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“It’s like in the great stories, Mr. Frodo. The ones that really mattered. Full of 

darkness and danger they were. And sometimes you didn’t want to know the end. 

Because how could the end be happy? How could the world go back to the way it was 

when so much bad had happened? But in the end, it’s only a passing thing, this 

shadow. Even darkness must pass. A new day will come. And when the sun shines it 

will shine out the clearer. Those were the stories that stayed with you. That meant 

something, even if you were too small to understand why. But I think, Mr. Frodo, I do 

understand. I know now. 

 Folk in those stories had lots of chances of turning back, only they didn’t. They kept 

going, because they were holding on to something.  

That there is some good in this world, and it’s worth fighting for.” 

 

 

― Samwise Gamgee’s Speech in The Lord of the Rings: The Two Towers, J. R. R. Tolkien 
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Abstract 

Mitochondria are highly dynamics organelles that undergo coordinated cycles of fission and fusion, 

referred to as mitochondrial dynamics. Mitochondrial dynamics regulate mitochondrial bioenergetics and 

allow cells to adapt to changing cellular stresses and physiological challenges. The balance between 

different GTPase enzymes dictates the shift from interconnected tubular networks to fragmented 

individual units. Among them, mitochondrial fission is regulated by the mitochondrial fission orchestrator, 

Drp1. Drp1 function is modulated by post-translational modifications, of which the phosphorylation at 

two specific sites have gained most attention. Drp1 phosphorylation at the S579 site results in Drp1 

recruitment to mitochondria to promote fission, whereas the research investigating the role of the S600 

phosphorylation has yielded contradictory results on whether it promotes fission or fusion. Importantly, 

the crosstalk and physiological impact of these phosphorylations is poorly understood. In this project, we 

focused first on elucidating the interplay between Drp1 S600 and Drp1 S579 phosphorylations. We 

described how Drp1 S600 phosphorylation promotes S579 phosphorylation by protecting against its 

dephosphorylation. The activation at both S600 and S579 sites is required to, then, promote mitochondrial 

fragmentation. To explore the physiological relevance of these phosphorylations, we generated a Drp1 

S600A knock-in (Drp1KI) mouse model. Drp1KI mice displayed enhanced lipid oxidation rates and 

respiratory capacity, granting improved glucose tolerance and thermogenic capacity upon high-fat 

feeding. Housing mice at thermoneutrality blunted these differences, suggesting a role for the brown 

adipose tissue in the protection of Drp1KI mice against metabolic damage.  

Therefore, this work unveils for the first time the crosstalk between Drp1 phosphorylation sites and their 

relationship to impact on mitochondrial architecture. Moreover, we demonstrate that targeting the Drp1 

S600 site can grant protection against diet-induced insulin resistance, suggesting that the modulation of 

these phosphorylations could be used in the treatment and prevention of metabolic diseases. 
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Re sume  

Les mitochondries sont des organelles hautement dynamiques qui subissent des cycles coordonnés de 

fission et de fusion, connus sous le nom de dynamique mitochondriale. La dynamique mitochondriale 

régule la bioénergétique mitochondriale et permet aux cellules de s'adapter aux changements de stress 

cellulaire et aux réponses physiologiques. L'équilibre entre les différentes enzymes GTPase 

mitochondriales dicte la transition des réseaux tubulaires interconnectés aux unités individuelles 

fragmentées. Parmi eux, la fission mitochondriale est régulée par Drp1. La fonction de Drp1 est modulée 

par des modifications post-traductionnelles, dont la phosphorylation de deux sites spécifiques qui ont été 

particulièrement étudiés. La phosphorylation de Drp1 au site S579 entraîne l’utilisation de Drp1 dans les 

mitochondries pour promouvoir la fission. Au contraire, la recherche montre des résultats contradictoires 

concernant la fonction de la phosphorylation de Drp1 S600, notamment sur le fait de savoir si elle favorise 

la fission ou la fusion. De plus, la relation et l'impact physiologique de ces phosphorylations sont inconnus. 

Dans cette thèse, nous avons décrit l'interaction entre les phosphorylations sur Drp1 S600 et Drp1 S579. 

Nous avons démontré comment la phosphorylation de Drp1 S600 favorisait la phosphorylation de S579 

en prévenant sa déphosphorylation. Par conséquent, l'activation des deux sites S600 et S579 est 

nécessaire pour favoriser la fragmentation mitochondriale. Afin d’explorer l’impact physiologique de ces 

phosphorylations, nous avons généré le modèle de souris Drp1 S600A knock-in (Drp1 KI). Ces souris 

utilisent de façon préférentielles les lipides comme source d'énergie et montrent une capacité respiratoire 

mitochondriale supérieure, offrant une tolérance au glucose et une capacité thermogénique améliorées 

lors d’un régime riche en graisses. Lorsque ces souris ont été mises dans des conditions de 

thermoneutralité, ces différences ont été atténuées, suggérant un rôle du tissu adipeux brun dans la 

protection des souris Drp1 KI contre les maladies métaboliques. 

En conclusion, ce travail dévoile pour la première fois la relation entre les sites de phosphorylation de 

Drp1 et leur impact sur l'architecture mitochondriale. De plus, nous démontrons que le ciblage du site 

Drp1 S600 peut conférer une protection contre la résistance à l'insuline induite par l'alimentation, 

suggérant que la modulation de ces phosphorylations pourrait être utilisée dans le traitement et la 

prévention des maladies métaboliques. 

Mots cle s 

Mitochondrie, dynamique mitochondriale, Drp1, phosphorylation, syndrome métabolique, tissu adipeux 

brun 
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 Introduction 

1.1 History on mitochondrial research 

1.1.1 First insights on mitochondrial function and form 

The earliest records on intracellular structures that probably represent mitochondria date from the 1840s, 

only a few years after the discovery of the cell nucleus. Richard Altmann in 1890 described these 

structures as “bioblasts”, cytoplasmic entities of ubiquitous occurrence, which resembled bacteria and 

functioned as “elementary organisms” (Ernster & Schatz, 1981). In 1898, the microbiologist Carl Brenda, 

who stained the organelles with alizarin and crystal violet to observe their internal structure, renamed 

Altmann’s bioblasts as “mitochondria” (from Greek mitos, ‘thread’, and chondros, ‘granule’), referring to 

their appearance during spermatogenesis (Ernster & Schatz, 1981).  

The first insights on the functional role of mitochondria were provided by Benjamin Kingsbury (1912), who 

suggested that mitochondria serve as the sites for cellular respiration. In the following years, most groups 

attempted to identify the components of the respiratory chain, although the subcellular localization of 

the events in cellular respiration was still unknown (Ernster & Schatz, 1981). To solve this, Albert Claude 

devised the first reliable cellular fractionation procedure using differential centrifugation, allowing the 

isolation of intact and functional mitochondria (Claude, 1946). This came to be of fundamental importance 

for the elucidation of enzymes and biochemical processes specific to mitochondria. For instance, Eugene 

Kennedy and Albert Lehninger (1949) demonstrated that fatty acid oxidation and the citric acid cycle 

occurred exclusively in mitochondria and that these events were linked to the synthesis of ATP via NADH.  

All these discoveries paved the way for Peter Mitchell to introduce his radical new theory of 

“chemiosmotic coupling” (Mitchell, 1961). Essentially, Mitchell proposed that the energy derived from the 

oxidation of fuels was used to pump protons from the mitochondrial matrix to the intermembrane space, 

creating what he called the “proton motive force”. His theory explained that it was the energy captured 

from those protons returning to the matrix that was then used to drive ATP synthesis (Mitchell, 1961). 

This hypothesis, while rejected by the field for a decade, would be later confirmed with seminal 
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experiments by André Jagendorf and others (Jagendorf & Uribe, 1966). Finally, Mitchell got the Nobel 

Prize in 1978 "for his contribution to the understanding of biological energy transfer through the 

formulation of the chemiosmotic theory”. Interestingly, Philip Siekevitz faithfully depicted the functional 

role of mitochondria in an article for the magazine Scientific American titled “Powerhouse of the Cell” 

(Siekevitz, 1957). 

The discoveries on mitochondrial function occurred in parallel to a detailed characterization of 

mitochondrial structure. Initially, the Swiss anatomist Albert von Kölliker identified granule-like structures 

in the sarcoplasm of insect muscle cells. He then showed that these granules swelled in water and owned 

a membrane (Ernster & Schatz, 1981). MR. Lewis and WH. Lewis (1915) performed a novel procedure for 

mitochondrial staining and described extensive changes in the position and morphology of mitochondria 

in living muscle cells (Lewis & Lewis, 1915). These observations were later extended by several scientists 

using phase-contrast microscopy in combination with time-lapse imaging. These studies were pioneered 

by J. Frédéric and M. Chèvremont (1952), who obtained the first pictures of morphology changes and 

mitochondrial movements in cultured fibroblasts in various phases of cell activity (including mitosis), as 

well as in response to varied physiological, pathological and experimental conditions. Detailed studies of 

mitochondrial ultrastructure became possible only after the development of thin-sectioning techniques 

in the early 1950s. In this regard, the pioneering electron microscopy of George Palade (1953) and Fritiof 

Sjostrand (1953) revealed the unique morphology of these organelles, including the characteristic double- 

membrane structure and the convoluted invaginations that Palade termed “cristae” (Figure 1.1). These 

cristae were found to be different among tissues and organism, and although the functional implications 

of these variations were then poorly understood, it was evident that a high respiratory activity was linked 

to an abundance of cristae (Palade, 1953). Later, Jürgen Bereiter-Hahn (1978) described the remarkable 

variety of shapes and motile nature of mitochondria in living cells and first characterized the interaction 

of mitochondria with other elements of the cell, such as the cytoskeleton or microtubules. However, the 

mechanism and physiological significance of these movements remained largely unknown. These insights 

led to the start of the research field of mitochondrial dynamics. Since then, aided by the development of 

mitochondria-specific probes and advances in light microscopy, numerous groups have studied 

mitochondrial dynamics in living cells and model organisms. 
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Figure 1.1. First electron microscopy images of mitochondria. 

(A-B) From Palade (1953), image of mitochondrial in rat liver (A) and under the sarcolemma of a striated muscle 

fiber (B). (C) From Sjostrand (1953), electron image of kidney mitochondria. (D) Representation of the tridimensional 

model of mitochondria by Palade. 

1.1.2 More than just powerhouses 

In the late 1960s, mitochondrial DNA was identified and quantified from yeast, while mitochondrial 

ribosomes were first isolated from Neurospora, indicating that mitochondria retain their own genome and 

transcription/translation machineries (Ephrussi, 1950) (Küntzel & Noll, 1967). In the 1990s, the discovery 

that mitochondrial release of Cytochrome C initiates a cascade that leads to cell death dramatically 

changed how cell biologists perceived mitochondria (Liu et al., 1996). Formerly viewed as sites of 

bioenergetic production, these organelles could now also be thought of as regulators of signal 

transduction.  

Over the past decades, mitochondria were demonstrated to participate in multiple roles, such as heme 

biosynthesis, calcium buffering, iron homeostasis, or antiviral responses (Sano et al., 1959) (Koshiba et al., 
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2011) (Anderson et al., 2019). Therefore, it has been increasingly appreciated that mitochondria have 

developed mechanisms to communicate their biosynthetic and bioenergetics fitness to the rest of the cell 

and thus have signaling functions beyond their purely metabolic ones. This mitochondrial communication 

ensures that cells do not commit to a biological process without input on the fitness of mitochondria, 

risking a discrepancy between the metabolic demands of the cell and the ability of the mitochondria to 

meet them (Chandel, 2014). Therefore, mitochondria are intimately embedded in the signaling cascades 

that operate within cells and act as quality control entities to ensure cellular homeostasis. 

These studies led the way to decades of research focusing on mitochondria as an essential, yet 

independent, functional component of the cell. However, the conceptual view of mitochondria as a 

collection of isolated structures has been profoundly altered with the discovery that mitochondria 

function within an integrated network that is continually remodeled by fusion and fission events.  

1.2 Mitochondrial dynamics 

1.2.1 Concept of mitochondrial dynamics 

Mitochondria within cells exist as a dynamic network that rapidly modulate their morphology to adapt to 

the cellular environment. Mitochondrial dynamics refers to the highly orchestrated cycles of fusion and 

fission between mitochondria that take place in response to a variety of physiological and metabolic cues. 

Mitochondrial fission is characterized by the division of a single mitochondrion into two daughter 

organelles, while mitochondrial fusion results in the union of two mitochondria in one single organelle. 

The deregulation of the balance in mitochondrial dynamics results in either a fragmented network 

characterized by a large number of small round-shape mitochondria or a hyperfused network with 

elongated and highly connected mitochondria (Figure 1.2). 

Mitochondria fission and fusion events require specialized enzymes that physically alter the mitochondrial 

membrane. The components of the core machinery regulating mitochondrial dynamics are large GTPase 

proteins belonging to the Dynamin family (Tilokani et al., 2018). These mechanoenzymes can oligomerize 

and change conformation to drive membrane remodeling, constriction and fragmentation (fission) or 

fusion. Mitochondrial constriction and fission are initiated by the Dynamin-related protein 1 (Drp1). 

Mitochondrial fusion is ensured by Mitofusins 1 and 2 (Mfn1 and Mfn2) and Optic Atrophy 1 (Opa1), which 

mediate fusion of the outer mitochondrial membrane (OMM) and inner mitochondrial membrane (IMM), 

respectively. Knockout (KO) of either of these GTPases is embryonically lethal in mice, and mouse 

embryonic fibroblasts (MEFs) derived from these mice harbor drastic mitochondrial morphology defects 
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(Ishihara et al., 2009) (Chen et al., 2003) (Davies et al., 2007). For example, MEFs deficient in Mfn1 display 

a completely fragmented mitochondrial morphology. In contrast, Drp1 deficient MEFs exhibit a largely 

elongated mitochondrial network (Tilokani et al., 2018). The relevance of mitochondrial dynamics has also 

been highlighted in human disease, with the identification of mutations in mitochondrial dynamics-

related genes leading to neurological disorders. Altogether, this emphasizes the importance of 

understanding how mitochondrial morphology is regulated, in order to decipher how mitochondrial shape 

meets the function. 

 

Figure 1.2. The events of mitochondrial dynamics. 

Representative confocal microscopy images of mouse embryonic fibroblast (MEF) cells undergoing different 

mitochondrial morphological changes. Control cells exhibit a balance of the fragmented and elongated 

mitochondrial forms, thus an intermediate morphological state. The predominance of the fission machinery or the 

inhibition of fusion components, as validated by Mfn1 knockdown (kd), leads to fragmented mitochondria. 

Contrarily, impairment of mitochondrial fission, testified by the Drp1 kd cells, or increase in the activity of the 

mitochondrial fusion core results in mitochondrial elongation. Scale bars: 10 μm. Images adapted from Tilokani et 

al. (2018). 

1.2.2 Mitochondrial dynamics: quality control and cellular communication 

Mitochondrial dynamics were initially proposed to act as a quality control mechanism that preserves 

cellular homeostasis (Valera-Alberni & Canto, 2018). On the one hand, mitochondrial fission ensures an 

even distribution of mitochondria between daughter cells upon cell division. Moreover, fission events 

exclude dysfunctional mitochondria that will be separated from the healthy mitochondrial pool and 

eliminated by mitophagy, the selective removal of mitochondria by the autophagic machinery (Figure 1.3). 

On the other hand, mitochondrial fusion is suggested as a complementary mechanism by which 

mitochondria equilibrate matrix metabolites, intact mitochondrial DNA (mtDNA) copies and membrane 
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components. Therefore, fusion recruits mitochondria into the active pool, instead of being segregated by 

fission and targeted for elimination. 

Then, what determines whether mitochondria should be rescued by fusion or channeled for mitophagy? 

To answer this question, one has to consider that random redistribution would have an impact upon 

mitochondria function. Non-selective fusion would contribute to damaged mitochondria impairing the 

activity and efficiency of the healthy population. Therefore, most fusion/fission events do not occur in a 

random fashion. As demonstrated by Twig et al. (2008), after a fission event, fusion occurs preferentially 

between mitochondria with higher mitochondrial membrane potential (Δm), as compared to the 

subpopulation of non-fusing mitochondria that were depolarized. Depolarization below a certain Δm is 

associated with impaired mitochondrial function, thus acting as a trigger for mitophagy. The long time gap 

between depolarization of an individual mitochondrion and its autophagy indicates that mitochondria 

lose their fusion capability prior to elimination, validated by the increased Opa1 cleavage in these non-

fusing mitochondria (Twig et al., 2008) (see section 1.3.2 for information on Opa1 cleavage). These 

findings would indicate that fusion is a selective and exclusive process for hyperpolarized mitochondria, 

rather than an unselective rescue mechanism. The selectivity of mitochondrial fusion not only prevents 

the migration of damaged components into the healthy mitochondrial pool, but is also an isolation step 

that creates a segregated population that is available for autophagy (Figure 1.3) (Twig & Shirihai, 2011). 

Following mitochondrial fission and depolarization, Parkin and PINK1 (PTEN-induced putative kinase 1) 

are recruited to the OMM to tag the organelle for mitophagy (Figure 1.3). Healthy mitochondria maintain 

a stable membrane potential that facilitates the import of the serine/threonine kinase PINK1 into the 

mitochondrial matrix, where it is cleaved and degraded (McWilliams & Muqit, 2017). However, impaired 

Δm alters mitochondrial protein import, leading to PINK1 accumulation in the OMM. This promotes the 

recruitment of the E3 ubiquitin ligase Parkin from the cytosol, which then ubiquitinates substrates Mfn1 

and Mfn2, preventing the fusion of damaged mitochondria with the healthy mitochondrial network (Gegg 

et al., 2010). Ubiquitination of the damaged mitochondrial also signals for the recruitment of 

autophagosomes, which finally degrade the engulfed mitochondria by the action of acid hydrolases. 

