, with
LTPA combined; (C) LTPA main effect, with fiber type combined; main effect differences denoted with
## (p < 0.001); combined group differences denoted with ** (p < 0.001); interacting effect between
fiber type and LTPA denoted with && (p < 0.001). Dots in (B,C) represent individual cells.

Figure 2. IMCL-PLIN5 intensity correlation analysis in twin pairs. (A) representative image showing
differences between groups. Gray level indicates signal, cyan indicates segmented sarcolemma.
Bar = 20 μm; (B) fiber type as main effect, with LTPA combined; (C) LTPA main effect, with fiber
type combined. Main effect differences denoted with ## (p < 0.001). Combined group differences
denoted with * (p < 0.01) and ** (p < 0.001). Dots in (B,C) represents individual cells.
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Table 1. Characteristics of twin pairs. Mean ± SEM. ** p < 0.001 with t-test.

Inactive Active
Number of Participants

4 4

LTPA (MET-hours ·day−1) ** 2.9 +/− 1.4 13.8 +/− 1.0
Age (years) 58.0 +/− 2.9 58.0 +/− 2.9

VO2 max (mL · min−1 · kg−1) 30.2 +/− 1.4 32.8 +/− 1.8
Body weight (kg) 71.5 +/− 3.4 69.8 +/− 5.1

BMI (kg · m−2) 25.0 +/− 0.6 24.6 +/− 1.1
Body fat (%) 24.1 +/− 2.9 20.2 +/− 3.3

Triglycerides (mmol · L−1) 0.9 +/− 0.2 1.0 +/− 0.3
HOMA index 1.9 +/− 0.3 1.5 +/− 0.5

2.2. Inactive Twins Show Decreased IMCL-PLIN2 Association

The inactive twin pairs show a decreased association between IMCL and PLIN2
(p = 0.008), mainly through a very significant decrease in the type II fibers (p < 0.001,
Figure 3A–C). The latter happened despite no fiber type or LTPA differences in PLIN2
mean signal (Figure S1) or PLIN2 mRNA levels (Figure S7). Taken together, this shows that
IMCL targeting by PLIN2 is clearly restrained in type II fibers of inactive twins.

Figure 3. IMCL-PLIN2 intensity correlation analysis in twin pairs. (A) representative image showing
differences between groups. Gray level indicates marker signal, cyan indicates segmented sar-
colemma. Note active twin type II fiber with high intensity IMCL significantly colocalized by PLIN2
(magenta arrows), unlike the inactive twin (orange arrows). Bar = 10 μm. Scatter plot is relative
to the arrowed type II fiber; (B) fiber type as main effect, with LTPA combined; (C) LTPA as main
effect, with fiber type combined, main effect differences denoted with # (p < 0.01); combined group
differences denoted with ** (p < 0.001). Dots in (B,C) represent individual cells.
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2.3. PLIN5 Abounds in C2C12 Myotube Nuclei, PLIN2 Detected

Next, given the role in regulating energy metabolism and a known nuclear interaction
with PLIN5, we studied PGC-1α and its association with IMCL and PLIN5 in different
myotube compartments.

The compartmental analysis showed a significant contrast (p < 0.001) between cy-
tosolic and nuclear signals for all markers within the myotubes. The most abundant
nuclear signals were observed for IMCL and PLIN5. A much smaller proportion of PLIN2
(p < 0.001) was detected above the background and occasionally in a particle-like manner
(Figure 4A,B).

Figure 4. Marker signal comparison between compartments; (A) proportion of nuclear signal (blue
bars) in relation to cytosolic signal (full bars). Data normalized to the cytosolic reference and
measured from the control group (Normal BCAA|Rest). Differences between nuclear fractions of
IMCL versus remaining markers * (p < 0.05) and ** (p < 0.001). Whiskers signify standard deviation;
(B) representative images of respective markers. Gray is signal, blue are limits of segmented nuclei,
magenta are limits of segmented myotubes. Bar = 5 μm.

2.4. PLIN2 Dissociates from IMCL upon BCAA Deprivation in Myotubes

Both IMCL and PLIN2 showed a mostly diffused signal in C2C12 myotubes. Oc-
casionally, semi-spherical IMCL aggregates were visible as LDs (Video S1). Likewise,
PLIN2 aggregates were common and often seen as dotted ring structures enveloping LDs
(Figure 5A).

In addition to fiber type and exercise, BCAA can also affect IMCL metabolism, and
this may interact with muscle contraction. Respectively, we observed a cytosolic decrease
in the association between PLIN2 and IMCL after BCAA deprivation (p = 0.028, Figure S2),
especially after EPS (p = 0.048, Figure 5B). The same combination (No BCAA|EPS) resulted
in increased PLIN2 and PLIN5 association inside the nuclei (p = 0.030), and in a dependent
manner (p = 0.033, Figure 5C).

Such events were independent from the overall PLIN2 signal, which remained un-
changed after EPS and BCAA deprivation (Figure S2).
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Figure 5. Compartmental PLIN2 association with IMCL and PLIN5 after EPS and BCAA deprivation.
(A) representative image. Note a more diffused PLIN2 pattern after BCAA deprivation and PLIN2-
PLIN5 association in nuclei after EPS (pink arrow). Gray is signal, blue are limits of segmented
nuclei. Bar = 3 μm; (B) colocalization via intensity correlation analysis (ICA) between PLIN2 and
IMCL; (C) colocalization via intensity correlation analysis (ICA) between PLIN2 and PLIN5. Main
effect differences denoted with # (p < 0.05). Combined group differences denoted with * (p < 0.05);
interacting effect between fiber type and LTPA denoted with & (p < 0.05). Dots in (B,C) represent
averaged coverslip values; data normalized to the control group reference (Normal BCAA|Rest).

2.5. PLIN5 Moves to Myotube Nuclei upon Stimulation, Further Associating with IMCL
and PGC-1α

The PLIN5 signal was mostly punctate and abundant, often immediately adjacent
to or colocalizing with other markers. In turn, PGC-1α showed mostly a diffused signal,
sometimes concentrating in differently shaped aggregates and often colocalizing with IMCL
(Figure 6A).

Notably, PLIN5 signal increased in nuclei after EPS (p = 0.033, Figure 6B), where it
associated with IMCL (p = 0.019, Figure 6D), especially under BCAA availability (p = 0.002,
Figure S3). Likewise, under Normal BCAA|EPS, nuclear PLIN5 further associated with
PGC-1α, and very significantly so (p = 0.009, Figure 6E).

Interestingly, BCAA deprivation alone was sufficient to decrease PGC-1α signal in
myotube nuclei (p = 0.009, Figure 6C). It is worth noting that such effect was seen only in
the nuclei, as neither a cytosolic confocal signal (Figure 6B) nor whole cell Western blots
detected changes in PGC-1α protein concentration (Figure S8).



Int. J. Mol. Sci. 2023, 24, 4282 7 of 19

In the cytosol, the level of association between PLIN5 and PGC-1α was increased after
BCAA deprivation (p = 0.026), as seen in (Figure 6E). The level of association between
IMCL and PGC-1α was not altered with either EPS or BCAA deprivation (Figure S4).

Figure 6. Compartmental association and distribution of PLIN5, IMCL and PGC-1α after EPS and
BCAA deprivation. (A) representative image. Note more abundant PLIN5 in nuclei after EPS, with
stronger association with PGC-1α (orange arrows) and IMCL (cyan arrow). Gray is signal, blue
are limits of segmented nuclei, magenta are limits of segmented myotubes. Bar = 3 μm; (B) PLIN5
signal intensity in different compartments; (C) PGC-1α signal intensity in different compartments;
(D) ICA between IMCL and PLIN5 in different compartments; (E) ICA between PGC-1α and PLIN5
in different compartments. Main effect differences denoted with # (p < 0.05) and ## (p < 0.01).
Combined group differences denoted with ** (p < 0.01). Dots in (B–E) represent averaged coverslip
values; data normalized to the control group reference (Normal BCAA|Rest).
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3. Discussion

3.1. Overview

This study examined the effects of physical activity on intramyocellular lipids and
respective coating proteins in human twin pairs discordant for life-long physical activity.
We found that, in physically active twins, the intramyocellular phenotype resembles that of
athletes, namely in their type I fiber elevated lipid content, together with an enhanced lipid
coating by PLIN2.

Secondly, we investigated myotube inter-compartmental responses to muscle contrac-
tion induced by EPS and to BCAA deprivation. We found that BCAA deprivation leads to
a cytosolic dissociation between PLIN2 and IMCL, especially when combined with EPS.
Importantly, we found that EPS leads to an increased presence of PLIN5 in nuclei, with
increased association to PGC-1α, IMCL and PLIN2. Finally, we found that the signal of
nuclear PGC-1α is abruptly decreased after BCAA deprivation.

3.2. Active Twins Resemble Athlete Phenotype

It has been shown that a healthy elevation of IMCL can be expected from not only
athletes [2,4,12], but also from sedentary individuals who underwent a 6-week training
period, especially in type I fibers [13]. Although the overall IMCL content was not different
between twin pairs, we did observe significantly increased IMCL in type I fibers of active
twins when compared to their inactive co-twins (Section 2.1). Our results suggest that the
athlete paradox phenotype [2] may not be genetically determined and might be reached via
life-long LTPA. Concomitantly, we have previously demonstrated that the active twins
have improved skeletal muscle oxidative energy and lipid metabolism [24]. It should be
noted that LTPA has recently been associated with slower epigenetic aging [27], suggesting
that such mechanisms may be behind the results reported in our work.

Of the muscle PLINs, PLIN5 is probably the most studied member, and it is known for
positively responding to exercise and high fat diet, both at the protein level and on IMCL
association [8,9,12,28–30]. Interestingly, despite an obvious fiber type difference, LTPA led
to no changes in PLIN5 signal or PLIN5 associated IMCL (Section 2.3). This may reflect the
fact that intramyocellular physiological responses driven by LTPA could be distinct from
those of more strenuous exercise programs in previous studies.

In addition, associating with efficient TAG storage and healthier profiles, intramyocel-
lular PLIN2 has been shown to increase with exercise [13,31]. Although we did not register
changes in PLIN2 signal, we did observe a significant decrease in IMCL-PLIN2 association
in type II fibers of inactive twins (Section 2.2), suggesting an unhealthier phenotype. The
hypothesis that lipotoxic signaling in skeletal muscle could originate from type II fibers
is not new, as this fiber type is generally ill-equipped to metabolize lipids [32], especially
in innermost regions of fibers ([33], Figure S5). Future studies should further explore the
signaling impact of poorly PLIN coated-IMCL in glycolytic muscle fibers.

3.3. Myotubes Resembling Type II Fibers

Beyond PLINs [31], exercise and EPS are also expected to increase PGC-1α levels
in skeletal muscle, including C2C12 myotubes [34–37]. Associated with mitochondrial
biogenesis and fatty acid oxidation, as well as with glucose uptake and decreased glucose
oxidation, PGC-1α is a rather lipolytic and glucogenic agent [38]. However, in the current
study, EPS alone did not trigger significant cytosolic responses in the signal of PLIN2,
PLIN5, PGC-1α or their association. Accordingly, from previous studies using the same
protocol, we have observed a sharp glycolytic response in C2C12 myotubes [25] and only
a modest lipolytic one [39]. More specifically, we had shown that EPS led to unchanged
IMCL content, unaffected lipogenesis and decreased lipid oxidation [39].

One study has reported increased PGC-1α protein and unchanged lactate or pyruvate
levels after using EPS [40]. Contrastingly, we have observed unchanged PGC-1α signal (this
study) and increased lactate and pyruvate-derived products [25]. Interestingly, pyruvate is
a known inhibitor of PGC-1α [41] and could be hindering a stronger lipolytic response in
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our setup. Conflicting results when studying lipid metabolism in C2C12 are not uncommon,
as the generally glycolytic nature of this cell line can be increased with longer differentiation
protocols [40,42]. Future research should focus on the same phenomena using different cell
lines and culture parameters.