Overall, the interplay between mitochondrial dynamics and mitophagy ensures the correct functioning of 

the mitochondrial network, which in turn determines the homeostasis of the cell. When one of these 

elements fails, dysfunctional mitochondria are not properly removed from the cellular pool, generally 

leading to higher amounts of reactive oxygen species (ROS) production and increased susceptibility to the 

release of Cytochrome C and cell death (Valera-Alberni & Canto, 2018). 
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Figure 1.3. Mitochondrial dynamics as a quality control mechanism. 

The mitochondrial network shifts between continuous cycles of fusion and fission. Fission of mitochondria (2) is 

carried out by the Drp1 GTPase. Fission events often generate daughter units with different Δm: on the one hand, 

some mitochondria are depolarized, but the Δm can be restored (3) by fusion with other mitochondria (1). After 

solitary periods, mitochondria might also fuse if the membrane potential is above a certain threshold. On the other 

hand, sustained Δm depolarization triggers Opa1 cleavage (4), rendering impossible for the damaged mitochondria 

to be fused back with the healthy mitochondria population. The impaired mitochondrial protein import facilitates 

the recruitment and accumulation of the mitophagy markers Parkin and PINK1 (5). This targets single dysfunctional 

mitochondrion to mitophagy (6), where it is engulfed by the autophagosome. Image adapted from Twig & Shirihai 

(2011). 

1.3 Regulation of mitochondrial fusion  

1.3.1 Mitofusin 1 and Mitofusin 2 

The first characterization of the mitochondrial fusion machinery was provided by Hales and Fuller (1997) 

from studies in Drosophila spermatogenesis. In this model, mitochondria aggregated beside each haploid 

nucleus forming concentric circles that resembled an onion slice when viewed by transmission electron 

microscopy (TEM) (Hales & Fuller, 1997). Moreover, flies with a mutation in an OMM-located GTPase 

displayed altered concentric structures due to prevented fusion of the mitochondrial population (Hales & 

Fuller, 1997). Because of this, the gene encoding this GTPase was then named fuzzy onions (Fzo). The Fzo 

gene has homologues in yeast (Fzo1) and mammals (Mfn1 and Mfn2), performing similar function in 

controlling outer membrane fusion (Hermann et al., 1998) (Santel & Fuller, 2001). Interestingly, although 
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mitochondrial fusion also occurs in plants, functional orthologs of the mitochondrial fusion proteins have 

not been found so far in any plant, which indicates that a separate system must have evolved in this 

kingdom (Arimura et al., 2004).  

In mammals, OMM fusion is carried out by the Mfn1 and Mfn2 proteins, which accumulate at contact 

areas between two adjacent mitochondria. Both mitofusins can consequently interact homotypically 

(Mfn1-Mfn1, Mfn2-Mfn2) or heterotypically (Mfn1-Mfn2) forming dimers and leading to mitochondrial 

fusion (Chen et al., 2003). Mitochondrial fusion occurs in a series of consecutive events: tethering of two 

mitochondria, docking of the two respective mitochondrial membranes and accumulation of Mfn1-Mfn1, 

Mfn1-Mfn2 and Mfn2-Mfn2 dimers and, finally, GTP hydrolysis and fusion of the two OMMs due to 

conformational changes in the mitofusins (Brandt et al., 2016).  

Although Mfn1 and Mfn2 are both essential for mitochondrial fusion, they exhibit distinct GTPase activity 

and mitochondrial membrane tethering capacity. Indeed, Mfn1 has higher GTPase and organelle fusion 

activity while Mfn2 has greater affinity for GTP (Ishihara et al., 2004) (Gouspillou & Hepple, 2016). In 

addition, Mfn2, but apparently not Mfn1, is involved in the interaction of mitochondria with other 

organelles, such as the endoplasmic reticulum (ER) (de Brito & Scorrano, 2008), the lipid droplet (Boutant 

et al., 2017) or the lysosomes (Wong et al., 2019) (Deus et al., 2020). For example, Mfn2 deficient MEF 

cells exhibited disrupted ER morphology and ER-mitochondria interactions (de Brito & Scorrano, 2008). 

Complementarily, ablation of Mfn2 in mouse adipose tissue (Mfn2-adKO) reduced mitochondria-lipid 

droplet interaction (Boutant et al., 2017). Moreover, Mfn2, but not Mfn1, has a direct impact on the 

integrity and function of the electron transport chain. Indeed, Mfn2 has been suggested to directly 

interact with oxidative phosphorylation (OXPHOS) elements such as Complex I or Complex III (Segalés et 

al., 2013), and also sustain the mitochondrial coenzyme Q pool (Mourier et al., 2015).  

In fact, the functional redundancy between Mfn1 and Mfn2 is very partial, as can be exemplified by the 

different genetic mouse models deficient in either of these proteins. For example, while ablation of Mfn2 

in adipose tissue (Mfn2-adKO) in mice led to impaired thermogenic function and glucose homeostasis, 

Mfn1-adKO mice did not display differences in energy expenditure nor in response to cold exposure 

(Boutant et al., 2017). This certifies that the alterations in Mfn2-adKO mice are not simply due to impaired 

mitochondrial fusion, but also to the alternative pleiotropic functions of Mfn2. Indeed, the liver-specific 

deletion of Mfn2 in mice (Mfn2-LKO) triggered the ER stress response (Sebastián et al., 2012), whereas 

this was not observed in Mfn1-LKO mice (Kulkarni et al., 2016). Therefore, the genetic ablation of Mfn2 in 

mice results in ER-mitochondria miscommunication, which triggers the ER stress response in tissues such 



Chapter 1 

 

9 
 

as brown adipose tissue (BAT), liver or muscle, eventually leading to alterations in the metabolism of these 

tissues (Sebastián et al., 2012) (Boutant et al., 2017). This could explain why Mfn2 loss often results in 

more dramatic physiological changes than Mfn1, despite its minor role as a pure mitochondrial fusion 

protein. 

1.3.2 Opa1 

Inner mitochondrial membrane fusion generally occurs downstream of outer membrane fusion and is 

mediated by the large GTPase Opa1. Indeed, genetic loss of Opa1 in cultured cells leads to mitochondrial 

fragmentation whereas Opa1 overexpression induces mitochondrial elongation. Originally described in 

yeast as Mgm1p, Opa1 is evolutionary conserved and was named after its genetic mutation was shown to 

be the main cause of autosomal dominant optic atrophy in humans (ADOA) (Alexander et al., 2000) 

(Delettre et al., 2000). Opa1 is inserted within the IMM via an approximately 100 residue N-terminal 

fragment, exposing most of the protein to the intermembrane space (Olichon et al., 2002). Importantly, 

Opa1 is a complex protein with eight identified splice-variants that results from the proteolytic cleavage 

in at least two sites of the protein, which generate shorter and soluble fragments. This cleavage is 

mediated by two membrane-bound metalloproteases, Oma1 and Ymel1 (Head et al., 2009) (Ehses et al., 

2009) (Song et al., 2007). The cleavage of Opa1 downstream the transmembrane domain results in five 

Opa1 fragments detectable by immunoblot. In this regard, the two higher molecular weight forms are 

referred as L-Opa1 while the three shorter as S-Opa1.  

The abundance of the different forms of Opa1 has a direct effect on mitochondrial dynamics regulation. 

Uncleaved L-Opa1 forms promote mitochondrial fusion whereas the accumulation of cleaved S-Opa1 

forms accelerate mitochondrial fission (Anand et al., 2014) (Ruan et al., 2013). In addition to this, the 

activity of the proteases Yme1l and Oma1 is highly sensitive to external stimuli. For example, Yme1l-

mediated processing of Opa1 is metabolically stimulated by increased OXPHOS activity (Mishra et al., 

2014). Furthermore, Oma1-mediated cleavage of Opa1 is strongly enhanced in response to various stress 

insults, such as mitochondrial membrane depolarization (Zhang et al., 2014) or heat stress (Baker et al., 

2014).  

Importantly, Opa1 responds dynamically to changes in energetic conditions to regulate cristae structure 

(Patten et al., 2014). This cristae regulation was then demonstrated essential for the cellular adaptation 

to metabolic demands, mediated by the maintenance of ATP synthase assembly and the regulation of 

mitochondrial respiration (Patten et al., 2014). In line with this, muscle-specific Opa1 KO mice displayed 

aberrant mitochondria with dilated cristae, which induced mitochondrial dysfunction and triggered ER 
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stress (Tezze et al., 2017). This eventually led to protein synthesis inhibition, muscle atrophy and systemic 

aging in the muscle-specific Opa1 KO mice. Of note, age-related muscle loss in humans and mice is 

associated with decreased Opa1 expression, whereas regular exercise was probed to counteract this 

decline (Tezze et al., 2017). 

In most cases fusion of the outer membrane is coordinated with inner membrane fusion. However, 

dissipation of the mitochondrial membrane potential or mutations in Opa1 selectively block inner 

membrane fusion. Under these conditions, outer membrane fusion proceeds in the absence of inner 

membrane fusion and, therefore, the fusion machineries at the OMM and IMM operate independently. 

Finally, other factors not directly involved in the pro-fusion machineries have also been demonstrated to 

aid in the double-membrane fusion. For example, the nucleus-encoded mitochondrial protein Chchd2 has 

recently been reported to regulate mitochondrial morphology and tissue homeostasis in flies by fine-

tuning the levels of Opa1 (Liu et al., 2020a). Indeed, Opa1 expression levels were reduced in Chchd2 

mutant flies, leading to a decrease in cristae number and a tendency towards mitochondrial 

fragmentation, whereas Chchd2 overexpression rescued Opa1 levels (Liu et al., 2020a). 

1.4 Regulation of mitochondrial fission 

1.4.1 Initial insights into Drp1 function 

Mitochondrial fission is a multi-step process involving the recruitment of the large GTPase Drp1 (Dnm1 in 

yeasts) from the cytosol to mitochondria. Because of its homology to the well-characterized mammalian 

Dynamin, a GTP-binding protein that promotes membrane scission during endocytosis, it was originally 

suggested that Dnm1 was involved in endosomal trafficking in yeasts (Gammie et al., 1995). However, 

subsequent studies indicated that Dnm1 mutations did not affect endocytosis, and that Dnm1 was largely 

localized to the mitochondrial surface. The first evidence that Dnm1 was a component required for 

mitochondrial fragmentation was provided by Janet Shaw and collaborators in 1998. In yeast, 

mitochondria are normally found in a broadly branched network that is evenly spread around the cellular 

periphery (Otsuga et al., 1998) (Bleazard et al., 1999). However, mutation of the Dnm1 gene disrupted 

this mitochondrial network to collapse to one side of the cell, due to the impaired function of the GTP-

binding domain (Otsuga et al., 1998). In the absence of Dnm1, mitochondria in yeast formed highly 

fenestrated, net-like structures. Interestingly, endocytosis defects did not induce changes in yeast 

mitochondrial morphology, validating an independent role of Dnm1 to that of the mammalian Dynamin. 

Further consolidating its pro-fission role, immunofluorescence imaging was used to localize Dnm1 at 
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mitochondrial branch points or at the tips of newly formed mitochondrial fragments, sites of 

mitochondrial division (Otsuga et al., 1998) (Sesaki & Jensen, 1999). Dnm1 was then described as the 

antagonist to the pro-fusion factor Fzo1 in maintaining the balance in mitochondrial shape (Sesaki & 

Jensen, 1999). In parallel to the research in yeast, studies in C. elegans (Labrousse et al., 1999) and 

mammals (Smirnova et al., 1998) further consolidated the role of Drp1 as the main contributor to 

mitochondrial fragmentation.  

1.4.2 Drp1 receptors 

Subcellular fractionation experiments demonstrate that Drp1 is largely cytosolic, with only 3% being 

localized to mitochondria as foci in basal conditions (Smirnova et al., 2001). In contrast to the classical 

Dynamin, Drp1 lacks the specialized pleckstrin-homology domain required for membrane binding and 

insertion (Achiriloaie et al., 1999) (Otera et al., 2013) (Dar & Pucadyil, 2017). Therefore, in order to be 

recruited to mitochondria, Drp1 requires the assistance of adaptor proteins, as well as the mitochondrial 

lipid cardiolipin. In mammals, the docking of Drp1 to mitochondria can occur via up to four integral 

membrane proteins of the OMM: mitochondrial fission 1 protein (Fis1), mitochondrial fission factor (Mff), 

and mitochondrial dynamics protein of 49 and 51 kDa (MiD49 and MiD51, respectively).  

Fis1 was the first proposed receptor, based on genetic and biochemical data from yeast. In mammals, the 

role of Fis1 as a Drp1 receptor has been controversial. Some reports support that mammalian Fis1 

interacts with Drp1 (James et al., 2003) (Yoon et al., 2003) (Yu et al., 2005), whereas other studies reveal 

that Fis1 is largely dispensable for Drp1 recruitment (Suzuki et al., 2003) (Lee et al., 2004) (Stojanovski et 

al., 2004) (Osellame et al., 2016). Indeed, analysis of Fis1 KO MEFs indicated a minor role of Fis1 in Drp1 

recruitment and mitochondrial fission as compared to Mff or MiD49/MiD51 (Osellame et al., 2016). Rather 

than promoting mitochondrial fission, a recent report by Yu et al. (2019a) suggests that Fis1 inhibits 

mitochondrial fusion. Consistent with this, crosslinking experiments demonstrated that Fis1 robustly 

interacted with Mfn1, Mfn2 and Opa1 and this, in turn, inhibited their GTPase activity (Yu et al., 2019a). 

Despite its critical role in determining yeast mitochondrial architecture, the relative importance of Fis1 in 

mammals might be cell-type or stimuli dependent (Losón et al., 2013). In agreement with this, Fis1 was 

proposed to contribute to Drp1-dependent mitochondrial fission in cellular stress responses, such as 

mitophagy, apoptosis or pathophysiological conditions (Qi et al., 2013) (Wang et al., 2012a) (Joshi et al., 

2018). 

MiD49 and MiD51 were identified as part of a random cellular localization screening of uncharacterized 

human proteins (Palmer et al., 2011). MiD49 and MiD51 share 45% sequence identity and anchor to the 
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OMM through N-terminal transmembrane domains, while exposing C-terminal segments to the 

cytoplasm. At basal expression levels, MiD49/ MiD51 are found at discrete foci in the OMM and form rings 

around mitochondria, similar to those observed for Drp1 (Palmer et al., 2011). Paradoxical views exists on 

the mechanism of action of MiD49 and MiD51. While some observations indicate that the double MiD49/ 

MiD51 deletion results in mitochondrial elongation and impairment of Drp1 recruitment to mitochondria 

(Palmer et al., 2011), overexpression of either MiD49 or MiD51 also causes mitochondrial elongation 

(Palmer et al., 2011) (Zhao et al., 2011). This might be explained by the requirement for MiD49 or MiD51 

receptor dissociation before Drp1 ring constriction. Indeed, GTP-binding facilitates Drp1 stabilization and 

recruitment by MiD49 and MiD51, which then initiates Drp1 oligomerization (Kalia et al., 2018).  

Mff is a tail-anchored OMM receptor that interacts with Drp1 during mitochondrial fragmentation (Otera 

et al., 2010) (Gandre-Babbe & van der Bliek, 2008). Whereas MiD49 and MiD51 are exclusively found on 

the OMM, Mff is additionally located on peroxisomes, where it can also recruit Drp1 for peroxisomal 

fission (Otera et al., 2010) (Palmer et al., 2013). Opposite to MiD49/ MiD51, Mff overexpression results in 

increased mitochondrial fission. Using genetic and biochemical assays, Liu and Chan (2015) demonstrated 

how Mff is unable to bind to assembly-deficient mutants of Drp1, suggesting that Mff selectively interacts 

with higher-order complexes of Drp1.  

Nevertheless, how these adaptors interact with each other to coordinate mitochondrial fission is still a 

topic under investigation. Experiments with Drp1-adaptor KO MEFs by Osellame et al. (2016) provided 

evidence of the cooperativity and contribution of MiD49/MiD51 and Mff to Drp1-mediated mitochondrial 

fission. While MiD51 and Mff were proposed to assemble with Drp1 at the same fission foci (Elgass et al., 

2015), Drp1 GTPase activity was inhibited by MiDs and stimulated by Mff (Osellame et al., 2016). In this 

sense, Mff and MiDs could have distinct but complementary roles in mitochondrial fission where MiDs 

recruit GTP-bound Drp1 to facilitate its oligomerization while Mff selectively recruits oligomeric and active 

forms of Drp1. 

1.4.3 Inter-organelle communication in mitochondrial fission 

Mitochondria and peroxisomes 

Besides its role in promoting mitochondrial fragmentation, Drp1 can also drive peroxisomal fission. 

Peroxisomes, while sharing a dual origin from both the ER and mitochondria (Sugiura et al., 2017), are 

single-membrane organelles that catalyze the breakdown of long chain fatty acids through beta-oxidation. 

Initial experiments in COS7 and HepG2 cells proved that expression of a dominant-negative Drp1 mutant 
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inhibited peroxisomal fission and caused elongation of peroxisomes (Koch et al., 2003). Interestingly, Mff 

and Fis1 localize to peroxisomes in addition to mitochondria, and aid in the peroxisomal targeting of Drp1 

to promote peroxisomal fission in a mechanism dependent on the peroxisome factor Pex11 (Gandre-

Babbe & van der Bliek, 2008) (Kobayashi et al., 2007) (Koch et al., 2005) (Koch & Brocard, 2012). 

Furthermore, peroxisomes have been suggested to regulate mitochondrial morphology in a Drp1-

dependent manner, validated by the increased mitochondrial fragmentation in MEF cells depleted of the 

peroxisome markers Pex3 and Pex5 (Tanaka et al., 2019).  

The ER and the initial steps of mitochondrial scission 

Mitochondrial fragmentation is a complex process involving the participation of Drp1 and its receptors, 

but also of the crosstalk with different organelles. A groundbreaking discovery by Friedman et al. (2011) 

identified the endoplasmic reticulum as a trigger for the initial step of mitochondrial division. The 

diameter of Drp1 rings (16-20 nm) is significantly narrower than that of mitochondria (0.5–1 μm). Thus, 

ER tubules physically wrap around and constrict mitochondria, and this decreases the mitochondrial 

diameter to a size that allows for Drp1-oligomeric ring formation (Basu et al., 2017) (Kalia et al., 2018) 

(Figure 1.4). Interestingly, immunolocalization experiments showed that the ER is recruited to 

mitochondria independently of Drp1 and Mff, as mitochondria-ER constriction sites were still observed in 

COS7 cells depleted of these factors (Friedman et al., 2011). Therefore, ER contact and constriction of 

mitochondria is an upstream event in the mitochondrial fission process that defines the position for Mff 

localization, Drp1 recruitment and oligomerization, leading to Drp1 ring formation. Nevertheless, of the 

many ER-mitochondria contacts, only a subset undergoes fragmentation.  

Therefore, what defines the ER-mitochondrial contact site that will pursue fragmentation? Lewis et al.   

(2016) demonstrated that nucleoids actively engaged in mtDNA synthesis in mammalian cells were 

spatially and temporally linked to a subset of ER-mitochondria contacts engaged for mitochondrial 

division. Indeed, replicating mtDNA nucleoids localized to mitochondrial tips before mitochondrial 

constriction by the ER tubules and assembly of the Drp1 division machinery (Lewis et al., 2016). These 

findings suggest that ER-mitochondria contacts coordinate mtDNA replication with downstream 

mitochondrial division to segregate nascent mtDNA to daughter mitochondria. 

Besides the ER, actin polymerization at the mitochondrial surface has also been suggested to aid in the 

initial constriction of mitochondria (Hatch et al., 2014). This is controlled by the actin regulatory proteins 

inverted formin 2 (INF2), which is located in the membrane of the ER, and the mitochondrial Spire1C. 
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Silencing either of these results in mitochondrial elongation and defects in actin polymerization at the 

mitochondria-ER interface (Korobova et al., 2013) (Manor et al., 2015). At the ER-mitochondria contact 

sites, INF2 cooperates with Spire1C to regulate actin assembly required for mitochondrial constriction 

before Drp1 recruitment and oligomerization (Figure 1.4) (Tilokani et al., 2018). 

After the ER-mediated constriction of mitochondria, MiD49 and MiD51 recruit and stabilize GTP-bound 

Drp1 in the OMM. Then, Drp1 polymerizes with other GTP-bound Drp1 forms, and GTP hydrolysis leads 

to MiD49/MiD51 receptor dissociation and curling of the Drp1 filaments into closed rings (Kalia et al., 

2018). Finally, the Drp1 ring is stabilized by its interaction with Mff and Fis1. Therefore, different receptor 

proteins recruit and stabilize a specific nucleotide-bound conformation of Drp1, which enables Drp1 to 

perform mechanical work around the mitochondrial tubule to induce scission. 

Final steps of mitochondrial division 

The ubiquitously expressed classical Dynamin 2 (Dnm2) has been suggested to be involved in the final 

mitochondrial constriction. As demonstrated by Lee et al. (2016) using live-cell and electron microscopy 

imaging in PtK1 and COS7 cells, mitochondrial membrane constriction occurs in a sequential manner 

where Drp1 assembles first and constricts mitochondria to a final diameter that is conducive for Dnm2 

assembly to complete fission (Figure 1.4). However, the molecular details of Dnm2 function remain 

unclear, and opposite views exist on this topic (Fonseca et al., 2019). This could indicate that Dnm2 

function promoting the final mitochondria scission could be organism or cell-type specific.  

Finally, the Golgi apparatus has also been recently described to participate in the late steps of 

mitochondrial division. Nagashima et al. (2020) found that microdomains of phosphatidylinositol 4-

phosphate [PI(4)P] on Golgi vesicles were recruited to mitochondria-ER contact sites and facilitated 

mitochondrial division downstream of Drp1. Deletion of the ADP-ribosylation factor 1 (Arf1) or its effector, 

phosphatidylinositol 4-kinase IIIb [PI(4)KIIIb], in different mammalian cell lines, prevented PI(4)P 

generation and led to a hyperfused and branched mitochondrial network marked with extended 

mitochondrial constriction sites (Nagashima et al., 2020). 

Overall, these findings reveal a collaborative participation of different cellular organelles on driving 

mitochondrial fragmentation. From the initial selective marking of the sites of mitochondrial fission by the 

ER and actin filaments to the recruitment of Drp1 and the final mitochondrial scission aided by the Golgi, 

these findings highlight the complexity of mitochondrial fragmentation and the requirement for inter-

organellar communication. 
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Figure 1.4. Model for mitochondrial fission in mammals. 

(1) Replication of the mtDNA marks the site for the ER recruitment and first constriction of mitochondria. (2) 

Oligomeric forms of Drp1 accumulate at ER-mitochondria contact where the mtDNA nucleoids were replicated. The 

zoomed area highlights the factors regulating mitochondrial division. (3) The ER-bound INF2 and mitochondrial 

Spire1C induce actin polymerization at mitochondria–ER contact sites. At these sites, Mff and MiDs recruit Drp1 

where it oligomerizes in a ring-like structure, and GTP hydrolysis leads to conformational change, enhancing pre-

existing mitochondrial constriction. (4) Dnm2 is recruited to the Drp1-mediated mitochondrial constriction site 

where it assembles and intensifies membrane scission. (5) Golgi-derived vesicles accumulate at Drp1 foci. (6) The 

dynamic activity of all components results in complete division and separation of the daughter mitochondria, with 

Golgi-derived vesicles and the fission machinery dissociating from the fission site. Adapted from Tilokani et al. (2018). 
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1.5 Drp1 regulation 

The human Drp1 protein is encoded by the Dnm1l gene, located in chromosome 12 and contains 21 exons. 

Drp1 homologs are found in yeast (Otsuga et al., 1998) (Bleazard et al., 1999), and in all metazoans, 

including C. elegans (Imoto et al., 1998) (Labrousse et al., 1999), Drosophila (Verstreken et al., 2005) 

(Aldridge et al., 2007) or rodents (Yoon et al., 1998), and share a high degree of sequence similarity 

(Rosdah et al., 2020). Furthermore, the alternative splicing of Dnm1l mRNA generates different variants 

that include or exclude amino acid residues in the encoded isoform. This, in turn, impart conformational 

constrains of the protein (Yang et al., 2016) or modify the variations in Drp1 post-translational 

modifications (Merkin et al., 2012).    

1.5.1 Drp1 structure 

The vast majority of studies use the classical (sequential) Drp1 structure nomenclature for the four 

domains, namely (1) the N-terminal GTP-binding domain (GTPase); (2) the middle domain; (3) the variable 

domain; and the (4) C-terminal GTPase effector domain (GED) (Figure 1.5). Nevertheless, X-ray structural 

studies of Drp1 human isoform 2 identified three distinct (non-sequential) structural domains: the GTPase 

domain, the bundle signaling elements (BSE) and the stalk region (Fröhlich et al., 2013). A fourth domain, 

the variable domain, could not be resolved due to its dynamic nature, which allows it to act as a flexible 

hinge. Therefore, two different nomenclatures (sequential or non-sequential) can be used to refer to Drp1 

structure (Figure 1.5). For simplicity, this document will refer to the classical (sequential) Drp1 

nomenclature. 

GTPase domain. The GTPase domain is essential for GTP binding and to provide the mechanical force to 

drive membrane scission. For instance, mutations that impair Drp1 GTPase activity (i.e.: K38A in the 

GTPase domain) generate extremely long and interconnected mitochondria by inhibiting mitochondrial 

division. Indeed, the Drp1-K38A mutant binds but does not hydrolyze or release GTP. Therefore, the 

affinity of Drp1-K38A for mitochondrial membranes is increased, but instead forms inactive aggregates 

unable to carry out the final mitochondrial scission (Yoon et al., 2001) (Whitley et al., 2018). 

GTPase Effector Domain (GED). The GED or assembly domain of Drp1, in addition to being crucial for the 

regulation of the GTPase activity, mediates both intra- and intermolecular Drp1 interactions. Indeed, 

mutations within the GED (e.g.: K679A) inhibit its intramolecular backfolding onto the middle domain, 

which leads to a markedly decrease in Drp1 GTPase activity and mitochondrial fission in mammalian cells 

(Zhu et al., 2004).  
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Middle domain. The Drp1 middle domain facilitates tetramer formation as well as higher order assembly 

on membranes. In line with this, overexpression of middle domain mutants (A395D, A350D, A363D) in 

HeLa cells inhibited mitochondrial division by impairing Drp1 ring formation (Chang et al., 2010). In an 

analogous paradigm, peroxisomal and mitochondrial division in CHO cells were impaired by the Drp1 

G363D middle domain mutation (Tanaka et al., 2006).  

Variable domain. Upon higher-order assembly, the variable domain of Drp1 functions as a pivot to direct 

a helical conformation (Francy et al., 2017) (Lu et al., 2018). Flexibility in the variable domain is necessary 

for optimal geometry during oligomerization. Specifically, the helical assembly of oligomers is required for 

cooperative GTPase activity and fine-tuning of the diameter of Drp1 rings encircling the mitochondrial 

tubule (Macdonald et al., 2016) (Lu et al., 2018). Furthermore, the variable domain facilitates Drp1 helical 

polymers to attach to cardiolipin-rich membranes (Lu et al., 2018).  

Overall, the coupled functionality of the different Drp1 domains is essential for its assembly, recruitment 

to mitochondria and activity to perform mitochondrial fission. 

1.5.2 Drp1 isoforms 

Alternative splicing of the Dnm1l transcript generally takes place in exon 3 (encoding the A-insert within 

the GTPase domain) and exons 16 and 17 (encoding the B-insert within the variable domain). This 

alternative splicing then gives rise to nine Drp1 isoforms in mammalian cells (Rosdah et al., 2020). The 

various Drp1 isoforms differ in their tissue distribution (Strack et al., 2013), and can influence Drp1 activity 

(Macdonald et al., 2016) and subcellular localization (Strack et al., 2013) (Itoh et al., 2018). For example, 

mouse Drp1 isoform 1 (comprising 742 aa) is highly expressed in neurons, while the shorter isoform 3 

(only ranging 699 aa) is expressed ubiquitously (Strack et al., 2013). In addition, isoform 1 lacks the A-

insert but contains the B-insert, whereas isoform 3 lacks both A- and B-inserts (Rosdah et al., 2020).  

However, a limitation on most published studies on Drp1 is that these have not explicitly indicated which 

Drp1 isoform was under investigation, or have favored an isoform that might not be the most suitable to 

address the hypothesis in question (Itoh et al., 2018). Referring to Drp1 according to the species under 

study and splice isoform will be crucial for understanding Drp1 function in different organisms and tissues. 
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Figure 1.5. Drp1 structure and phosphorylation sites. 

(A) CDK1/cyclin B phosphorylates Drp1 at a serine residue within the variable domain. Drp1 is also phosphorylated 

by cAMP-dependent PKA at a serine residue situated at the interface of the variable domain and the stalk of the 

GED. The different nomenclatures for these sites are isoform-dependent and are indicated for the neuron-specific 

Isoform 1 and ubiquitously expressed Isoform 3. (B) Linear schematic shows the domain structure of Drp1. Labelled 

above the schematic is the classical (sequential) domain boundaries, while the structural (non-sequential) domains 

are labelled within the schematic. (C) Alignment of Drp1 protein sequences from different metazoan species. 

Asterisks and bold letter mark the serine phosphorylation sites for Cdk1/cyclin B and PKA, respectively. Underline 

indicates the conserved consensus motif. 

1.5.3 Drp1 post-translational modifications 

The modulation of Drp1 function has been a topic of great interest. Many studies overexpressing the Drp1 

WT form in cells have not reported an increase in fission, but rather intermediate mitochondrial shapes 

(Rambold et al., 2011) (Chang & Blackstone, 2010), indicating that simply altering Drp1 protein levels 

would not significantly change mitochondrial fission. Instead, Drp1 activity is regulated by intrinsic 

modifications of the protein structure that ultimately determine Drp1 translocation to mitochondria, its 

assembly capability and its GTPase activity. Indeed, Drp1 function is regulated by post-translational 
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modifications, including phosphorylation, SUMOylation, ubiquitination, S-nitrosylation, acetylation, and 

O-GlcNAcylation.  

Drp1 phosphorylation is one of the most widely reported post-translational modifications, due to the 

implication of different kinases and phosphatases that link mitochondrial fission to different cellular 

processes. Two phospho-sites, in particular Serine 616 and Serine 637, are shared among all Drp1 isoforms 

and have been most extensively studied (Rosdah et al., 2020). The first described Drp1 phosphorylation 

came from the Mihara group in 2007, who reported that Cdk1/cyclin B could phosphorylate Drp1 at the 

Serine 616 residue (corresponding to human Drp1 isoform 1; S579 in mouse isoform 3), and this resulted 

in Drp1 recruitment to the OMM, and subsequent mitochondrial fragmentation (Taguchi et al., 2007). 

Thus, the phosphorylation at this site establishes a link between mitochondrial dynamics and cell division 

during mitosis, which ensures the proper distribution and segregation of mitochondria into daughter cells. 

The S616 site is located in the variable domain of Drp1 (Figure 1.5). Moreover, Drp1 S616 has been shown 

to also be targeted by the Protein Kinase Cδ (PKCδ) or the mitogen-activated protein kinase family 

(ERK1/2) to induce mitochondrial fragmentation (Qi et al., 2011) (Kashatus et al., 2015). In fact, many 

human tumors display increased levels of Drp1 phospho-S616 due to the hyperactivation of ERK1/2, 

making this site of great interest for the development of anti-tumorigenic therapeutic strategies (Kashatus 

et al., 2015). 

Later in 2007, two different groups identified a second Drp1 phosphorylation site at Serine 637 (as in Drp1 

human isoform 1; equivalent to S600 in mouse variant 3) (Cribbs & Strack, 2007) (Chang & Blackstone, 

2007). This site is situated at the interface of the variable domain and the stalk within the GED and is part 

of a consensus site highly conserved among metazoans (Figure 1.5). All evolutionary substitutions 

preserve the consensus motif (R-[R/K]- × -[S/T]) (Figure 1.5). It was originally discovered as a substrate of 

the cAMP-dependent Protein Kinase A (PKA). Drp1 phosphorylation at S637 by PKA was reported to inhibit 

its GTPase activity, thereby impeding mitochondrial fission (Cribbs & Strack, 2007) (Chang & Blackstone, 

2007) (Gomes et al., 2011). Similarly, the mitochondrial A-kinase anchoring protein 1 (AKAP1) was 

described to facilitate S637 phosphorylation by targeting PKA to the OMM, thus inhibiting Drp1-mediated 

mitochondrial fission and leading to unopposed mitochondrial elongation (Merrill et al., 2011). Moreover, 

the phosphatase calcineurin dephosphorylates S637, and this regulates Drp1 translocation to 

mitochondria to execute fragmentation (Cereghetti et al., 2008) (Edwards et al., 2020). However, 

conflicting reports have emerged demonstrating that phosphorylation of this same site can, in fact, 

promote mitochondrial fission. Indeed, AKAP1-mediated phosphorylation of S637 promoted Drp1 
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recruitment to mitochondria in high-glucose-stimulated podocytes, inducing mitochondrial 

fragmentation (Chen et al., 2020). Furthermore, phosphorylation at the Drp1 S637 by Ca+2-calmodulin–

dependent protein kinase Iα (CaMKIα) has been documented to facilitate Drp1 recruitment and 

mitochondrial fission in neurons (Han et al., 2008). Similarly, Rho-associated protein kinase 1 (ROCK1) 

mediates hyperglycemia-induced Drp1 recruitment to mitochondria by phosphorylation of Drp1 at S600 

of mouse isoform 3, which eventually leads to mitochondrial fission in podocytes (Wang et al., 2012b). In 

addition, Drp1 phosphorylation in the mouse Ser600 (isoform 3) in response to norepinephrine triggers 

mitochondrial fragmentation in primary brown adipocytes (Wikstrom et al., 2014). Altogether, the effects 

of S637 phosphorylation on Drp1 function may be highly cell type and stimuli dependent, and also could 

vary depending on the Drp1 isoform under study. For instance, since Drp1 isoform 3 lacks both the A- and 

B-inserts, the phosphorylation at S637 may confer conformational changes that favor fission in this 

particular paradigm (Rosdah et al., 2020). 

Other Drp1 phosphorylations have also been described, but are less studied (Figure 1.6). Phosphorylation 

of the GTPase domain sites Serine 40/44 by glycogen synthase kinase 3β (GSK3β) induces mitochondrial 

fragmentation in cultured neurons, which were then more vulnerable to amyloid-β (Aβ)–induced 

apoptosis (Yan et al., 2015). Contrarily, GSK3β-mediated phosphorylation of Drp1 at the Serine 693 site 

decreases its GTPase activity leading to mitochondrial elongation, which protected neuronal cells against 

oxidative stress-induced apoptosis (Chou et al., 2012). 