3.4. BCAA Necessary for PLIN2 Coating of IMCL

Our group has earlier demonstrated that the unhealthier profile of the inactive twins
extends beyond an inefficient lipid metabolism, showing an associated downregulation of
BCAA catabolism [24]. Furthermore, we have previously shown that BCAA deprivation
decreases both lipid oxidation and lipogenesis in myotubes. In addition, when combined
with EPS, BCAA deprivation also decreased the number of segmented LDs [39]. In the
current work, the latter combination resulted in a dissociation between cytosolic IMCL and
PLIN2 (Section 2.4), while the association between IMCL and PLIN5 remained unchanged
(Section 2.5).

Often associating with TAG accumulation and protection against lipotoxicity derived-
insulin resistance, PLIN2 is known to abound on the surface of LDs. There it can bind
to both lipases and esterification enzymes, possibly having a more lipogenic role than
PLIN5 [5,6,31,43]. Finally, there is evidence suggesting that BCAA facilitates TAG accu-
mulation in muscle [44] and that EPS increases BCAA catabolism [25]. Together with our
results, these data suggest that PLIN2 coating of IMCL is central to a healthy storage of
lipid derivatives, which is improved by BCAA availability combined with physical activity,
ultimately resulting in efficient BCAA and lipid metabolisms.

An efficient BCAA catabolism together with BCAA availability promotes ketone-
genesis via several mitochondrial enzymes [45], some of which can further synthesize
cholesterol for cellular needs [46]. It can be speculated that, in a scenario of impaired BCAA
catabolism or BCAA deprivation, the source of ketone bodies and cholesterol could shift
towards IMCL, once exposed and uncoated from PLIN2 (Figure 7A,C). It is known that
C2C12 myotubes are able to produce ketone bodies, especially when contracting [25] and
that cholesterol is a major constituent of IMCL [47].

3.5. Setting Transcription in Cytosol?

In this study, the individual signals from cytosolic PLIN5 and PGC-1α remained un-
altered after BCAA deprivation. Nevertheless, the same experiment led to an increase
in the cytosolic association between these markers (Section 2.5), often with very clearly
colocalizing aggregates (Figure 7B). The same two proteins are known to interact, even if
not directly binding [17]. Moreover, PGC-1α can interact with nuclear receptors, such as
estrogen-related receptor α (ERRα) and sirtuin 1 (SIRT1), which have also been shown to
be present in cytosolic pools [48,49] (Figure 7C). Interestingly, PGC-1α-mediated upreg-
ulation of BCAA metabolism does require ERRα [20], whose activation is dependent on
cholesterol [50].

The relationship between cytosolic ERRα-PGC-1α-SIRT1-PLIN5-IMCL complexes and
BCAA availability is unclear. It is possible that, through PLIN5 coordination, cytosolic
IMCL could provide cholesterol and MUFAs to ERRα and SIRT1, respectively (Figure 7C),
thus triggering the translocation to nuclei and consequent activation of transcription factors.
In fact, we observed that, under Normal BCAA, EPS led to an increased triple associa-
tion between cytosolic PGC-1α-PLIN5-IMCL (Figure S4). More research is needed to
clarify the dynamics between cytosolic pools of IMCL, PLINs, and related transcription
factor co-activators.
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Figure 7. Potential dynamics between IMCL, PLINs and PGC-1α. (A) dissociating cytosolic PLIN2.
Note that IMCL aggregates with no PLIN2 associated (cyan arrows) and with no PLIN association
whatsoever (orange arrow); (B) cytosolic association of IMCL-PLIN5-PGC-1α. Note occasional
but extensive association between IMCL and PGC-1α, often colocalizing with PLIN5 (magenta
arrows). Gray is signal. Bars in (A,B) = 500 nm; (C) physical interaction network from STRING
databases. Golden cluster are LD proteins. Green clusters are mitochondrial enzymes involved in
BCAA degradation and cholesterol biosynthesis. Purple clusters are nuclear proteins involved in
transcription. Cyan positively responds to exercise. Pink positively responds to BCAA availability.
Line thickness indicates the strength of data support. See the end of document for abbreviations.

3.6. Nuclear Affairs

Gallardo-Montejano et al. have demonstrated that catecholamine and fasting causes
phosphorylation of PLIN5 and its translocation to nuclei, promoting PGC-1α activation
via SIRT1 disinhibition [17]. The same authors hypothesized that exercise would cause
a similar response. Our results support this hypothesis, as we unprecedentedly showed
that, in response to EPS, PLIN5 does enrich myotube nuclei, further associating with PGC-
1α (Section 2.5). More recently, Natj et al. elegantly demonstrated that PLIN5’s role in
activating SIRT1-PGC-1α occurs via MUFAs binding and chaperoning from LDs towards
the nuclei [18]. Although we observed an increase in both IMCL-PLIN5 and PGC-1α-
PLIN5 associations in the nuclei, we did not observe any changes in IMCL-PGC-1α nuclear
association (Figure S4). This suggests that the delivery of MUFAs by PLIN5 does not
require close proximity between nuclear IMCL and PGC-1α aggregates, and that nuclear
IMCL-PLIN5 association possibly has further roles to be explored.

Independent of EPS, we have observed a very sharp decline in nuclear PGC-1α after
BCAA deprivation (Section 2.5). This may indicate that the function of PGC-1α as a
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nuclear transcription factor co-activator becomes hampered by BCAA deprivation. This
is consistent with the decreases in lipid oxidation and lipogenesis we have previously
observed from the same setup and experiment [39]. The precise mechanism behind such
strong effects cannot be demonstrated by our study, but BCAAs are known inducers of the
mammalian target of rapamycin complex 1 (mTORC1) [51], which in turn is an important
activator of PGC-1α [52] (Figure 7B).