The small ubiquitin-like modifier (SUMO) protein is also involved in Drp1 modification (Anderson & 

Blackstone, 2013). Pioneering discoveries on the role of SUMOylation on Drp1 function and mitochondrial 

dynamics have been provided by the McBride group. Initially, they described that Drp1 was a substrate of 

SUMO1, which was often found at the sites of mitochondrial fission and colocalized with endogenous 

Drp1 in mammalian cells (Harder et al., 2004). Interestingly, SUMO1 was suggested to specifically protect 

Drp1 from degradation, resulting in a more stable, active pool of Drp1 (Harder et al., 2004). Recently, 

SUMO1 has been suggested to facilitate the phosphorylation of Drp1 at S616 via regulating the catalytic 

activity of the phosphatase DUSP6 (Ma et al., 2020). Furthermore, Drp1 SUMOylation by MAPL/MUL1 

functionally stabilizes ER-mitochondrial contact sites, leading to mitochondrial constriction, calcium flux 

and Cytochrome C release during the onset of apoptosis (Prudent et al., 2015). Alternative enzymes 

described in mediating Drp1 SUMOylation are the SUMO transferase Ubc9 or the proteases SENP3 and 

SENP5 (Harder et al., 2004) (Figueroa-Romero et al., 2009) (Zunino et al., 2007) (Guo et al., 2013). Critical 
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SUMO-acceptor residues of Drp1 are located in the B-insert of the variable domain, specifically Lys532, 

535, 558 and 568 (Figueroa-Romero et al., 2009). 

Drp1 can also be modified by ubiquitination. Membrane associated RING finger 5 (MARCH5, also known 

as MITOL) is an OMM E3 ligase that ubiquitinates Drp1 on the OMM. MARCH5-mediated ubiquitination 

of Drp1 was originally reported to mark Drp1 for proteolytic degradation, leading to reduced fission and 

elongated mitochondrial network (Nakamura et al., 2006) (Yonashiro et al., 2006). In later reports, 

MARCH5-mediated Drp1 ubiquitination was shown to enhance mitochondrial fission by regulating the 

subcellular trafficking of Drp1 (Karbowski et al., 2007). To address these contradictory findings, it was 

suggested that inhibition or delay of a final step of the mitochondrial fission process could lead to 

increased colocalization of MARCH5 and Drp1, resulting in MARCH5-mediated degradation of Drp1 

(Karbowski et al., 2007). Parkin is another E3 ubiquitin ligase demonstrated to ubiquitinate Drp1 for 

degradation, leading to suppression of mitochondrial fission in neurons (Lutz et al., 2009) (Wang et al., 

2011). 

S-nitrosylation is a redox-related modification of cysteine residues by nitric oxide (NO), which in normal 

conditions acts as a signaling molecule, but in excess can lead to cellular damage. S-nitrosylation of Drp1 

at Cysteine 644 has been linked to excessive mitochondrial fission in neuronal injury models (Barsoum et 

al., 2006) and neurodegenerative diseases, including Alzheimer's disease (Cho et al., 2009), Parkinson’s 

disease (Zhang et al., 2016) or Huntington’s disease (Haun et al., 2013). In line with this, Drp1 S-

nitrosylation was described to promote cell senescence and aging in mammals (Rizza et al., 2018). In these 

models, NO overproduction induces Drp1 phosphorylation at S616, leading to its activation and 

recruitment to mitochondria (Zhang et al., 2016) (Lee & Kim, 2018). These observations emphasize the 

role of Drp1 S-nitrosylation in neurodegenerative disorders and suggests of an interplay between Drp1 S-

nitrosylation and Drp1 phosphorylation. 

Drp1 acetylation has been the newest reported post-translational modification, which occurs at Lysine 

642 (K642) and promotes Drp1 oligomerization and recruitment to mitochondria to promote fission (Hu 

et al., 2020). In an analogous paradigm to Drp1 S-nitrosylation, acetylation at K642 was linked to increased 

Drp1 phosphorylation at S616 in adult cardiomyocytes treated with palmitate (Hu et al., 2020). However, 

it is still not clear whether this increased phosphorylation was the consequence of lipid overload or a 

downstream direct effect of Drp1 acetylation. This latter hypothesis seems more likely, since treatment 

of adult cardiomyocytes with oleate – which is the most abundant unsaturated fatty acid in the plasma of 

HFD-fed mice – had no effect on Drp1 acetylation or Drp1 phosphorylation at S616 (Hu et al., 2020).  
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Finally, Drp1 undergoes O-GlcNAcylation in cardiomyocytes at Threonine 585 and 586, respectively, 

which augments the levels of GTP-bound active form of Drp1 and induces Drp1 translocation from the 

cytosol to mitochondria (Gawlowski et al., 2012). Increased O-GlcNAcylation has been associated to a 

reduction in the phosphorylation at the S637 site. In this regard, O-GlcNAcylation could directly affect the 

activity of other enzymes (such as PKA and/or calcineurin) or proximal residues within Drp1, which in turn 

affect the phosphorylation of S637.  

Overall, these findings demonstrate that various post-translational modifications can regulate Drp1 

activity, function and localization (Figure 1.6). Moreover, these modifications are not exclusive, but can 

occur in combination, directly influencing each other. 

 

Figure 1.6. Drp1 regulation by post-translational modifications. 

Drp1 activity is regulated by various post-translational modifications, namely phosphorylation (P), ubiquitination 

(Ub), O-GlcNAcylation (O-Glc), SUMOylation (SUMO), acetylation (Ac) and S-nitrosylation (NO). The amino acid 

numbering is based on the reference literature. Indicated are the GTPase domain, middle domain, variable domain 

and GTPase effector domain (GED). 

1.6 Metabolic regulation and mitochondrial dynamics 

1.6.1 Mitochondrial alterations in metabolic disease 

As the primary platform controlling metabolic and energy homeostasis, mitochondria show aberrant 

function during metabolic dysregulation. The World Health Organization estimated that in 2016 more 

than 650 million adults worldwide were obese, reaching pandemic proportions globally (WHO 2020©). 
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This reflects the profound changes in lifestyle largely attributed to the overconsumption of energy-dense 

foods combined with reduced physical activity (Cheng & Almeida, 2014). Consequently, obesity increases 

the risk of type 2 diabetes mellitus (T2DM), cardiovascular disease or cancer. Many studies demonstrated 

a link between these diseases and mitochondrial dysfunction. Indeed, nutrient surplus hyperpolarizes 

mitochondria, leading to a decrease in metabolic substrate oxidation (particularly fatty acids) and ROS 

overproduction (Cheng & Almeida, 2014). In addition, ROS induces mitochondrial dysfunction and leads 

to impaired insulin secretion in pancreatic β-cells, thereby deteriorating metabolic homeostasis. 

Defects in insulin signaling impair the response of the cell to insulin and thus trigger insulin resistance 

(Beale, 2013). As such, insulin resistance refers to the pathological condition in which insulin-dependent 

cells, such as skeletal muscle cells or adipocytes, fail to properly respond to normal insulin circulatory 

levels (Samuel & Shulman, 2016). In conditions of insulin resistance, severe hyperglycemia, 

hyperinsulinemia and dyslipidemia can occur after a glucose load, giving rise to glucose intolerance. 

Therefore, impaired insulin signaling affects systemic insulin-stimulated glucose disposal, albeit it can also 

impair specifically insulin function in tissues including liver, adipose tissue or the heart (Shimobayashi et 

al., 2018) (Ormazabal et al., 2018) (Samuel & Shulman, 2016). 

Since mitochondrial form and function are tightly linked, metabolic perturbations associated to obesity- 

related disorders will also impact mitochondrial architecture. Mitochondrial dynamics is a crucial quality 

control mechanism to maintain a healthy mitochondrial network, particularly allowing cells to adapt and 

respond to metabolic challenges. 

1.6.2 Role of cellular metabolism in shaping mitochondrial dynamics 

One of the first evidences linking mitochondrial dynamics and cellular metabolism was reported by the 

Zorzano group in 2003. Using a differential mRNA screen, the Mfn2 gene turned out to be one of the most 

significantly downregulated in skeletal muscles of obese diabetic rats (Bach et al., 2003). Electron 

microscopy from these muscles showed a reduced mitochondrial size in line with a fragmented 

mitochondrial network (Bach et al., 2003). Similarly, Mfn2 mRNA levels were also reduced in obese 

humans and patients with T2DM (Bach et al., 2005). Interestingly, weight loss in the obese patients 

resulted in a substantial recovery in Mfn2 levels in skeletal muscle, and this was directly correlated with 

improved insulin sensitivity (Bach et al., 2005). These observations suggested that increased adiposity was 

linked to repression of mitochondrial fusion, albeit this could be reversed by weight loss. In line with this, 

mitochondrial fission has been described in the metabolic response to nutrient surplus. Indeed, increased 

mitochondrial fragmentation was observed after treatment with palmitate in INS-1 and MEF cells, as well 
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as in AML12 hepatocytes (Molina et al., 2009) (Kulkarni et al., 2016). Stimulation of mitochondrial fission 

upon nutrient overload occurs by fine-tuning of Drp1 post-translational modifications aimed to enhance 

Drp1 GTPase activity. For instance, diabetic mice display increased Drp1 S616 phosphorylation in brain 

(Huang et al., 2015) and Drp1 O-GlcNAcylation in heart (Gawlowski et al., 2012), both of which activate 

Drp1 to trigger mitochondrial fragmentation.  

The opposite condition to nutrient excess, starvation, causes an acute inhibition of mitochondrial fission 

by preventing Drp1 recruitment to mitochondria, hence promoting unopposed mitochondrial tubulation 

(Gomes et al., 2011) (Rambold et al., 2011) (Liesa & Shirihai, 2013). Mitochondrial elongation then leads 

to increased number of cristae, which facilitates the dimerization of the ATPase F0/F1 enzyme (Gomes et 

al., 2011). This maximizes the efficiency of energy conversion and aids maintaining ATP production to 

allow the survival of the starving cell, thus sparing it from autophagic elimination (Gomes et al., 2011) 

(Strauss et al., 2008). Conversely, blocking fusion prevents mitochondria to maintain ATP production upon 

starvation, prompting cell death. Therefore, these observations suggest that nutrient depletion promotes 

mitochondrial elongation to increase ATP synthesis capacity, thus sustaining the ATP demand required for 

cell survival.  

Altogether, the examples reviewed here illustrate that nutrient excess is associated with mitochondrial 

fragmentation while the opposite nutrient paradigm, starvation, is associated with mitochondrial 

elongation. This comparison emphasizes the role of mitochondrial dynamics in changes in mitochondrial 

bioenergetic efficiency. 

Beyond nutrients, other hormonal inputs can have a strong impact on mitochondrial function. In this 

sense, and of particular interest for this thesis, the brown adipocyte represents a model in which a large 

shift in bioenergetic efficiency can be acutely induced through hormonal stimulation. Activation of non-

shivering thermogenesis in human brown adipocytes by cold exposure is the result of norepinephrine (NE) 

- induced lipolysis (reviewed in (Cannon & Nedergaard, 2004) and (Ouellet et al., 2012)). In fact, NE-

stimulation triggers mitochondrial fission in the BAT via Drp1 phosphorylation at S637 (Wikstrom et al., 

2014). This forced mitochondrial fragmentation enhances mitochondrial uncoupling capacity in brown 

adipocytes by increasing fatty acid availability to UCP1 and promoting BAT energy expenditure. In fact, 

the rapid fatty acid uptake into BAT resulted in improved dyslipidemia and insulin resistance in mice, 

thereby testifying for the mitochondrial function in brown adipocytes in modulating glucose metabolism 

and energy homeostasis. Accordingly, inhibiting mitochondrial fission jeopardized thermogenic function 
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in primary brown adipocytes, as validated by the decreased energy expenditure of brown adipocytes 

expressing an inactive dominant form of Drp1 (Wikstrom et al., 2014). 

1.6.3 Drp1 in the regulation of nutrient utilization: Lessons from mouse models 

Mitochondrial morphology varies significantly across tissues, as the mitochondrial network adapts to their 

particular metabolic needs (Figure 1.7). Thus, the genetic ablation of mitochondrial fusion and fission 

components can elicit different responses that vary between tissues and organs. 

 

Figure 1.7. Diversity of the mitochondrial shape in different tissues. 

Electron micrographs of mitochondria from various tissues (scale bar, 200 nm) (Vafai & Mootha, 2012). 

Early attempts to evaluate the impact of mitochondrial dynamics on mitochondrial function were based 

on classical gain- or loss-of-function approaches through overexpression or genetic knockdown/ablation, 

respectively, of the mitochondrial fission or fusion machinery. In line with the homozygous deletion of 

either Mfn1, Mfn2 or Opa1 in mice, whole-body ablation of the Dnml1 gene is embryonically lethal (Chen 

et al., 2003) (Davies et al., 2007) (Wakabayashi et al., 2009). Accordingly, Drp1 homozygote knockout (KO) 
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mice have developmental abnormalities, particularly in the forebrain, and die shortly after E12.5 from 

brain hypoplasia (Wakabayashi et al., 2009). Primary cultures from Drp1KO forebrain showed a decrease 

in neurites and the presence of defective synapse formation, as mitochondria formed aggregates and 

exhibited impaired trafficking to synapses (Ishihara et al., 2009). In line with this, Drp1-mediated synaptic 

degeneration has also been described as a causative factor in human neurodegenerative disorders such 

as Alzheimer's, Parkinson’s or Huntington’s disease (Qi et al., 2019). Therefore, the modulation of Drp1 

function has been a topic of increasing interest, also because Drp1 is involved in other age-related 

pathologies such as metabolic disorders (obesity and T2DM), cardiovascular diseases or cancer 

(Serasinghe & Chipuk, 2017). In this section, we will thus focus on the metabolic implications upon 

alteration of the mitochondrial fission machinery, particularly Drp1. For this, we will summarize the 

evidences learned from Drp1 mouse models in a tissue-specific case manner. A resume of the animal 

models described can be found on Table 1. 

Liver 

Deletion of Drp1 in mouse liver (Drp1-LKO) impairs mitochondrial fission and results in reduction in the 

number of mitochondria, which appear more tubulated (Wang et al., 2015). The increased swelling of 

mitochondria and the aberrant morphology of the endoplasmic reticulum (ER) prevented mitochondria-

ER contacts and triggered the ER stress response in the Drp1-LKO mice via the induction of the eIF2α axis. 

Consequently, this elicited an increase in downstream targets CHOP and ATF4, which promoted the 

transcription of Fgf21 in liver and increased the levels of circulating Fgf21 in plasma of the Drp1-LKO mice 

(Wang et al., 2015). These effects were observed on a normal diet and were further exacerbated on a 

high-fat feeding. Of note, Fgf21 has been proposed as a marker of mitochondrial dysfunction, validated 

by the fact that pathological conditions that impair mitochondrial respiration and cause a reduction in 

ATP synthesis lead to the increase in Fgf21 levels in plasma (Suomalainen, 2013). Thus, the elevated Fgf21 

levels in the Drp1-LKO mice likely testify for defective mitochondrial function. Nevertheless, the Drp1-LKO 

mice were protected from diet-induced obesity due to reduced adiposity and increased whole-body 

energy expenditure (Wang et al., 2015). Liver-derived Fgf21 contributes in the regulation of 

thermogenesis in adipose tissues (Ameka et al., 2019). Accordingly, the expression of UCP1 was 

significantly higher in the Drp1-LKO BAT, and also in WAT, thereby suggesting an Fgf21-induced browning 

of the adipose tissue. Despite the fact that Drp1-LKO mice showed improved systemic glucose 

metabolism, the levels of AKT phosphorylation, which is a marker of insulin sensitivity and glucose 

clearance, were significantly reduced in the livers of Drp1-LKO mice (Wang et al., 2015). This could hint an 



Chapter 1 

 

27 
 

alternative mechanism for energy homeostasis that includes the compensation by other tissue-specific 

signaling pathways. Globally, these results suggest that defects in the inter-organellar communication 

between the ER and mitochondria directly modulate Fgf21 signaling as a compensatory mechanism to 

maintain metabolic homeostasis (Wang et al., 2015) 

Thus, Drp1 in the liver regulates the communication between the ER and the mitochondrial network and 

demonstrates that, when disrupted, leads to hepatic insulin resistance.  

Muscle 

The skeletal muscle-specific overexpression of Drp1 in mice prevented the formation of the inner pool of 

inter-myofibrillar mitochondria, and this impaired postnatal muscle development (Touvier et al., 2015). 

Similar to the previous Drp1-LKO model described, transgenic mice overexpressing Drp1 displayed a 

persistent activation of the eIF2α/ATF4 axis of the ER stress-response cascade that interfered with muscle 

anabolism by preventing protein synthesis (Touvier et al., 2015). Thus, this demonstrates that Drp1 

overexpression in muscle inhibits cytosolic protein translation and results in reduced growth hormone 

signaling. Interestingly, the phenotype observed upon genetic ablation of Dnm1l in muscle is identical to 

that of Drp1 overexpression. Indeed, skeletal muscle-specific Drp1 KO mice (Drp1-skmKO) exhibited an 

enhanced ER stress response and inhibition of protein translation via eIF2α activation, eventually resulting 

in reduction of muscle growth (Favaro et al., 2019). This muscle growth degeneration in the Drp1-skmKO 

mice consequently led to body weight loss and mice died within 30 days of postnatal life. One of the 

peculiarities of the loss-of-function approach is the great induction of Fgf21 in muscle, which could give 

an explanation to the observed metabolic changes in the Drp1-skmKO mice (Favaro et al., 2019).  

Given that Drp1-related fission activity is controlled by post-translational modifications, strategies altering 

Drp1 phosphorylation could also provide clues on the physiological role of Drp1.  In this sense, the muscle-

specific ablation of calcineurin, the phosphatase that dephosphorylates Drp1 at S637, attenuated exercise 

capacity but protected mice against diet-induced obesity (Pfluger et al., 2015). Interestingly, 

overexpression of calcineurin in mouse skeletal muscle has also been reported to protect against diet-

induced obesity (Jiang et al., 2010).  

The fact that the ablation and gain-of-function of calcineurin (or Drp1), respectively, evoke in a similar 

phenotype suggests that unopposed fusion or fission might be equally deleterious, due to the altered 

dynamic remodeling of mitochondria and the impaired quality control. 
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Heart 

The description of Drp1 function in heart relies on heterozygous or inducible cardiac-specific mouse 

models (for more information, see (Dorn, 2015)). Even though the consequences of cardiac Drp1 ablation 

differ between studies (Table 1), some conclusions are similar. First, Drp1 is essential for normal 

homeostatic functioning of neonatal and adult hearts. Indeed, either postnatal or conditional adult 

cardiomyocyte-specific ablation of Drp1 compromised heart function. Second, enhanced mitochondrial 

fusion is not necessarily cardioprotective, testified by the fact that mitochondrial elongation by Drp1 

deletion in mouse hearts can be as detrimental as the fragmentation elicited upon fusion impairment. 

Finally, Drp1 plays a crucial role in cardiac mitophagy. All of the studies with cardiac-specific Drp1 KO 

mouse models uncovered abnormalities in mitophagy. Furthermore, as part of a large scale mutagenesis 

screen, Ashrafian et al. (2010) identified a dominant mutation in the middle domain of the Dnm1l gene, 

which was named Python mutation, that led to inherited dilated cardiomyopathy in mice. While the 

homozygous mutation is embryonically lethal, the Python heterozygous mutation resulted in abnormally 

elongated mitochondria and peroxisomes in cultured neonatal skin fibroblasts. In addition to this, hearts 

from heterozygous Python mice showed reduced mitochondria enzyme complexes and ATP levels, 

respectively, leading to impaired cardiac energy metabolism (Ashrafian et al., 2010). Overall, Drp1-

mediated mitochondrial fission is essential to mitochondrial quality control in the heart. 

Brain 

In neurons, mitochondrial fission facilitates both axonal mitochondrial transport and mitophagic 

elimination (Shields et al., 2015). In particular, Drp1 has been reported to control postsynaptic 

endocytosis, neuronal morphology and brain function (Itoh et al., 2019). The inducible Drp1 deletion from 

adult forebrain neurons in mice triggered ER stress via the integrated stress response (ISR), resulting in 

increased circulating Fgf21 in plasma and mRNA levels in the Drp1 deficient neurons (Restelli et al., 2018). 

Interestingly, no changes were observed in the canonical Fgf21 sources (liver and adipose tissue), 

indicating that Fgf21 was indeed produced in neurons upon mitochondrial dysfunction. Moreover, the 

Drp1 deficient neurons displayed synaptic dysfunction, which prompted the development of memory 

deficit and hippocampal atrophy in these forebrain neuron-specific Drp1 KO mice (Oettinghaus et al., 

2016). Of note, the activation of the ISR has also been suggested to be the retrograde response 

mechanism to widespread mitochondrial dysfunction in Alzheimer’s disease (Weidling & Swerdlow, 2019). 

These observations indicate that Drp1-mediated mitochondrial fission is required for brain development 

and mature neuronal function. Similar observations were reported upon the ablation in mice of Drp1 in 
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CA1 hippocampal neurons, a neuronal population affected by Alzheimer's disease, stroke, and seizure 

disorders (Shields et al., 2015). These CA1-specific Drp1 KO mice had impaired memory and synaptic 

function due to compromised ability of mitochondria in axons to produce ATP. These deficits occurred 

specifically at the nerve terminal, not at the cell body, and were sufficient to impair synaptic vesicle cycling 

(Shields et al., 2015). Further sustaining the critical role of fission for mitochondrial trafficking in neurons, 

Drp1 ablation in mouse dopamine neurons led to axonal degeneration specifically in these neurons 

(Berthet et al., 2014).   

Therefore, these data reveal a crucial role of Drp1 in dendrite formation, neuronal morphology and brain 

function, which has broad implications for understanding the role of mitochondrial fission in the context 

of brain diseases and places it as an attractive therapeutic target. 

Pancreas 

The specific ablation of Drp1 in pancreatic β cells in mice (Drp1β-KO) led to glucose intolerance due to 

impaired glucose-stimulated insulin secretion (GSIS) (Hennings et al., 2018). Moreover, β-cells  from the 

Drp1β-KO mice exhibited hyperfused perinuclear mitochondria, and also increased peroxisomal 

elongation as compared with the spherical peroxisomes of control β cells. Nevertheless, the Drp1β-KO 

islets displayed normal oxygen consumption (Hennings et al., 2018). This differs from experiments using 

pancreatic β-cell lines overexpressing a dominant negative Drp1 form, where impaired ATP-linked oxygen 

consumption was reported (Kabra et al., 2017) (Reinhardt et al., 2016). This discrepancy could reflect a 

difference between the proliferative β-cells in vitro and the quiescent adult mouse islets, or could be the 

result of the effects of acute loss of Drp1 in vitro by siRNA as compared to the chronic in vivo deletion. 

Regardless, these observations provide evidence that changes in Drp1 function and mitochondrial fission 

can directly disrupt β-cell function and lead to whole body metabolic dysfunction.  

Kidney 

In the last years, the Danesh group has provided novel insights in the implications of Drp1 deletion in 

kidney from diabetic mice. For instance, ultrastructure analysis of podocytes revealed a marked 

amelioration in mitochondrial structure of the podocyte-specific Drp1 KO diabetic mice (db/db;Drp1Pod-

f/f), compared to the marked mitochondrial fragmentation of control diabetic mice (Ayanga et al., 2016). 

This granted Drp1-PodKO mice improved mitochondrial function, validated by the enhanced 

mitochondrial respiration and reduced ROS production, ultimately leading to systemic albuminuria 

decrease (Ayanga et al., 2016). Interestingly, a separate study from the same group reported that ROCK1 
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plays a critical role in the progression of diabetic nephropathy by triggering mitochondrial fission via the 

direct phosphorylation of Drp1 at Ser600 (Wang et al., 2012b). In line with this research, they recently 

described a Drp1 S600A knock-in (KI) mouse model in the development of kidney injury (Galvan et al., 

2019). This mutation prevented Drp1 translocation to the mitochondria, thus explaining the reduced 

mitochondrial fission in the diabetic Drp1 S600A mice (Galvan et al., 2019). Podocytes of diabetic Drp1 

S600A KI mice exhibited reduced mitochondrial ROS, along with improved histological and biochemical 

features that protected mice against the progression of diabetic nephropathy (Galvan et al., 2019). 

Mitochondrial fragmentation contributes to the development of kidney injury via release of pro-apoptotic 

factors by the mitochondria (Gall et al., 2012). Hence, inhibition of mitochondrial fragmentation protects 

against tubular cell apoptosis and renal injury, suggesting a possible novel therapeutic strategy for the 

prevention and treatment of acute renal failure. 

Table 1. Drp1 mouse models. 

Tissue Mouse model Response Reference 

Liver Drp1 KO 
ER stress, Fgf21, improved 

glucose metabolism 
Wang et al., 

Diabetologia, 2015 

Muscle Drp1 overexpression 
ER-stress via eIF2α, Fgf21, 

muscle mass loss 
Touvier et al., Cell Death 

Dis, 2015 

Muscle Drp1 KO ER-stress via eIF2α 
Favaro et al., Nat 

Comms, 2019 

Heart Drp1 KO MPTP-induced mitophagy 
Song et al., Cell 

Metabolism, 2015 

Heart Drp1 KO Autophagy inhibition, I/R injury 
Ikeda et al., Circulation 

Research,  2015 

Heart Drp1 KO Defective mitophagy 
Kageyama et al., EMBO 

J., 2014 

Brain 
CA1 hippocampal neuron 

Drp1 KO 
Defective synaptic transmission, 

memory loss 
Shields et al., Cell Death 

Dis, 2015 

Brain Forebrain neuron Drp1 KO ISR activation, Fgf21 induction 
Restelli et al., Cell 

Reports, 2018 

Brain Forebrain neuron Drp1 KO 
Impaired memory function, 

hippocampal atrophy 
Oettinghaus et al., Cell 

Death Differ., 2016 

Brain 
Midbrain dopamine neuron 

Drp1 KO 
Axon degeneration, 

parkinsonism 
Berthet et al., J 
Neurosci., 2014 

Pancreas cell-specific Drp1 KO 
Glucose intolerance, islets 

impaired GSIS 
Hennings et al., 

Endocrinology,  2018 

Kidney Podocyte-specific Drp1 KO 
Protection against diabetic 

nephropathy 
Ayanga et al., JASN, 2016 

Kidney Podocyte-specific Drp1 S600A 
Protection against diabetic 

nephropathy 
Galvan et al., JCI, 2019 
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Overall, here we reviewed the role of Drp1 in the function of different tissues, as well as the impact of its 

gain- or loss- of function on systemic metabolic adaptation. Yet, the interpretation from these studies still 

lacks the molecular definition that is at the root for the mitochondrial and cellular dysfunction. For 

instance, are the cellular and systemic adaptations a result of disturbed mitochondrial dynamics? Or, 

contrarily, is this a secondary effect from faulty mitochondrial turnover or mitochondrial contact with 

other organelles? 

Thus, understanding whether the structural remodeling of mitochondria in many pathological conditions 

is cause or consequence of disease requires that we establish the sequence of events that follows the 

disruption or imbalance of mitochondrial dynamics within the cell, tissue, and ultimately, the whole 

organism. 

1.7 Mitochondrial dynamics in human diseases 

Research on mitochondrial dynamics came in the spotlight when it was discovered that mutations in the 

genes encoding for the components of the mitochondrial fission/fusion machinery were the cause for 

different human neurodegenerative disorders. Since then, the pathophysiological role of mitochondrial 

dynamics has been described on the progression of a wide range of human disorders. Throughout this 

Chapter 1, we have briefly depicted the role of mitochondrial dynamics in age-related pathologies, 

including metabolic disorders, as well as in cardiovascular and neurological diseases. In this final section, 

we will describe the first discoveries on the relation between mitochondrial dynamics and human disease, 

and will bring special emphasis to the crucial role of mitochondrial morphology in tumorigenesis. 

1.7.1 Familial disorders arising from defects in mitochondrial dynamics proteins 

In 2000, two simultaneous studies reported Opa1 mutations in patients affected by autosomal dominant 

optic atrophy (ADOA), which is the most common form of inherited optic neuropathy (Delettre et al., 

2000) (Alexander et al., 2000). This neuropathy is characterized by a loss of retinal ganglion cells in the 

optic nerve, leading to a gradual and progressive loss of vision. Almost 50% of the mutations cause 

truncation of the Opa1 protein and while these can be found scattered along the Opa1 structure, the 

majority (approx. 41%) are detected in the GTPase domain (Thiselton et al., 2002) (Ferré et al., 2005). 

Some data indicate that ADOA develops as a consequence of a dominant negative mechanism, testified 

by the capacity of mutant Opa1 to oligomerize with wild-type proteins and, thus, interfere with GTPase 

activity (Olichon et al., 2006). Recessive mutations in Opa1 have also been reported in the pathogenesis 
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of Behr syndrome, a complex neurological disorder characterized by early-onset optic atrophy, ataxia, and 

spasticity (Marelli et al., 2011). 

In 2004, Mfn2 mutations were reported in patients affected by Charcot-Marie-Tooth neuropathy Type 2A 

(CMT2A; OMIM #609260) in an autosomal dominant inheritance pattern (Züchner et al., 2004). CMT2A 

disease belongs to the hereditary motor and sensory neuropathies, caused by heterozygous mutations in 

the gene encoding Mfn2. Clinically, patients exhibit progressive degeneration of peripheral sensory and 

motor axons, which eventually leads to distal sensory loss, muscle atrophy and weakness. More than 100 

mutant forms of Mfn2 have been reported in CMT2A disease patients, most of which are missense 

mutations detected in the GTPase domain (>50%) (Beręsewicz et al., 2018). Moreover, recent 

observations suggest that ER-mitochondria contacts are altered in CMT2A patients, and this correlates 

with disease severity (Larrea et al., 2019). Morphological studies of nervous tissue and fibroblasts from 

CMT2A patients showed altered mitochondrial morphology, including swelling, degeneration and altered 

distribution of mitochondria (Verhoeven et al., 2006). 

Afterwards, a report published on The New England Journal of Medicine on 2007 described a newborn girl 

with microcephaly, abnormal brain development, optic atrophy and hypoplasia, and also persistent lactic 

acidemia, and a mildly elevated plasma concentration of very-long-chain fatty acids (Waterham et al., 

2007). Fibroblasts obtained from this patient showed defective mitochondrial and peroxisomal fission. 

Genetic analysis revealed a heterozygous missense mutation in Drp1 (A395D), mapping to a conserved 

residue in the middle domain of the protein (Waterham et al., 2007). This mutation behaves as a dominant 

form and results in Drp1 inhibition through impairment of its initial oligomerization to form high-order 

assembly structures (Chang et al., 2010). The Drp1 A395D mutation was lethal, possibly linked to the 

accumulation of defects on mitochondrial and peroxisome function. In 2016, the group of David Chan 

reported a novel missense mutation (R403C) in Drp1 in two unrelated patients who experienced normal 

development for 4-5 years of age before presenting with refractory focal status epilepticus and 

subsequent rapid neurological decline (Fahrner et al., 2016). Similar to the A395D mutation, the R403C 

mutation impacts the middle domain of Drp1, which leads to reduced self-assembly and impaired 

recruitment to the mitochondrial surface. The R403C mutation also exhibits a common dominant-negative 

pattern, although the cellular and clinical phenotype observed with the A395D mutation was more severe 

(Fahrner et al., 2016). In addition to this, Gerber et al. (2017) identified dominant mutations in the Dnm1l 

gene in three large families with isolated optic atrophy. Analyses of patient fibroblasts revealed 

accumulation of Drp1 aggregates on the cytoplasm and on highly tubulated mitochondria, although the 
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mechanism as to how these missense alleles result in disease remains to be explored. Hence, these 

observations suggest that, in addition to Opa1, mutations in Drp1 could contribute to inherited optic 

neuropathies. 

Defects involving components of the fission machinery, such as Mff, have also been linked to human 

diseases. Indeed, patients harboring mutations in Mff became symptomatic within the first year of life, 

exhibiting seizures, developmental delay and acquired microcephaly (Koch et al., 2016). Despite the fact 

that mitochondrial respiration was unchanged, skeletal muscle from these patients revealed elongated 

mitochondria and peroxisomes, as well as increased mitochondrial branching and an abnormal 

distribution of Drp1 (Koch et al., 2016). 

1.7.2 Cancer: a novel role for mitochondrial fission 

In 1925 Dr. Otto Warburg linked for the first time mitochondria to tumorigenesis by observing that cancer 

cells undergo aerobic glycolysis, which offers a more rapid means of generating ATP (Warburg, 1925). 

Renovated interest in the role of mitochondria in cancer manifested in the mid-1990s with the 

demonstration that the permeabilization of the outer mitochondrial membrane and the release of 

Cytochrome C constitutes a decisive step in the execution of apoptosis (Liu et al., 1996). It is now becoming 

clear that many oncogenic and tumor suppressor networks converge on mitochondria and alter cellular 

metabolism to support excessive tumor cell proliferation. 

Interestingly, recent studies have revealed that hyper-activated oncogenic pathways act as potent signals 

to remodel mitochondrial dynamics during tumorigenesis (Trotta & Chipuk, 2017). According to the close 

link between mitochondrial function and morphology, oncogene-mediated metabolic reprogramming will 

induce changes in mitochondrial architecture to support changing metabolism. For example, B-RAFV600E-

driven melanoma cells contain fragmented mitochondria in line with increased glycolytic metabolism 

(Serasinghe et al., 2015) (Ferretta et al., 2016). Furthermore, changes in the expression of mitochondrial 

dynamics that promote mitochondrial fission have been discovered in many cancer patient samples. 

Indeed, lower Mfn2 expression is observed in breast cancer (Xu et al., 2017), lung cancer (Rehman et al., 

2012), or hepatocellular carcinoma (Wu et al., 2016). These cases also correlated with increased Drp1 

levels, suggesting that a fragmented mitochondrial network is essential to many tumors (Zhao et al., 2013) 

(Rehman et al., 2012) (Li et al., 2017). 

Many tumors exhibit an upregulation of the mitogen activated protein kinase (MAPK) pathway, of which 

ERK1/2 has been described to directly promote Drp1 phosphorylation at the S616 site (Serasinghe et al., 
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2015) (Kashatus et al., 2015). Consequently, this elicits Drp1 GTPase activation and mitochondrial 

fragmentation. Accordingly, Drp1 phospho-S616 levels are enhanced in human pancreatic cancer 

(Kashatus et al., 2015) and brain tumor initiating cells (Xie et al., 2015). Interestingly, human lung cancer 

cell lines A549 and H1993 were characterized by increased S616 phosphorylation and reduced S637 

phosphorylation, in agreement with excessive mitochondrial fission (Rehman et al., 2012). Of note, 

restoring mitochondrial fusion in these cell lines by overexpression of Mfn2 or Drp1 inhibition, resulted in 

a marked reduction of cancer cell proliferation and an increase in spontaneous apoptosis (Rehman et al., 

2012). The requirement for Drp1 by MAPK-driven tumorigenesis can be related to the metabolic 

reprogramming that is needed by the cancer cells during transformation. In line with this, Drp1-mediated 

fragmentation results in decreased OXPHOS, forcing cellular metabolism towards glycolysis (Serasinghe 

et al., 2015). Furthermore, Drp1 phosphorylation at S616 promotes mitochondrial division and 

segregation in rapidly proliferating cells, and is required for tumor growth (Kashatus et al., 2015). 

Altogether, these observations place Drp1 as a potential therapeutic target for cancer treatments. 

Two additional signaling pathways have also been described to directly impact mitochondrial dynamics. 