Lastly, LDs and other PLINs have also been reported from nuclei. While nuclear PLIN3
and PLIN5 were shown abundant, nuclear PLIN2 has been reported as virtually absent and
largely unresponsive [17,53]. Our results corroborate the latter observation (Section 2.3).
However, we observed that, when electrically stimulated, PLIN2 increasingly associates
with PLIN5 in myotube nuclei, especially if deprived from BCAA (Section 2.4). Although it
is believed that PLIN2 and PLIN5 do not bind each other [17,54], their spatial correlation
under such stimuli may indicate some level of indirect interaction, leading to possible
changes in the metabolic status. Future research is needed on potential coordinating roles
between the different PLINs within nuclei.

3.7. Limitations and Strengths

Although a strong model to study effects of physical activity even in small cohorts [24,55],
the number of twins and respective fibers were relatively small, especially for studying such
dynamic events which tend to be very variable between cells. Despite this limitation, concerning
IMCL and PLINs, this is the first study showing the effects of life-long physical activity in
genetically similar humans, bringing additional insights to the area.

While it is our strength that we have two very different models of physical activ-
ity/exercise, the C2C12 and twin models used in this study should not be directly com-
pared. In addition, the current C2C12 experimental model may be too glycolytic for robust
IMCL metabolism studies. However, knowing that undifferentiated myoblasts are too
far removed from muscle biology, we were able to classify and measure the signal from
myotubes exclusively (Figure S6), producing novel observations. Nevertheless, future
studies should try to replicate the same observations in other cell models, such as FACS
sorted myofibers or satellite cells.

One of the focuses of this work was to investigate if BCAA deprivation would affect
IMCL, PLINs and PGC-1α, thus establishing this unexplored link. We have not, however,
studied the effects of BCAA over-supplementation on these markers and, therefore, this
should be addressed in future research.

Moreover, given the suboptical nature of diffused biomolecules, we preferred to focus
on overall signal intensity rather than solely on thresholded objects—hence, for instance,
the focus on the term IMCL, more inclusive and not limited to LDs or TAG. With the current
instruments, we could have confidently segmented the brighter marker aggregates of about
ø 1 μm, but by doing so, we would be discarding precious information coming from smaller
or more diffused aggregates (Figure 7A).

In our study, we cannot strictly pertain to protein–protein or IMCL–protein binding
interactions, something that could be aided by fluorescence resonance energy transfer,
cell fractionation or immunoprecipitation. Instead, we conducted ICA on distinct tissue
and intracellular compartments, allowing us to investigate the distribution and spatial
correlation between multiple markers, some of which are not immunopercepitable. Even
when two given biomolecules do not directly bind, the statistical correlation between
their signals can inform us about regions where such markers could—either directly or
indirectly—associate and co-act on given signaling phenomena [16,56].

4. Materials and Methods

4.1. Human Twin Pairs

A total of 8 participants from 4 same-sex twins pairs (2 male and 2 female) with
discordant leisure time physical activity (LTPA) for 32 years were identified from the
Finnish Twin Cohort (Table 1). Discordance was based on a series of structured questions
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concerning leisure activity and physical activity during journeys to and from work. The
leisure time (metabolic equivalent (MET)) index was calculated by assigning a multiple
of the resting metabolic rate to each form of physical activity (intensity × duration ×
frequency) and expressed as a sum score of leisure time MET hours per day. It is worth
noting that the active twins’ average LTPA score (13.8, Table 1), roughly corresponds to 1 h
of running per day, for more than three decades. On the other hand, the inactive twins are
not sedentary and endured basic levels of LTPA.

The study participants were advised not to exercise vigorously during the morning
and two days before both of their laboratory visits (one visit for clinical examinations
including exercise tests and one visit for biopsy studies). Muscle tissue samples were taken
after an overnight fast between 8:00 a.m. and 10:00 a.m. under local anesthesia after skin
cooling and disinfection. Using a suction technique with a Bergström’s needle (ø 5 mm), the
muscle biopsy was taken from Vastus lateralis at the midpoint between Trochanter major and
the lateral joint line of the knee. The sample was then mounted transversely on cork with
Tissue Tek™ (Miles, Elkhart, In, USA; Sakura, Cat. # 4583), and frozen rapidly (10–15 s) in
isopentane (Fluka, Cat. # 59080 ), precooled to −160 °C in liquid nitrogen and stored at
−80 °C.

For further details on participant description and recruiting procedures, see Leskinen
et al. (2009, 2010) [24,55].

4.2. Myotube Experiments

Murine C2C12 myoblasts (American Type Culture Collection, ATCC, Manassas, VA,
USA) were maintained in high glucose-containing Dulbecco’s Modified Eagle growth
medium (GM) (4.5 g · L−1, DMEM, #BE12-614F, Lonza, Basel, Switzerland) supplemented
with 10% (v/v) fetal bovine serum (FBS, #10270, Gibco, Rockville, MD, USA), 100U · mL−1

penicillin, 100 μg · mL−1 streptomycin (P/S, #15140, Gibco) and 2 mM L-Glutamine (#17-
605E, Lonza, Basel, Switzerland). Myoblasts were seeded on 6-well plates (NunclonTM
Delta; Thermo Fisher Scientific, Waltham, MA, USA). When the myoblasts reached 95–100%
confluence, the cells were rinsed with phosphate-buffered saline (PBS, pH 7.4), and the
GM was replaced by differentiation medium (DM) containing high glucose DMEM, 2%
(v/v) horse serum (HS, 12449C, Sigma-Aldrich, St. Louis, MO, USA), 100 U · mL−1 and
100 μg · mL−1 P/S and 2 mM L-glutamine to promote differentiation into myotubes. Fresh
DM was changed every second day. The cells were screened negative for mycoplasma
contaminations, following manufacturer’s instructions (MycoSPY Master Mix Test Kit,
M020, Biontex, München, Germany). The experiments were conducted on days 5–6 post
differentiation and on a duplicated way.