On the one hand, the PI3K-AKT signaling is hyper-activated in many solid tumors with loss of the PI3K 

inhibitor PTEN (Yang et al., 2019). Tumors with constitutive activation of the PI3K-AKT pathway increase 

glucose uptake to fuel glycolysis which then triggers mitochondrial fragmentation (Tondera et al., 2004) 

(Kim et al., 2016) (Nagdas & Kashatus, 2017). On the other hand, MYC signaling is an activator of 

mitochondrial biogenesis by upregulating PGC1β expression, thus coupling increased mitochondrial mass 

with rapid cell proliferation and suggesting a link with mitochondrial dynamics. For example, MYC 

signaling in triple-negative breast cancer cells induces mitochondrial fusion via phospholipase D Family 

member 6 (PLD6 also known as mitoPLD), which localizes at the outer mitochondrial membrane and 

facilitates the cleavage of cardiolipin to phosphatidic acid (von Eyss et al., 2015) (Huang et al., 2011). Some 

observations suggest that Drp1 GTPase activity is blocked following the interaction with phosphatidic acid 

and mitoPLD (Adachi et al., 2016), potentially explaining how MYC is able to couple lipid metabolism and 

mitochondrial dynamics. 

The fact that these signaling pathways result in different mitochondrial phenotypes might be due to their 

mechanistic differences (Figure 1.8) (Trotta & Chipuk, 2017). On the one hand, MYC acts downstream to 

regulate gene expression, which culminates in the upregulation of the metabolic capacity of cancer cells 

to support rapid proliferation, and this is coupled to mitochondrial fusion. On the other hand, MAPK 

regulates upstream protein activity by integrating plasma membrane receptor signals with multiple 
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subsequent kinase effector proteins, including ERK-mediated activation of Drp1 to promote mitochondrial 

fission.  

Thus, mitochondrial plasticity in response to specific oncogenic stresses might be dependent on the cell 

type, tissue affected or stimuli in action. Understanding how these signaling pathways differentially 

influence mitochondrial shape and the mechanism that couples mitochondrial dynamics to other 

carcinogenic events (i.e. tumor microenvironment, metastasis, etc.) will be an exciting field for the 

development of cancer therapies. 

 

Figure 1.8. Role of mitochondrial dynamics in cancer. 

Three different signaling pathways directly modulate mitochondrial dynamics: MAPK, PI3K and MYC signaling, 

respectively. Activation of ERK1/2 in the MAPK signaling pathway results in Drp1 phosphorylation at S616, leading 

to increased mitochondrial fission. Hyperactivation of the oncogenic PI3K signaling occurs upon loss or silencing of 

the PI3K inhibitor PTEN. Then, constitutive PI3K signaling leads to mTORC1 activation via AKT to inhibit autophagy 

and fragments the mitochondrial network. Oncogenic signaling that fragments mitochondria increases glucose 

uptake and decreases OXPHOS, which leads to a metabolic switch to glycolysis. Contrarily, oncogenic MYC promotes 

the expression of pro-fusion and mitochondria biogenesis proteins. Fused mitochondria, in turn, have increased 

oxidative metabolism and ATP production. 
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1.8 Goals of the project 

While it is clear that mitochondrial dynamics critically influence mitochondrial quality control and 

metabolic adaptation, most of our knowledge on this area comes from genetic strategies ablating one or 

more components of the mitochondrial dynamics machinery. These approaches fail to accurately reflect 

the complex interplay between regulatory mechanisms and physiological responses at the organism level. 

Moreover, the key components in mitochondrial dynamics are regulated by post-translational 

modifications. In particular, Drp1 phosphorylation at S600 and S579 determines its activity and 

recruitment to mitochondria to perform fission. Yet the interrelation between these phosphorylation sites 

and their physiological impact remain unclear. Given that altered mitochondrial architectures can be at 

the root of multiple metabolic complications, including obesity and T2DM, understanding the acute 

regulation of Drp1 fission activity through phosphorylation would provide new avenues to tackle diseased 

states.  

Therefore, the main goal of this research project was to study the role of Drp1 phosphorylation on 

metabolic and transcriptional pathways. This can be subdivided as follows: 

✓ Understanding the crosstalk between the two main phosphorylation sites of Drp1 in cultured cells 

and mouse tissues. 

✓ Defining how the Drp1 phosphorylation crosstalk modulates the change in mitochondrial shapes. 

✓ Evaluating how the defective phosphorylation at Drp1 S600 impacts the sensitivity to develop 

metabolic disease by characterizing the Drp1 S600A knock-in (KI) mouse model. 

✓ Exploring how mitochondrial dynamics could directly influence human disease in tumorigenesis 

by means of a model of epithelial-mesenchymal transition (EMT) in cultured cells. 
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 Drp1 phosphorylation pattern in mammalian cells 

and mouse tissues 

 

Drp1 activity and recruitment to mitochondria is mediated by post-translational modifications, of which 

Drp1 phosphorylations have gained most research interest. While the role of the Drp1 phosphorylation at 

S579 is quite consistent in promoting translocation to mitochondria and mitochondrial fragmentation, the 

functional readout of the S600 phosphorylation on Drp1 activity remains controversial. In this Chapter, 

we aimed to investigate Drp1 phosphorylations in our culture cell system, as well as having some first 

insights into the relationship between Drp1 P-S579 and Drp1 P-S600 in mouse tissues. 

2.1 Drp1 phosphorylation landscape in cultured cells 

An initial caveat that we encountered when working on Drp1 phosphorylations was the quality of 

commercially available antibodies, which poorly detected endogenous Drp1 phosphorylation levels. In our 

hands, commercial antibodies only detected changes in S600 phosphorylation if Drp1 was overexpressed, 

but not at endogenous levels (M. Joffraud and C. Canto, personal observations). For this reason, we 

generated homemade rabbit polyclonal antibodies (provided by YenZym®) for total Drp1, as well as for 

the Drp1 phospho-Ser600 and Drp1 phospho-Ser579 sites, respectively (see Methods section for more 

information on antibody generation).  

We first validated the two antibodies provided by YenZym® for total Drp1, and compared them against 

the Drp1 commercial antibody from Cell Signaling Technology® (CST). For this, we used mouse embryonic 

fibroblasts (MEFs) either from WT mice or from Drp1KO mice. This model also allows us to reintroduce 

Drp1 forms in the KO MEFs through regular transfection methods. In WT MEFs, total Drp1 was well 

detected by the three antibodies. As expected, we did not observe any signal in Drp1KO MEFs transfected 

with pcDNA3 (empty vector, EV) (Figure 2.1A). Drp1 expression was greatly intensified in Drp1KO MEFs 

overexpressing a FLAG-tagged wild-type (WT) Drp1 vector, and the detection was also comparable 

between the commercial and homemade antibodies (Figure 2.1A). Therefore, we next validated these 
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antibodies in mouse tissues. Drp1 bands displayed weaker intensity with the commercial and Drp1 (A) 

antibodies in brown adipose tissue (BAT) from control mice, as compared to the Drp1 (B) antibody, which 

showed a strong signal for the same blot exposition time (Figure 2.1A). We thus selected the Drp1 total 

(B) homemade antibody for further analyses.  

Drp1 activity can be modulated by increasing intracellular cAMP levels, leading to the activation of the 

cAMP-dependent Protein Kinase A (PKA) and the consequent phosphorylation of Drp1 at the S600 site. 

Thus, we used this paradigm to analyze Drp1 S600 phosphorylation in two different cell culture models. 

We first made use of 3T3 fibroblasts, as they are easy to manipulate and transfect (Figure 2.1B). We 

transfected 3T3 cells with either Drp1 WT or with a S600A phospho-null mutant plasmid (Drp1 S600A), 

both of which were YFP-tagged. Both forms were equally expressed, as validated by the homogenous 

levels of total Drp1 detected at ~100 kDa (Figure 2.1B). Regardless, we could also observe endogenous 

total Drp1 bands at 75 kDa. When pcDNA3-transfected fibroblasts (empty vector, EV) were treated with 

Forskolin (Fsk; an activator of the adenylyl cyclase enzyme, leading to increased cAMP production), we 

could observe an increase in the endogenous Drp1 P-S600 form (~75 kDa). Moreover, Fsk treatment 

increased the Drp1 P-S600 signal on cells transfected with the Drp1 WT form, but not with the Drp1 S600A 

mutant, testifying for the specificity of our homemade antibody (Figure 2.1B). However, we could also see 

a spectrum of non-specific bands, ranging from 75 to 100 kDa.  

In order to evaluate the specificity of this signal to Drp1, we used a second cell culture model with the 

Drp1KO MEFs. As expected, Drp1KO MEFs do not display endogenous Drp1 protein (EV-transfected KO 

MEFs), while the WT and S600A forms can be expressed and detected (Figure 2.1C). Thus, we took 

advantage of this system to validate the two antibodies provided by YenZym® against the Drp1 Ser600 

phosphorylation (A, B). When cells were treated with Fsk, we could see an increase in Drp1 P-S600 levels 

only in Drp1KO MEFs overexpressing the Drp1 WT form, as opposed to the cells expressing the Drp1 S600A 

phospho-null plasmid. We concluded that the Drp1 P-S600 (A) antibody gave us increased band 

resolution, decreased background and non-specific bands, thus we selected this antibody for further 

analysis. Moreover, the Drp1 P-S600 (A) antibody could also detect some levels of endogenous Drp1 S600 

activation in the Drp1 WT MEFs, which was not the case with the Drp1 P-S600 (B) antibody. Interestingly, 

when the cells were treated with Fsk, a decrease in the S579 phosphorylation was observed in Drp1 WT 

overexpressing cells, and this reduction was further exacerbated with the Drp1 S600A form (Figure 2.1C). 

Therefore, this suggests that Fsk treatment leads to an opposing phosphorylation pattern on S600 and 

S579 in MEF cells. 
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Finally, we validated the homemade Drp1 phospho-S579 antibodies. In this case, 3T3 and Drp1KO MEFs 

were transfected with the FLAG-tagged Drp1 WT form and treated with Fsk, after which Drp1 P-S579 levels 

were analyzed with the commercial (CST) or with the two homemade antibodies (A, B) (Figure 2.1D). Drp1 

P-S579 (A) antibody demonstrated a comparable signal level to that of the commercial antibody in 

cultured cells and in mouse control BAT treated with vehicle or with the cAMP inducer in BAT, CL316,243 

(Figure 2.1D). However, the Drp1 P-S579 (B) form displayed non-specific bands in cell culture and an 

increased background signal in mouse BAT (Figure 2.1D). Therefore, we selected the Drp1 P-S579 (A) 

homemade antibody for the following experiments as it displays a signal ratio comparable to the 

commercial antibody in both cultured cell lines and mouse tissues.  

2.2 Drp1 phosphorylation at S579 is independent to ERK activation 

We next wondered why the phosphorylation of S600 could downregulate S579 in the cell models we 

tested. The mitogen-activated protein kinase (MAPK) pathway has been previously documented to 

promote mitochondrial fragmentation through the direct phosphorylation of Drp1 at the Ser579 site by 

ERK1/2 in samples characterized by increased cell proliferation, such as tumours and cells derived from 

cancer patients (Kashatus et al., 2015). Moreover, PKA activation can prompt ERK inhibition though the 

uncoupling of Raf1 from Ras signaling, either through the direct blocking of Raf1 by PKA or by the GTPase 

Rap1 (Schmitt & Stork, 2002) (Guerrero et al., 2002) (Figure 2.2A). Based on this, cAMP induction, for 

instance by Forskolin, would lead to PKA activation and Drp1 S600 phosphorylation while inhibiting the 

Raf-1/ERK axis and decreasing Drp1 P-S579 levels (Figure 2.2A). Indeed, this mechanism would explain the 

inversely proportional phosphorylation levels in our mouse fibroblast model. 

To evaluate this hypothesis, we transfected Drp1KO MEFs with the Drp1 WT vector to recover the protein 

expression, and then the transfected cells were treated with H89, a PKA inhibitor. Thus, if the model is 

correct, the addition of H89 would result in the increased phosphorylation of both ERK1/2 and Drp1 S579 

(Figure 2.2A). When the Drp1 WT overexpressing MEFs were treated with Fsk, we could again observe the 

negative correlation between Drp1 P-S600 and P-S579 (Figure 2.2B). In this condition, there were no 

visible changes in the phosphorylation of ERK. When these cells were pre-treated with H89, Fsk action on 

Drp1 P-S600 levels was completely blocked, which correlates with PKA inhibition. Upon PKA inhibition, a 

slight but significant increase in P-ERK1/2 could be detected in cells transfected with the Drp1 WT form 

(Figure 2.2B and Figure 2.2C), in line with the model proposed by Guerrero et al. (2002). Despite the 

increase of phosphorylated ERK in Drp1 WT overexpressing KO MEFs, the blockage of PKA signaling did 
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not increase Drp1 P-S579 levels (Figure 2.2B and Figure 2.2C). These results suggest that PKA activity leads 

to ERK blockage, and that Drp1 S579 phosphorylation in our model is not dramatically influenced by ERK 

activation.  

2.3 Drp1 P-S579 and P-S600 occur simultaneously in mouse tissues 

The potential crosstalk between Drp1 phosphorylation sites has never been explored in animal models. 

Hence, our next goal was to analyse Drp1 phosphorylation in mouse tissues, and evaluate whether they 

reflected the negative co-regulation between S600 and S579 phosphorylations observed in cultured cell 

lines. To evaluate the impact of PKA activation on Drp1 S600 phosphorylation in mouse tissues, we treated 

WT mice with the adrenergic β3-selective agonist CL316,243 (CL). This led to an increase in Drp1 P-S600 

in BAT which, strikingly, was accompanied by an increase in Drp1 S579 phosphorylation (Figure 2.3A). To 

rule out tissue-specific effects, we also analysed the response to PKA activation in other tissues. For this, 

we treated control mice with glucagon and isoproterenol, in order to promote Drp1 P-S600 in liver and 

muscle, respectively (Figure 2.3A). The results in these two additional tissues corroborated that cAMP 

induction triggered the phosphorylation of both S600 and S579 (Figure 2.3A). Therefore, Drp1 S600 and 

Drp1 S579 occur in parallel upon PKA activation in mouse tissues, which contradicts the observations in 

cultured cells.  

To further document the different Drp1 phosphorylation landscape between cultured cells and mouse 

tissues, we performed a time-course experiment where we analysed Drp1 phosphorylation status upon 

CL treatment in cultured brown adipocytes (Appendix 1A) as compared to the response in BAT from WT 

mice (Appendix 1B). Interestingly, the results in vitro suggest that P-S579 levels decrease rapidly after 

treatment, while the increase in P-S600 is more persistent with time. Contrarily, the increase in Drp1 P-

S600 and P-S579 levels occurred simultaneously in vivo. These observations further support the 

discrepancy between cultured immortalized cell models and the paradigm in mouse tissues. 

We next aimed to modulate Drp1 phosphorylation through a physiological challenge, which could 

complement the results obtained in the previous pharmacological treatment with cAMP inducers in mice. 

Prolonged fasting times (>24h) induce the increase of cAMP levels in muscle (Lavine et al., 1975) and lead 

to Drp1-mediated mitochondrial fission and muscle atrophy in mice (Romanello et al., 2010). Thus, we 

exposed WT mice to a fasting/refeeding challenge by fasting mice for 24 h and then refeeding a subgroup 

for 6 h. Our results in muscle illustrated a significant increase in Drp1 P-S600 levels in fasted mice, as 

compared to the refed group (Figure 2.3B). As it also occurred for the pharmacological challenge, 
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increased Drp1 P-S600 was correlated to upregulated Drp1 P-S579 levels in the muscle from fasted mice 

(Figure 2.3B). 

We also analysed the Drp1 phosphorylation landscape on a second physiological challenge, for which we 

used the response of the BAT to cold temperatures. In this paradigm, we exposed WT mice to a cold 

challenge for 4 h, and compared the Drp1 S579 and S600 phosphorylation levels to those of control mice 

habituated to normal housing conditions (room temperature, RT, 22°C). In line with the results from 

Wikstrom et al. (2014), we observed higher Drp1 P-S600 levels in the BAT from cold-exposed mice. Similar 

to the fasting/refeeding challenge, the increase in Drp1 S600 phosphorylation was correlated to the 

upregulation in Drp1 P-S579 levels in the BAT samples from cold-exposed mice (Figure 2.3C). 

2.4 Conclusions 

Overall, this Chapter describes the differential expression of Drp1 phosphorylation at the Ser579 and 

Ser600 sites in cell culture lines compared to mouse tissues. Contrary to what is observed in cultured cell 

lines, we describe for the first time that P-S600 and P-S579 occur simultaneously in mouse tissues upon 

pharmacological and physiological challenges. This emphasizes a critical point in mitochondrial research, 

which is the contradictory results sometimes gathered between in vitro and in vivo settings. 

In the next Chapter, we will further investigate the crosstalk between Drp1 phosphorylations by means of 

Drp1 phospho-mutant forms that mimic the activation of the Drp1 phospho-sites in the absence of cAMP 

stimulation. 
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Figure 2.1 

 

 

Figure 2.1. Drp1 phosphorylation pattern on cultured cells. 

(A) Validation of homemade total Drp1 antibodies in a cell culture system and in mouse brown adipose tissue (BAT). 