The myotubes on 6-well plates were acclimatized to 0.1 mM oleic acid and 1 mM
L-carnitine in normal BCAA DM on the day 4 post differentiation. On the next day, the
electrodes were placed directly onto the wells. The electrical stimulation (1 Hz, 2 ms, 12 V)
was applied to the cells using a C-Pace pulse generator (C-Pace EM, IonOptix, Milton,
MA, USA) for 24 h at 37 °C with the same protocol as described earlier [25]. As described
previously, EPS was paused after 22 h and target BCAA concentrations (no BCAA or normal
BCAA) were employed to investigate the interactive effects of EPS and BCAA deprivation.

The BCAA deprivation experiments were carried out for 2 h at 37 °C in high-glucose
BCAA-free DM (4.5 g · L−1, BioConcept, 1-26S289-I, Allschwill, Switzerland). The experi-
mental groups were as follows: (1) cells supplemented with 0.8 mmol · L−1 of all BCAAs
without EPS (Normal BCAA|Rest) or (2) with EPS (Normal BCAA|EPS), and (3) cells
deprived (0.0 mmol · L−1) of all BCAA’s without EPS (No BCAA|Rest) or (4) with EPS (No
BCAA|EPS).

4.3. Protein Extraction and Western Blotting

The C2C12 cells were harvested and Western blotting was conducted as previously
described [25] with minor modifications. Briefly, 10 μg of total protein per samples were
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loaded on 4–20% Criterion TGX Stain-Free protein gels (#5678094, Bio-Rad Laboratories,
Hercules, CA, USA) and samples were separated by SDS-PAGE.

To visualize proteins using stain-free technology, the gels were activated and the
proteins were transferred to the PVDF membranes. Membranes were blocked with In-
tercept Blocking Buffer (#927-70001, LI-COR, Lincoln, NE, USA) followed by overnight
incubation at 4 °C with primary antibody (PGC-1α, 1:10,000, ab191838, Abcam, Cambridge,
UK) in Intercept Blocking Buffer diluted (v:v, 1:1) with Tris-buffered saline (TBS) with
0.1% Tween-20.

Membranes were incubated with the horseradish peroxidase-conjugated secondary
IgG antibody (anti-Rabbit, 1:40,000) (Jackson ImmunoResearch Laboratories, West Grove,
PA, USA) in Intercept Blocking Buffer diluted (v:v, 1:1) with TBS-0.1% Tween 20. Enhanced
chemiluminescence (SuperSignal west femto maximum sensitivity substrate; Pierce Biotech-
nology, Rockford, IL, USA) and ChemiDoc MP device (Bio-Rad Laboratories) were together
used for protein visualization.

Stain free (75-250 kDA area of the lanes) was used as a loading control and for the
normalization of the results.

4.4. Gene-Expression Arrays

The RNA preparation, cRNA generation and microarray hybridization procedures
were used as previously described [24]. In brief, Trizol-reagent (Invitrogen, Carlsbad,
CA, USA) was used to isolate total RNA from the twin muscle biopsies, which were
homogenized on FastPrep FP120 apparatus (MP Biomedicals, Illkirch, France).

An Illumina RNA amplification kit (Ambion, Austin, TX, USA) was used according to
the manufacturer’s instructions to obtain biotinlabeled cRNA from 500 ng of total RNA.

Hybridizations to Illumina HumanWG-6 v3.0 Expression BeadChips (Illumina Inc.,
San Diego, CA, USA) containing probes for PLIN2 and PLIN5, were performed by the
Finnish DNA Microarray Center at Turku Center for Biotechnology according to the Illu-
mina BeadStation 500× manual.

Hybridized probes were detected with Cyanin-3-streptavidin (1 μg · mL−1, Amersham
Biosciences, GE Healthcare, Uppsala, Sweden) using Illumina BeadArray Reader (Illumina
Inc.) and BeadStudio v3 software (Illumina Inc.).

The gene expression data and the raw data sets for skeletal muscle have been deposited
in the GEO database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE20319,
accessed on 5 January 2023).

4.5. Histology

For each twin, two 8 μm cross sections were made in a cryostat at −25 °C (Leica CM
3000, Wetzlar, Germany) and collected onto 13 mm round coverslips. For the cell culture
experiments, duplicate 6-well plates were used containing three 13 mm round coverslips
per well. Each experimental group was measured from 18 coverslips. After the 24 h of EPS,
the plates were removed from the incubator and the medium aspirated. In both the human
and C2C12 experiments, the samples were immediately fixed in 4% paraformaldehyde
for 15 min at room temperature (RT). After washing for 3 × 5 min with PBS, the samples
were blocked with 10% goat serum (GS) in PBS-0.05% saponin (PBSap) for 30 min and
then washed briefly with PBSap. Primary antibodies were diluted in 1% GS-PBSap and
incubated for 1 h at RT. A 3 × 10 min wash in PBSap ensued before incubating the secondary
antibodies for 1 h at RT. Excess antibody was removed with another 3 × 10 min wash in
PBSap. Finally, non-immuno stains were incubated for 30 min before 2 × 10 s washed with
PBS. Thorough vial mixing and smooth rocking were ensured for every incubation step in
order to grant an even stain.

For the twin studies, two different quadruple staining procedures took place, each shar-
ing as common markers: LD540 for IMCL (0.1 μg· mL−1, [57]), caveolin 3 for sarcolemma
(2 μg· mL−1, PA1-066, Thermo Fisher Scientific) and slow myosin heavy chain (MyHC) for
type I fibers (2 μg· mL−1, A4.951, DSHB, University of Iowa, IA, USA). While one section
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was further incubated for PLIN2 (1:200 dilution, GP47, Progen), the second section was
instead incubated for PLIN5 (1:200 dilution, GP31, Progen). Respectively, the following
secondary antibodies were used in combination: Alexa Fluor 405 Goat anti-Rabbit IgG
(H+L), Alexa Fluor 594 Goat anti-Mouse IgG (H+L) and Alexa Fluor 488 Goat anti-Guinea
Pig IgG (H+L) (Thermo Fisher Scientific).