Drp1KO MEFs were transfected with empty vector (pcDNA3, EV) or with a Flag- tagged Drp1 WT form (WT), and total 

Drp1 protein levels were evaluated alongside the endogenous Drp1 from WT MEFs. Further, Drp1 protein levels 

were measured from BAT of control mice. In both settings, Western Blot analysis compared the detection of total 

Drp1 with either the commercial antibody from Cell Signaling Technology (CST) or two different homemade 

antibodies (A and B). (B) 3T3 cells were transfected with a control vector (pcDNA3, EV), an YFP-tagged WT Drp1 form 

(Drp1 WT - YFP) or an YFP-tagged S600A Drp1 mutant form (Drp1 S600A - YFP). Then, 48 h later, cells were treated 

with DMSO (-) or Forskolin (20 M; +) for 2 h after which protein extracts were obtained. Drp1 total protein was 

analyzed with our homemade antibody, while the Drp1 S600 phosphorylation was measured with one of our 

homemade antibodies (A). (C) Validation of homemade Drp1 P-S600 antibodies in an overexpression system. Drp1KO 

MEFs were transfected with pcDNA3, Drp1 WT-YFP or Drp1 S600A-YFP. Then, cells were treated and processed as in 

(B). Endogenous Drp1 molecular weight is 75 kDa, while the recombinant Drp1-YFP is 100 kDa approximately. Drp1 

P-S600 levels were evaluated with two different homemade antibodies (A and B). Total Drp1 was detected with our 

homemade antibody, while the Drp1 P-S579 antibody was from CST. (D) Validation of homemade Drp1 P-S579 
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antibodies in a cell culture system and in mouse brown adipose tissue (BAT). 3T3 or Drp1KO cells were both 

transfected with a Flag-tagged Drp1 WT plasmid and, after 48 h, cells were treated with DMSO (Veh) or Forskolin 

(Fsk) for 2 h. Also, control C57Bl/6NTac male mice were intraperitoneally injected with either saline (vehicle, Veh) 

or CL316,243 (CL, 1mg/kg) for 1 hour, and then BAT was collected and snap frozen. In both settings, protein extracts 

were obtained to evaluate Drp1 P-S579 levels with two different homemade antibodies (A and B) as compared to 

the commercial antibody from Cell Signaling Technology (CST).  
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Figure 2.2 

 

Figure 2.2. Drp1 S579 phosphorylation occurs independently of ERK. 

 (A) Scheme representing the crosstalk between the cAMP and MAPK pathways (adapted from Guerrero et al. 

(2002)). (B) Drp1KO MEFs were transfected with either empty vector (EV, pcDNA3) or with a YFP-tagged Drp1 WT 

plasmid. For the inhibition of PKA, cells were pre-treated with 100 µM H89 (1h) prior to the addition of Forskolin. 

Otherwise, cells were treated with DMSO as a control or 20 µM Forskolin (Fsk) (2h). Then, total protein extracts were 

obtained to evaluate the indicated markers. Drp1 WT MEFs were also analyzed as a measure of endogenous protein 

levels. Quantifications are shown in (C) for the P-ERK and Drp1 P-S579 levels, respectively, corresponding to the Drp1 

WT-YFP transfected KO MEFs. All values are presented as mean ± SEM. *p < 0.05 (two‐tailed Student's t‐test) 

statistically significant differences between the indicated groups. 
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Figure 2.3 

 

Figure 2.3. Drp1 phosphorylation at S600 and S579 occur simultaneously in mouse tissues. 

(A) Control C57Bl/6NTac male mice were intraperitoneally injected with either saline (as vehicle), CL316,243 

(1mg/kg; 1 hour), glucagon (1mg/kg; 15 minutes) or isoproterenol (10 mg/kg; 15 minutes) in three different 

experiments (n= 3 mice per condition). Then, tissues were extracted and snap frozen to evaluate Drp1 

phosphorylation levels. (B) Control C57Bl/6NTac male mice were single housed at 9 am and fasted for 24 h. 

Afterwards, half of these mice were sacrificed (fasted) and some were given back food for 6 h (refed) before sacrifice. 

Then, muscle (quadriceps) was collected and snap frozen to analyse Drp1 phosphorylation levels (n= 3 mice per 

condition). (C) Control C57Bl/6NTac male mice were subjected to a cold challenge for 4 h (6°C; Cold). Then, BAT was 

collected and snap frozen to evaluate the markers indicated. These samples were compared to BAT of control WT 



Chapter 2 

 

46 
 

mice regularly housed at normal room temperature (22°C; RT) (n = 4 mice per condition). All values are presented 

as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, (two tailed Student's t‐test) statistically significant differences 

between the indicated groups. 
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 Drp1 S600 phosphorylation boosts S579 activation to 

promote mitochondrial fragmentation 

 

In this Chapter, we generated and characterized Drp1 phospho-mimetic plasmids, containing point 

mutations in the Serine 579 and Serine 600 residues. For instance, a Serine to Alanine (A) mutation 

prevents the site from activation and thus mimics a constitutive dephosphorylation. Conversely, a Serine 

to Glutamate (E) or Aspartate (D) mutation imitates the phosphorylation of the residue, in which case the 

site will be “activated” in the absence of stimuli. We thus aimed to simulate the previous paradigm 

observed in mouse tissues by inducing S600 activation and analyzing whether S579 phosphorylation could 

occur independently of PKA. Moreover, we used similar phospho-mutant plasmids attached to the 

fluorescent photoactivable mtDsRED tag to evaluate the impact on mitochondrial morphology. 

3.1 P-S600 protects against Drp1 S579 dephosphorylation 

Given that S579 does not meet the consensus sequence to be a direct PKA target and is not 

phosphorylated by PKA in in vitro assays (Chang & Blackstone, 2007) (Chang & Blackstone, 2010), we 

aimed to understand how S579 phosphorylation is influenced by PKA stimulation. We initially wanted to 

test whether the increase in S579 phosphorylation was due to the activation of a kinase from the PKA 

signaling pathway or, alternatively, to the fact that S600 phosphorylation could alter the conformation of 

the Drp1 protein favoring the interaction with enzymes regulating S579 phosphorylation. For this, we 

transfected Drp1 knock-out (KO) mouse embryonic fibroblasts (MEFs) with plasmids encoding for either 

a WT Drp1 form, a S600 phospho-null form (S600A) or a S600 phospho-mimetic form (S600E), and then 

analyzed P-S579 levels. In line with the observations in mouse tissues, the Drp1 phospho-mimetic S600E 

form resulted in increased Drp1 S579 phosphorylation levels compared to the WT or phospho-null forms 

(Figure 3.1A). The increase in Drp1 P-S579 in cells overexpressing the Drp1 S600E form, however, was not 

related to altered Cdk1 activity, since markers such as P-Cdk1 or the phosphorylation of the 

retinoblastoma (Rb) protein, a canonical Cdk1 substrate, were unaltered in Drp1 S600E transfected cells 



Chapter 3 

 

48 
 

(Figure 3.1B). Similarly, we also observed increased Drp1 P-S579 levels when an alternative phospho-

mimetic form, S600D, was used (Figure 3.1C and Figure 3.1D). Interestingly, we did not observe any 

significant change in Drp1 P-S600 levels when using a phospho-mimetic form of Drp1 S579 (Drp1 S579E 

and Drp1 S579D) (Figure 3.1E). This indicates that Drp1 S600 phosphorylation promotes the 

phosphorylation of S579, but not vice versa.  

Next, we evaluated how the S600E-induced phosphorylation of S579 was influenced by the activity of 

putative kinases for the S579 site, particularly CDKs and ERK. For this, we initially tested the effectiveness 

of a panel of CDK inhibitors (RO336 and Roscovitine) and ERK inhibitors (PD98059 and PD0325901) and 

analyzed whether there was a response in S579 activation (Figure 3.2). RO336 did not manage to inhibit 

Cdk1 activation after the effective 6 h of treatment (Figure 3.2A). On the other hand, both ERK-specific 

MAPK inhibitors reduced ERK activation, though with no apparent signs of Drp1 P-S579 impairment 

(Figure 3.2B). This again suggests that ERK is not directly involved in Drp1 S579 phosphorylation in our 

system. Roscovitine, a small molecule that arrests the cell cycle of treated cells through direct competition 

at the ATP-binding site of CDKs, was the most effective at inhibiting Cdk1. Indeed, Roscovitine led to a 

large reduction not only in the activation of canonical targets, such as Cdk1 and Rb, but also of Drp1 S579 

phosphorylation (Figure 3.2A).  

Therefore, we next used Roscovitine for a time-course experiment and evaluated P-S579 response upon 

S600 dephosphorylation (S600A) or constitutive activation (S600E). Drp1KO MEF cells transfected with 

Drp1 S600A and treated with Roscovitine displayed a marked decrease in Drp1 S579 phosphorylation 

(Figure 3.1F). In contrast, Drp1 P-S579 levels were highly sustained when Drp1KO cells were transfected 

with Drp1 S600E (Figure 3.1F). Importantly, P-Cdk1 and P-Rb levels decreased to a similar extent after 

Roscovitine treatment in both S600A and S600E transfected cells, indicating that the S600E form did not 

alter the inhibitory effect of the drug on CDK activity. These results suggest that Drp1 S600 

phosphorylation protects against S579 dephosphorylation. 

3.2 Both S579 and S600 phosphorylations are required to trigger 

mitochondrial fission 

Given the conflicting views in the literature on the role of Drp1 phosphorylations on mitochondrial fission, 

we aimed to determine the impact of the Drp1 S600 and S579 phosphorylations on mitochondrial 

morphology in our experimental setting. For this, we performed imaging analysis of the Drp1KO MEFs 

expressing bicistronically mtDsRed and either Drp1 WT or phospho-mutant forms. Drp1KO MEFs 
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expressing the control Drp1 WT-mtDSRED plasmid displayed an intermediate mitochondrial morphology, 

suggesting the recovery of a regulated balance in the fission and fusion states (Figure 3.3). We observed 

increased mitochondrial fragmentation when expressing Drp1 S600E-mtDsRED (Figure 3.3A and Figure 

3.3C). The expression of the double phospho-mimetic Drp1 S600E/S579E increased mitochondrial 

fragmentation to a similar extent to that observed in cells expressing the S600E-mtDsRED form (Figure 

3.3A and Figure 3.3C). Of note, the Drp1 S579E-mtDSRED form also led to mitochondrial fragmentation, 

although to a lesser extent to that observed with the Drp1 S600E and Drp1 S600E/S579E forms (Figure 

3.3A and Figure 3.3C). 

Given that the phosphorylation at Drp1 S600 triggers S579 activation, we aimed to elucidate whether 

S600 phosphorylation could promote mitochondrial fragmentation independently of the S579 site. For 

that, we generated a plasmid encoding for a Drp1 S600E/S579A-mtDsRED form. Contrarily to the marked 

mitochondrial fission observed with the S600E and S600E/S579E plasmids, respectively, we observed a 

rather predominant mitochondrial tubulation for the Drp1KO cells expressing the S600E/S579A-mtDsRED 

plasmid (Figure 3.3B and Figure 3.3D). Similarly, we also observed mitochondrial elongation for cells 

expressing the single mutated S579A and S600A plasmids (Figure 3.3B and Figure 3.3D).  

Since starvation has been demonstrated to promote mitochondrial elongation in cultured cells, we finally 

assessed whether the phosphorylation of S600 and/or S579 residues is critical for the effects of fasting. In 

line with previous research (Gomes et al., 2011) (Rambold et al., 2011), cells expressing the Drp1 WT-

mtDsRED form presented higher mitochondrial elongation when shifted to starvation media (HBSS) 

(Figure 3.4A and Figure 3.4B). Cells expressing Drp1 S600E or Drp1 S600E/S579E forms also underwent 

mitochondrial elongation when cultured on starvation media, but to a lesser degree than cells transfected 

with Drp1 WT (Figure 3.4A and Figure 3.4B). In contrast, the Drp1 S579E-mtDSRED cells did show 

comparable percentages of elongated mitochondria to those observed in cells expressing the Drp1 WT 

form (Figure 3.4A and Figure 3.4B). These results indicate that Drp1 phosphorylation at either S600 or 

S579 cannot fully oppose fasting-induced mitochondrial fusion. 

3.3 Conclusions 

Overall, these results suggest that the phosphorylation of Drp1 S600 is an upstream event for the 

activation at S579. Inhibiting Cdk1 activity by impairing the cell cycle led to different outcomes on Drp1 

S579 phosphorylation depending on whether the S600 was activated or inactivated. In this way, Drp1 S600 

constitutive phosphorylation in the Drp1 S600E phospho-mimetic plasmid protected against Drp1 S579 
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dephosphorylation. The double Drp1 phosphorylation event that we observed in our cell culture system, 

as well as in mouse tissues, serves to promote mitochondrial fission. Testified by the imaging analysis of 

the double phospho-mutant Drp1 S600E/S579A plasmid, the activation of the S600 site is not sufficient to 

induce mitochondrial fragmentation and thus, promotes the phosphorylation of the Drp1 S579 residue, 

which is the ultimate effector of mitochondrial fission. Therefore, our observations indicate that maximal 

Drp1-related mitochondrial fission activity is only achieved when the two residues are phosphorylated. 
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Figure 3.1 

 

Figure 3.1. Drp1 S600 phosphorylation protects against S579 dephosphorylation. 

(A-B) Drp1KO MEFs were transfected with either WT, S600A or S600E forms of Drp1. After 48 hrs, protein extracts 

were obtained to evaluate Drp1 phosphorylation levels (A) or the cell-cycle markers Cdk1/P-Cdk1 and Rb/P-Rb (B). 

(C) Drp1KO MEFs were transfected with either WT Drp1 or the phospho-mimetic Drp1 S600E and S600D forms. After 

48 hours, total protein extracts were obtained to evaluate Drp1 P-S579 levels. (D) Quantifications for Drp1 P-S579 

normalized by total Drp1 levels from experiment in (C). (E) Drp1KO MEFs were transfected with WT Drp1 or with 

S579A, S579D or S579E mutant forms. Total protein extracts were obtained to evaluate the indicated markers. (F) 

Drp1KO MEFs were transfected with either Drp1 S600A or S600E forms. Then, cells were treated with 60 μM 

Roscovitine for the indicated time-course points and protein samples were collected to examine the indicated 

markers. The percentage of decreased Drp1 P-S579 levels are representative of n = 3 independent experiments. 

*p<0.05, **p<0.01, ***p<0.001, (two tailed Student's t‐test) statistically significant differences between the 

indicated groups. 
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Figure 3.2  

 

 

Figure 3.2. Efficiency of CDK and ERK inhibitors. 

Drp1KO MEFs were transfected with a Flag-tagged Drp1 WT plasmid and, after 48 h, cells were treated with the 

indicated compounds to measure the inhibition of CDKs and ERK, respectively. (A) To analyze CDK inhibition, cells 

were treated with DMSO (vehicle), Roscovitine (Rosc, 40 µM) or RO336 (10 µM) for 6 h. After treatment, protein 

lysates were collected to examine the indicated markers. (B) To analyze ERK inhibition, cells were treated with DMSO 

(vehicle), PD98059 (50 µM) or PD0325901 (1 µM) for 2 h. Then, protein lysates were collected to evaluate the 

indicated markers.  
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Figure 3.3 

 

Figure 3.3. Both S579 and S600 phosphorylations are required for mitochondrial fragmentation. 

Drp1KO MEFs were transfected with the Drp1 S579E, S600E, S600E/S579E phospho-mimetic plasmids (A) or with 

the Drp1 S579A, S600A phospho-null (B) plasmids tagged to mtDsRed. The double mutant S600E/S579A form was 

also evaluated and is presented in (B). After 24h, mitochondrial morphology was measured by live fluorescence 

imaging (scale bar applies to all images: 20 μm). Quantifications are shown in (C) and (D) for the imaging in (A) and 

(B), respectively, as the mean of n=3 independent experiments, counting approximately 50 different cells per 

experiment. Statistically significant difference is indicated vs. the respective fragmented (C) or tubulated (D) WT 

group. All values are presented as mean ± SEM. *p < 0.05, ***p < 0.001, ****p ≤ 0.0001 (two‐tailed Student's t‐test) 

statistically significant differences between the indicated groups. 
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Figure 3.4 

 

Figure 3.4. Starvation shapes mitochondrial morphology differently upon Drp1 phosphorylation. 

(A) Drp1KO MEFs were transfected with the indicated phospho-mimetic plasmids tagged to mtDsRed. After 24h, 

starvation was induced in cells by the incubation with HBSS media for 2 h prior to imaging (scale bar applies to all 

images: 20 μm). Quantifications are shown in (B) for the imaging in (A) as the mean of n=3 independent experiments, 

counting approximately 50 different cells per experiment. Statistically significant difference is indicated vs. the 

respective tubulated WT group. All values are presented as mean ± SEM. *p < 0.05, **p < 0.01 (two‐tailed Student's 

t‐test) statistically significant differences between the indicated groups. 
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 Drp1 S600A KI mice display higher lipid utilization 

and respiratory capacity 

 

Beyond its role as a key regulator of mitochondrial dynamics, Drp1 is also critically important for cellular 

and organismal homeostasis. Since Drp1 function is influenced by phosphorylations, alterations in the 

Drp1 phosphorylation crosstalk might hamper systemic metabolic regulation. Yet, the physiological 

impact and interrelation of Drp1 phosphorylations in vivo remains unknown. In the previous Chapters, we 

have described that phosphorylation at Drp1 S600 acts as an upstream event that determines the 

activation of Drp1 S579. Importantly, the Drp1 S600 phosphorylation site is conserved in all metazoans, 

emphasizing the essential role of this residue on mitochondrial function among species. Based on these 

observations, we decided to generate and characterize a mouse model where the Drp1 S600 site is 

prevented from phosphorylation, the Drp1 S600A knock-in (KI) mouse model. 

We then subjected Drp1 S600A KI mice to a thorough metabolic phenotyping under a control low-fat diet 

to characterize the implications of Drp1 S600 phosphorylation in metabolic and nutrient homeostasis 

under basal conditions. 

4.1 Generation of a Drp1 S600A knock-in mouse model 

To evaluate the regulation and functional consequences of Drp1 phosphorylations in vivo, and based on 

the governance of S600 over S579 phosphorylation, we generated a whole-body Drp1 knock-in (Drp1 KI) 

mutant mouse model harbouring a site-specific serine (S) to alanine (A) mutation at S600. This was 

achieved by developing a targeting vector aimed to place a loxP site flanking exons 17 to 20 of the native 

Dnml1 gene, followed by a duplication containing the desired mutation in Dnm1l exon 18 (Figure 4.1A; 

more information in the methods section). An additional polyadenylation signal (hGHpA; human Growth 

Hormone polyadenylation signal) was inserted between the 3’ UTR and the distal loxP site in order to 

prevent downstream transcription of the duplicated exons 17-20 including the desired mutation (Figure 

4.1A). Upon successful recombination and insertion of the targeting vector in ES cells, these were used to 
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generate the conditional Drp1 KI model.  Finally, the whole-body Drp1 KI mouse was obtained by crossing 

our floxed animals with a Cre-Deleter mouse model (Otto et al., 2009), leading to the deletion of the WT 

exons 17 to 20 and the hGHpA signal, so that the resulted allele encoded for the mutated S600A protein 

(Figure 4.1A). The resulting mice where then bred to remove the expression of the Cre-recombinase.  