For the C2C12 samples, a quintuple staining was performed, using 3 antibody markers:
differentiated myotubes (5 μg· mL−1, MF-20, DSHB), PLIN5 (1:200 dilution, GP31, Progen),
plus either PLIN2 (5 μg· mL−1, ab52356, Abcam) or PGC-1α (5 μg· mL−1, ab191838, Abcam).
Respectively, the following secondary antibodies were used in combination: Alexa Fluor
647 Donkey anti-Mouse IgG (H+L), Alexa Fluor 488 Goat anti-Guinea Pig IgG (H+L) and
Alexa Fluor 594 Donkey anti-Rabbit IgG (H+L) (Thermo Fisher Scientific). Additionally,
IMCL (0.1 μg· mL−1, LD540, [57]) and nuclei (5 μg· mL−1, DAPI, Thermo Fisher Scientific)
were stained in all coverslips. Cross reactivity was successfully ruled out by carefully
controlling every antibody combination.

Every coverslip was mounted on microscopy slides using Mowiol with 2.5% DABCO
(Sigma-Aldrich) and left to dry for 24 h in the dark at 4 °C. Imaging took place within 48 h
after mounting.

4.6. Image Acquisition

All image data were acquired on a LSM700 confocal microscope using the ZEN black
software (Zeiss, Germany). Twin data were collected with a Plan-Apochromat 20x/0.8
objective (Zeiss, Germany), producing 2 images per participant, each image covering
an area of 320.1 × 320.1 μm (voxel size = 0.31 × 0.31 × 2.4 μm). Cell data were col-
lected with a Plan-Apochromat 63×/1.4 oil objective (Zeiss, Germany) from 3 random
203.2 × 203.2 μm confluent areas in each coverslip, producing 9 images per well and a total
of 54 images per experimental group (voxel size = 0.1 × 0.1 × 1 μm).

Multi channel acquisition was achieved through the use of 4 laser lines (405, 488,
555 and 639 nm). Bleed-through was successfully avoided in each channel by manually
configuring the secondary dichroic mirror position over two different photomultiplier
tubes. Control samples incubated solely with secondary antibodies were used to set
background values.

4.7. Image Analyses

For C2C12, the MF-20 signal was used to segment and analyze differentiated myotubes
only. The nuclei detected within the segmented myotubes were also segmented, thus
allowing compartmental analyses on the cytosolic versus nucleic markers. For the human
cross sections, only intact and artifact-free fibers were segmented (Active = 19.3 ± 2.5 and
Inactive = 15.5 ± 4.3. Mean ± SE). Segmentation was aided by machine learning algorithms
using the Trainable Weka Segmentation tool [58] in Fiji [59]. Each analyzed fiber cross section
was classified into either type I or type II, according to the detected and thresholded signal
of slow myosin per cell area. The optical density of each marker was determined by
measuring the mean value of the respective signal within each cell. The level of association
between the different markers was determined through pixel-to-pixel intensity correlation
analysis (ICA), by thresholding image data according to Costes et al. [16] in Fiji. In order
to ensure a zero valued background, prior to analyses, all images were denoised and
deconvoluted in Fiji using a theoretical point spread function separately for each channel.

4.8. Data Cleaning and Statistics

For the twin data, given the low number of participants, statistical cases are constituted
of individual muscle fibers. Concerning the C2C12 data, from each coverslip, the 2 closest
values per variable were averaged, while from each well, the values from the 2 closest
coverslips were further averaged. To control for inter cell batch variability, all values were
normalized against the control group (Normal BCAA|Rest). Finally, for both human and
C2C12 studies, outliers were identified and removed via z-score (2 standard deviations).



Int. J. Mol. Sci. 2023, 24, 4282 15 of 19

Boxes in the boxplot figures depict interquartile ranges and medians, while whiskers
represent the 95% confidence interval, unless stated otherwise. The main effect significance
is marked with # and combined group significance is marked with *, while interacting
effects between independent variables are expressed with &. Normality was assessed with
Shapiro–Wilk tests and group comparisons were preformed with either Mann–Whitney
U tests or t-tests, depending on data distribution. Interacting effects were tested with a
two-way ANOVA. Given the large number of human muscle fibers, significance levels
were set at p < 0.01 and p < 0.001. For C2C12, the significance levels were set at p < 0.05
and p < 0.01. The ICA between the different markers were tested with a Manders split
coefficent test after the thresholding step mentioned in Section 4.7.

Data crunching, statistics and boxplot visualization were performed in Python 3.9.0,
with the packages NumPy [60], pandas [61], SciPy [62], statsmodels [63], seaborn [64] and
matplotlib [65], respectively. All Fiji and Python routines can be found at https://github.
com/seiryoku-zenyo/twinC2C12-studies, accessed on 1 August 2022.

Comparison and analysis of mRNA data were performed with the GEO2R function-
ality on the GEO database (https://www.ncbi.nlm.nih.gov/geo/geo2r/?acc=GSE20319,
accessed on 5 January 2023).

Protein network analysis and visualization were performed with STRING [66] and
Cytoscape [67] software.

5. Conclusions

The present study expands our basic knowledge on the known link between a func-
tional BCAA metabolism, physical activity and an efficient lipid metabolism: specifically,
via PLIN2’s function in coating IMCL upon BCAA availability and long-term physical ac-
tivity. Moreover, we showed that PLIN5 has an ability to translocate to nuclei and associate
with PGC-1α after contractions.
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Abbreviations

The following abbreviations are used in this manuscript:

ACAA2 Acetyl-Coenzyme A acyltransferase 2
ACAT1 Acetyl-CoA acetyltransferase, mitochondrial
ACAT2 Acetyl-CoA acetyltransferase, cytosolic
ATGL Adipose triglyceride lipase
BCAA Branched-chain amino acids
EPS Electrical pulse stimulation
ERRα Estrogen-related receptor alpha
HMGCS2 3-hydroxy-3-methylglutaryl-CoA synthase 2, mitochondrial
HSL Hormone-sensitive lipase
ICA Intensity correlation analysis
IMCL Intramyocellular lipids
LDs Lipid droplets
LTPA Leisure time physical activity
mTORC1 Mammalian target of rapamycin complex 1
MUFAs Monounsaturated fatty acids
MyHC Myosin heavy chain
PGC-1α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PLIN2 Perilipin 2
PLIN3 Perilipin 3
PLIN5 Perilipin 5
PLINs Perilipin protein family
PPAR-α Peroxisome proliferator-activated receptor alpha
SIRT1 Sirtuin 1
SIRT3 Sirtuin 3
TAG Triacylglycerol
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Beckers, J.; et al. Metabolic switch during adipogenesis: From branched chain amino acid catabolism to lipid synthesis. Arch.
Biochem. Biophys. 2016, 589, 93–107. Applications of Metabolomics. [CrossRef]

47. Itabe, H.; Yamaguchi, T.; Nimura, S.; Sasabe, N. Perilipins: A diversity of intracellular lipid droplet proteins. Lipids Health Dis.
2017, 16, 83. [CrossRef]

48. Rossi, M.; Colecchia, D.; Iavarone, C.; Strambi, A.; Piccioni, F.; Verrotti di Pianella, A.; Chiariello, M. Extracellular Signal-regulated
Kinase 8 (ERK8) Controls Estrogen-related Receptor α (ERRα) Cellular Localization and Inhibits Its Transcriptional Activity. J.
Biol. Chem. 2011, 286, 8507–8522. [CrossRef]

49. Nasrin, N.; Kaushik, V.K.; Fortier, E.; Wall, D.; Pearson, K.J.; De Cabo, R.; Bordone, L. JNK1 phosphorylates SIRT1 and promotes
its enzymatic activity. PLoS ONE 2009, 4, e8414. [CrossRef]

50. Wei, W.; Schwaid, A.G.; Wang, X.; Wang, X.; Chen, S.; Chu, Q.; Saghatelian, A.; Wan, Y. Ligand activation of ERRα by cholesterol
mediates statin and bisphosphonate effects. Cell Metab. 2016, 23, 479–491. [CrossRef]

51. Neishabouri, S.H.; Hutson, S.; Davoodi, J. Chronic activation of mTOR complex 1 by branched chain amino acids and organ
hypertrophy. Amino Acids 2015, 47, 1167–1182. [CrossRef]

52. Cunningham, J.T.; Rodgers, J.T.; Arlow, D.H.; Vazquez, F.; Mootha, V.K.; Puigserver, P. mTOR controls mitochondrial oxidative
function through a YY1–PGC-1α transcriptional complex. Nature 2007, 450, 736–740. [CrossRef]

53. Ohsaki, Y.; Kawai, T.; Yoshikawa, Y.; Cheng, J.; Jokitalo, E.; Fujimoto, T. PML isoform II plays a critical role in nuclear lipid droplet
formation. J. Cell Biol. 2016, 212, 29–38. [CrossRef]

54. Gemmink, A.; Daemen, S.; Kuijpers, H.J.; Schaart, G.; Duimel, H.; López-Iglesias, C.; van Zandvoort, M.A.; Knoops, K.; Hesselink,
M.K. Super-resolution microscopy localizes perilipin 5 at lipid droplet-mitochondria interaction sites and at lipid droplets juxtaposing to
perilipin 2. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2018, 1863, 1423–1432. [CrossRef] [PubMed]

55. Leskinen, T.; Waller, K.; Mutikainen, S.; Aaltonen, S.; Ronkainen, P.H.A.; Alén, M.; Sipilä, S.; Kovanen, V.; Perhonen, M.;
Pietiläinen, K.H.; et al. Effects of 32-Year Leisure Time Physical Activity Discordance in Twin Pairs on Health (TWINACTIVE
Study): Aims, Design and Results for Physical Fitness. Twin Res. Hum. Genet. 2009, 12, 108–117. [CrossRef] [PubMed]

56. Tan, H.Y.; Qiu, Y.T.; Sun, H.; Yan, J.w.; Zhang, L. A lysosome-targeting dual-functional fluorescent probe for imaging intracellular
viscosity and beta-amyloid. Chem. Commun. 2019, 55, 2688–2691. [CrossRef]

57. Spandl, J.; White, D.J.; Peychl, J.; Thiele, C. Live Cell Multicolor Imaging of Lipid Droplets with a New Dye, LD540. Traffic 2009,
10, 1579–1584. [CrossRef] [PubMed]

58. Arganda-Carreras, I.; Kaynig, V.; Rueden, C.; Eliceiri, K.W.; Schindelin, J.; Cardona, A.; Sebastian Seung, H. Trainable Weka
Segmentation: A machine learning tool for microscopy pixel classification. Bioinformatics 2017, 33, 2424–2426. [CrossRef]
[PubMed]

59. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef] [PubMed]

60. Harris, C.R.; Millman, K.J.; van der Walt, S.J.; Gommers, R.; Virtanen, P.; Cournapeau, D.; Wieser, E.; Taylor, J.; Berg, S.; Smith,
N.J.; et al. Array programming with NumPy. Nature 2020, 585, 357–362. [CrossRef]



Int. J. Mol. Sci. 2023, 24, 4282 19 of 19

61. Pandas Development Team. pandas-dev/pandas: Pandas, 2020. Available online: https://doi.org/10.5281/zenodo.3509134
(accessed on 1 August 2022).

62. Virtanen, P.; Gommers, R.; Oliphant, T.E.; Haberland, M.; Reddy, T.; Cournapeau, D.; Burovski, E.; Peterson, P.; Weckesser, W.;
Bright, J.; et al. SciPy 1.0: Fundamental Algorithms for Scientific Computing in Python. Nat. Methods 2020, 17, 261–272. [CrossRef]

63. Seabold, S.; Perktold, J. Statsmodels: Econometric and statistical modeling with python. In Proceedings of the 9th Python in
Science Conference, Austin, TX, USA, 28 June–3 July 2010.

64. Waskom, M. The Seaborn Development Team. Mwaskom/Seaborn, 2020. Available online: http://dx.doi.org/10.5281/zenodo.
592845 (accessed on 1 August 2022).

65. Hunter, J.D. Matplotlib: A 2D graphics environment. Comput. Sci. Eng. 2007, 9, 90–95. [CrossRef]
66. Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, J.H.;

Bork, P.; et al. STRING v11: Protein–protein association networks with increased coverage, supporting functional discovery in
genome-wide experimental datasets. Nucleic Acids Res. 2018, 47, D607–D613. [CrossRef] [PubMed]

67. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


	ABSTRACT
	TIIVISTELMÄ (ABSTRACT IN FINNISH)
	ACKNOWLEDGEMENTS
	ORIGINAL PUBLICATIONS AND AUTHOR CONTRIBUTION
	FIGURES
	TABLES
	ABBREVIATIONS
	CONTENTS
	1 INTRODUCTION
	2 LITERATURE REVIEW
	2.1 Skeletal muscle lipid metabolism
	2.1.1 Extracellular lipid sources
	2.1.2 Intramyocellular lipids and terminology
	2.1.3 Lipid droplets & cell architecture
	2.1.4 Lipid turnover & LD regulation by the perilipin protein family
	2.1.5 Link between lipid, energy and BCAA metabolisms

	2.2 Intramyocellular lipids & metabolic health
	2.2.1 The athlete paradox
	2.2.2 Lipotoxicity and metabolic disorders
	2.2.3 The LD-PLIN dynamics in health, nutrition and exercise


	3 AIMS OF THE STUDY
	4 MATERIALS AND METHODS
	4.1 Experimental designs
	4.1.1 Insulin resistant humans (I)
	4.1.2 Physical activity discordant twin pairs (III)
	4.1.3 Electrically stimulated & BCAA treated myotubes (II, III)

	4.2 Lipid oxidation & Lipogenesis in C2C12 myotubes (II)
	4.2.1 Lipogenesis
	4.2.2 Lipid oxidation
	4.2.3 Nuclear magnetic resonance (NMR) spectroscopy
	4.2.4 Enzyme activity & total protein content

	4.3 Western blotting (III)
	4.4 mRNA arrays (III)
	4.5 Histology (I, II, III)
	4.5.1 Sample preparation
	4.5.2 Fixation, blocking & permeabilization
	4.5.3 Immunohistochemistry (I, III)

	4.6 Microscopy (I, II, III)
	4.6.1 Instruments
	4.6.2 Acquisition & controls

	4.7 Batch processing & analyses (I, II, III)
	4.7.1 Denoising & Deconvolution
	4.7.2 Segmentation & Classification
	4.7.3 Intracellular particle density
	4.7.4 Intensity correlation analysis
	4.7.5 Subcellular localization

	4.8 Data analysis (I, II, III)
	4.8.1 Data crunching
	4.8.2 Statistics
	4.8.3 Visualization


	5 RESULTS
	5.1 Lipid droplets and PLIN5 coating in insulin resistance (I)
	5.1.1 Increased PLIN5-uncoated IMCL in insulin resistant type II fibers
	5.1.2 Uncoated droplets are larger in diabetic type II fibers
	5.1.3 Uncoated droplets lay deep inside diabetic type II fibers
	5.1.4 Larger and deepest LDs in diabetic type II fibers are left uncoated
	5.1.5 PLIN5 coated LDs correlate with VO2max

	5.2 Intramyocellular lipids, PLIN2 and PLIN5 in long-term physical activity (III)
	5.2.1 Type I Fibers in active Twins exhibit higher levels of IMCL
	5.2.2 Inactive twins with decreased IMCL-PLIN2 association

	5.3 Effects of amino acids and muscle contractions in myotubes (II, III)
	5.3.1 BCAA deprivation decreases BCAA degradation products, total protein and citrate synthase enzyme activity (II)
	5.3.2 BCAA deprivation hampers lipogenesis and lipid oxidation (II)
	5.3.3 Subcellular outline of IMCL, PLINs and PGC-1α (III)
	5.3.4 Dissociation of PLIN2 from IMCL due to BCAA deprivation (III)
	5.3.5 Translocation of PLIN5 to nuclei following stimulation, increasing its association to IMCL and PGC-1α (III)


	6 DISCUSSION
	6.1 Intramyocellular lipids in different models (I, III)
	6.2 Different approaches in studying IMCL and LDs through microscopy
	6.3 Lipids to where they belong
	6.3.1 Inadequacy of glycolytic myocytes in managing lipids
	6.3.2 Accessibility of LDs helps determine metabolic health

	6.4 Long-term physical activity improves IMCL-PLIN profile regardless of genotype
	6.5 BCAA availability linked to healthy IMCL phenotypes
	6.6 LDs beyond energy sources
	6.7 Strengths and limitations
	6.8 Future directions

	7 MAIN FINDINGS AND CONCLUSIONS
	REFERENCES
	ORIGINAL PUBLICATIONS
	I: ENLARGED PLIN5-UNCOATED LIPID DROPLETS IN INNER REGIONS OF SKELETAL MUSCLE TYPE II FIBERS ASSOCIATE WITH TYPE 2 DIABETES
	II: BRANCHED-CHAIN AMINO ACID DEPRIVATION DECREASES LIPID OXIDATION AND LIPOGENESIS IN C2C12 MYOTUBES
	III: EFFECTS OF LONG-TERM PHYSICAL ACTIVITY AND BCAA AVAILABILITY ON THE SUBCELLULAR ASSOCIATIONS BETWEEN INTRAMYOCELLULAR LIPIDS, PERILIPINS AND PGC-1α