The Drp1 KI mice were viable and fertile and showed no developmental abnormalities. Analysis of total 

Drp1 protein levels revealed that the S600A mutation did not lead to changes in total Drp1 protein levels 

in the different tissues examined (Figure 4.1B). Interestingly, we could observe a differential expression 

of Drp1 among tissues, being highly expressed in heart, BAT, skeletal muscle and liver, and with poor 

expression in white adipose tissue and kidney (Figure 4.1B). Differences between tissue-specific Drp1 

isoforms could also be detected. Indeed, the neuron-specific Drp1 isoform 1 exhibits a higher molecular 

weight when analysed by Western Blot, whereas Drp1 isoform 3 is smaller and is ubiquitously expressed 

in tissues including BAT, liver or muscle (Appendix 2). Moreover, the S600 mutation did not alter Drp1 

localization on basal conditions (Figure 4.1C). We also analysed the protein levels in BAT of the other 

proteins involved in mitochondrial dynamics, namely Mfn1, Mfn2 and Opa1, though no differences were 

observed between Drp1 KI and control mice (Figure 4.1D). Complementarily, the protein levels of the 

mitochondrial receptors Mff and Fis1 did not differ between genotypes (Figure 4.1D). Based on the role 

of Drp1 in promoting peroxisomal fission, we analysed the expression levels of the peroxisome markers 

Pex3 and Pex5, which have been previously associated to Drp1 function (Tanaka et al., 2019). However, 

the Drp1 S600A mutation did not alter the protein expression levels of Pex3 and Pex5, indicating that 

peroxisomal biogenesis is overtly affected in the Drp1 KI mice (Figure 4.1D). 

4.2 The Drp1 S600A mutation blunts Drp1 P-S579 levels 

Similar to our previous results, treating control WT mice with the β3-specific adrenergic receptor agonist 

CL316,243 led to increased Drp1 S600 phosphorylation in BAT, and this was linked to an upregulation of 

Drp1 P-S579 levels (Figure 4.2A and Figure 4.2B). However, the phosphorylation of S600 was absolutely 

blunted in the BAT of Drp1 KI mice (Figure 4.2A and Figure 4.2B). Importantly, P-S579 was compromised 

in Drp1 KI mice after CL treatment (Figure 4.2A and Figure 4.2B). In order to discard any tissue-specific 

effects, we also analysed the response to cAMP induction in the liver of our Drp1 KI mice, by treatment 

with glucagon. Similar to BAT, glucagon treatment increased Drp1 P-S600 and Drp1 P-S579 levels in 

control mice, but prevented the phosphorylation at Drp1 S600 in the KI mice (Figure 4.2C and Figure 4.2D). 

This, in turn, significantly decreased the levels of Drp1 P-S579 (Figure 4.2C and Figure 4.2D). Moreover, 
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we also characterized Drp1 phosphorylations in muscle, for which we first selected the muscle type that 

displayed the best response to cAMP induction, by treatment with isoproterenol. To do this, we analysed 

Drp1 total and Drp1 phosphorylation levels in quadriceps, soleus and EDL, from WT mice (Appendix 3A). 

Quadriceps showed higher levels of total Drp1 and a better response to treatment as compared to soleus 

and EDL, thus we selected this tissue for the characterization of the Drp1 KI (Appendix 3A). A similar 

tendency in the Drp1 phosphorylation crosstalk was observed in the Drp1 KI muscle upon cAMP stimuli 

(Appendix 3B and Appendix 3C) as in the case of BAT and liver. Altogether, these observations confirm the 

effectiveness of our knock-in strategy and serves as a complementary proof-of-concept that 

phosphorylation of S600 acts upstream of S579 phosphorylation. 

Based on these results, we also tried to evaluate whether this phosphorylation crosstalk could be 

reproduced in primary cultures from WT and Drp1 KI tissues. Primary cultures from liver (Appendix 4A 

and Appendix 4B), muscle (Appendix 4C) and BAT (Appendix 4D) responded properly to cAMP stimuli. 

However, the results on the Drp1 S579 and S600 phosphorylation interplay were not necessarily aligned 

with those observed in mouse tissues. This suggests once more that in vitro analyses, even in primary 

cultures from mice, do not reflect the in vivo interplay observed physiologically in mouse tissues. Hence, 

we continued using mouse tissues as our main working model. Also, it must be clarified that the analyses 

in primary cultures are very preliminary (n=1 in some cases) and should be further validated with more 

experimental replicates. 

4.3 Drp1 KI mice display a tendency towards mitochondrial elongation 

Since Drp1 phosphorylation influences mitochondrial shape, we next aimed to characterize the impact of 

the Drp1 S600A mutation on mitochondrial architecture in vivo. To address this, we performed electron 

microscopy (EM) analyses on BAT from control and Drp1 KI mice (Figure 4.3A). EM pictures showed an 

increased number of elongated mitochondrial profiles in the Drp1 KI BAT (Figure 4.3A and Figure 4.3B). 

Indeed, mitochondrial length rates were significantly different between genotypes as measured by 

Bonferroni test (****p < 0.0001) (Figure 4.3B). This goes in line with our previous observations in cultured 

cell lines with the Drp1 S600A form, where we also observed increased mitochondrial elongation. 

Nevertheless, the mitochondrial population was heterogeneous and we still identified mitochondria with 

fragmented shapes in the Drp1 KI BAT, suggesting that Drp1 phosphorylation acts as amplification rather 

than a switch for Drp1 fission-related activity. Further, we also performed EM analyses on BAT from 

control mice treated with CL, which showed an increased number of fragmented mitochondria (Appendix 



Chapter 4 

 

58 
 

5A and Appendix 5B). This is consistent with previous publications using primary brown adipocytes, which 

reported that Drp1 S600 phosphorylation triggered mitochondrial fission after norepinephrine treatment 

(Wikstrom et al., 2014).  These observations go in line with the higher mitochondrial elongation observed 

in the BAT of our Drp1 KI mice.  

4.4 Glucose metabolism is not altered in Drp1 KI mice on LFD   

Next, we aimed to characterize the metabolic implications of the Drp1 S600A mutation. Under a normal 

low fat diet (LFD) Drp1 KI mice were physically undistinguishable from the control counterparts in terms 

of body weight (Figure 4.4A) and body composition (Figure 4.4B). The weights of tissues from the Drp1 KI 

mice, such as BAT, liver, WAT (eWAT and scWAT) and heart, were similar to that of control mice (Figure 

4.4C). Furthermore, Drp1 KI mice displayed normal daily activity (Figure 4.4D) and food intake (Figure 

4.4E). Glucose tolerance and insulin responsiveness were also similar between genotypes (Figure 4.4F and 

Figure 4.4G, respectively). 

4.5 Drp1 KI mice on LFD exhibit increased mitochondrial respiration and lipid 

oxidation rates 

Despite these similarities between Drp1 KI mice and wild-type counterparts, we could still identify some 

interesting differences. First, we observed increased mitochondrial respiration in the liver and BAT from 

Drp1 KI mice (Figure 4.5A and Figure 4.5B, respectively), measured by high-resolution respirometry from 

tissue homogenates. Moreover, indirect calorimetry analyses revealed similar VO2 consumption rates 

(Figure 4.5C). However, the respiratory exchange ratio (RER), defined as the ratio between the amount of 

CO2 produced in metabolism and the O2 used, was lower in Drp1 KI mice, particularly during the dark 

phase (Figure 4.5D). An RER close to 0.7 indicates that fat is the predominant fuel source, while a value of 

1.0 is indicative of a preferential use of carbohydrates (Simonson & DeFronzo, 1990). Therefore, our 

observations suggest a preferential use of lipids as a fuel source for the Drp1 KI mice, possibly facilitated 

by a higher mitochondrial respiratory capacity. 

4.6 Conclusions 

Altogether, we generated a Drp1 S600A knock-in mouse model aimed to define the relation between Drp1 

phosphorylations in vivo and their physiological impact in metabolic adaptation. Our data suggest that 

impairment of the upstream Drp1 S600 phosphorylation blunts S579 activation in mouse tissues, which 
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complements our results with the Drp1 phospho-mutant forms in cultured cells. Moreover, our imaging 

analysis from mouse BAT revealed that the absence of Drp1 S600 phosphorylation tilts mitochondrial 

architecture towards a higher elongation.   

We did not observe any significant differences between control and Drp1 KI mice in body weight, body 

composition or glucose homeostasis under a low-fat diet. However, we observed a preferential use of 

lipids as energy source, testified by the indirect calorimetry analyses. Moreover, high-resolution 

respirometry analysis revealed an increased maximal mitochondrial respiration in BAT and liver from the 

Drp1 KI mice. Based on these results, it will be interesting to evaluate whether this phenotype could 

protect Drp1 KI mice when challenged on a fat-based caloric diet.  
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Figure 4.1 

 

Figure 4.1. Generation of the Drp1 KI mouse model. 

(A) Scheme of the Drp1-targeting vector, the locus after insertion, and the Drp1 KI model after CRE recombination. 

hGHpA; human Growth Hormone polyadenylation signal. (B) Tissue samples from wild-type (control) and Drp1 KI 

mice were collected and used to evaluate Drp1 protein levels in the indicated tissues. (C) Mitochondria were isolated 

from BAT of WT and Drp1 KI mice, and then Drp1 localization was analyzed in the cytosolic (CYTO) and mitochondrial 

(MITO) fractions. GAPDH and porin were used as cytosolic and mitochondrial markers, respectively (n = 3 mice per 

genotype). (D) Mitochondrial dynamics (Drp1, Mfn1, Mfn2, Opa1), mitochondrial receptors (Mff and Fis1) and 

peroxisomal proteins (Pex3, Pex5) were analyzed in total homogenates from BAT of WT and Drp1 KI mice (n = 4 mice 

per genotype).  
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Figure 4.2 

 

Figure 4.2. The Drp1 KI mouse model presents impaired S579 phosphorylation. 

(A) WT and Drp1 KI mice were treated with CL316,243 (1 mg/kg) for 1 h before collecting BAT and evaluating the 

protein lysates for Drp1 total and Drp1 phosphorylation levels. (B) Drp1 P-S579 quantifications from the experiments 

in (A) (n=3 per condition) normalized to Drp1 total levels. (C) WT and Drp1 KI mice were fasted for 2 h and then 

treated with glucagon (1 mg/kg) for 15 min before collecting liver and evaluating the protein lysates for Drp1 total 

and Drp1 phosphorylation levels (n=3 mice per condition). (D) Quantifications of Drp1 P-S579 levels normalized to 

total Drp1 from the experiment in (C). Values are presented as mean +/- SEM from 3 mice/group. * and ** indicate 

statistically significant difference at p < 0.05 and p < 0.01, respectively (two‐tailed Student's t‐test). 
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Figure 4.3 

 

Figure 4.3. The Drp1 KI mouse model displays increased mitochondrial elongation. 

(A) Electron microscopy (EM) images from BAT (scale bar: 2 μm) of 10-week old WT and Drp1 KI mice. (B) 

Mitochondrial length was measured, and frequency distributions were calculated from EM images of the experiment 

in (A), corresponding to 20 independent images per BAT sample (n = 4 mice per genotype). Bonferroni test, 

****p<0.0001. All values are presented as mean ± SEM.  

  



Chapter 4 

 

63 
 

Figure 4.4 

 

Figure 4.4. Drp1 KI mice fed on a LFD do not exhibit differences in glucose homeostasis. 

(A-B) Control and Drp1 KI mice fed on a low-fat diet were used to analyze body weight (A) and composition (B) 

through EchoMRI. (C) Tissues from WT and Drp1 KI mice were collected after sacrifice and weighted. (D-E) Total 

activity (D) and food intake (E) were measured during indirect calorimetry tests using a comprehensive laboratory 

animal monitoring system (CLAMS). (F) Intraperitoneal glucose tolerance test (ipGTT) performed on WT and Drp1 KI 

mice fasted for 12 h. Glycemia was measured for the indicated times. (G) Intraperitoneal insulin tolerance test (ipITT) 

performed on WT and Drp1 KI mice fasted for 6h. Insulin (0.5 U/kg) was injected and glycemia was recorded for the 

timepoints indicated. All data are presented as mean +/- SEM of n=12 mice per group. Differences between two 

groups were analyzed using a Student’s two-tailed t-test in (A-E). Linear mixed-effect models were used in (F-G) to 

assess time*group interaction effects, subsequent comparisons were performed with Tukey’s Honest Significant 

Difference post-hoc test.  
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Figure 4.5 

 

Figure 4.5. Drp1 KI mice display higher rates of lipid utilization and mitochondrial respiration. 

(A-B) Respirometry analyses of uncoupled respiration (leak), Complex I respiration (CI), Complex I + Complex II 

respiration (CI + CII), maximal electron transfer system (ETS) capacity, and maximal Complex II driven respiration 

(CII) in liver (A) and BAT (B) homogenates from WT and Drp1 KI mice. (C-D) Total VO2 (C) and RER (D) of WT and Drp1 

KI mice was measured through indirect calorimetry. All data are presented as mean +/- SEM of n=12 mice per group. 

*p < 0.05, **p < 0.01, ***p < 0.001, represent statistically significant differences between the indicated groups. 

Differences between two groups were analyzed using a Student’s two-tailed t-test in (A-B). Linear mixed-effect 

models were used in (C-D) to assess time*group interaction effects, subsequent comparisons were performed with 

Tukey’s Honest Significant Difference post-hoc test. 
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 Drp1 KI mice are protected against high-fat-diet-

induced insulin resistance 

In recent times, the prevalence of obesity has become a major health problem worldwide, reaching 

pandemic proportions. Obesity occurs when dietary energy intake exceeds energy expenditure, often 

propelled by the prevalence of high-caloric diets and the decline in physical activity in industrialized 

societies. One of the main health consequences of obesity is the development of the metabolic syndrome, 

characterized by an occurrence of metabolic disturbances such as glucose intolerance, insulin resistance, 

dyslipidaemia and hypertension. Patients with metabolic syndrome are at higher risk of developing type 

2 diabetes mellitus (T2DM), cardiovascular disease, cancer or non-alcoholic fatty liver disease. Thus, 

there’s a strong interest in developing therapeutic strategies to palliate the metabolic alterations 

associated to obesity. The mouse model of diet-induced obesity has become one of the most important 

tools for understanding the interplay of high-fat Western diets and the development of obesity. Indeed, 

the metabolic abnormalities of C57BL/6 mice fed ad libitum with a high-fat diet closely parallel the human 

metabolic derangements linked to obesity and the metabolic syndrome (Wang & Liao, 2012).  

In this Chapter, we studied how alterations in Drp1 phosphorylation contribute to the onset of obesity 

and insulin resistance, thus establishing a link between mitochondrial dynamics and metabolic disorders. 

For that, we challenged Drp1 KI mice and control littermates on a lard-based, high-fat diet (HFD; 60% fat, 

20% carbohydrate, 20% protein; Research Diets, D12492i) and performed a comprehensive metabolic 

phenotyping. 

5.1 Drp1 KI mice display improved insulin sensitivity 

Given that Drp1 KI mice displayed higher lipid oxidation rates and that lipid accumulation constitutes a 

key driver of metabolic disease, we next aimed to understand how the Drp1 KI mice handled dietary lipid 

overload in the shape of a high-fat diet (HFD). WT and Drp1 KI mice fed a HFD gained similar body weight 

(Figure 5.1A). Food intake (Figure 5.1B) and daily activity (Figure 5.1C) were also similar between 

genotypes, suggesting a similar feeding behavior. Moreover, there were no changes in total energy 
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expenditure (Figure 5.1D). Strikingly, while glucose tolerance was comparable between control and Drp1 

KI mice when fed a low-fat diet (Figure 4.4F), HFD-fed Drp1 KI mice displayed a less pronounced glucose 

excursion compared to control mice upon glucose administration (Figure 5.1E). Plasma insulin levels were 

similar between groups during the glucose tolerance test, suggesting that the higher glucose tolerance 

was not due to increased insulin secretion (Figure 5.1F). Rather, HFD-fed Drp1 KI mice were more 

responsive to insulin, as testified by the insulin tolerance test (Figure 5.1G).  

In line with the better glucose tolerance and insulin sensitivity, Drp1 KI mice displayed lower levels of a 

number of circulating inflammatory markers, including ANGPT-L3, C-Reactive Protein (CRP), ICAM-1 or 

RBP4 (Figure 5.2A), while other hormones, such as leptin, remained unchanged (Figure 5.2B). Of note, 

Fgf21, which has been proposed as a marker of mitochondrial dysfunction (Suomalainen, 2013) (Boutant 

et al., 2017), is also notably reduced in the plasma of Drp1 KI mice (Figure 5.2C). Moreover, plasma 

biochemistry analysis showed that the Drp1 KI mice had increased free fatty acids (FFA), while no 

differences were observed for cholesterol or triglyceride (TG) content (Figure 5.2D). 

We next carried out a series of tests aimed to evaluate tissue-specific function. Since muscle and heart 

are tissues with high-energy demand and high mitochondrial content, it is possible that the Drp1 S600A 

mutations exerts a particular effect leading to changes in tissue performance. To study muscle function, 

we carried out treadmill and grip strength tests. However, we observed no differences in the running 

distance or duration during the treadmill test (Figure 5.2E and Figure 5.2F, respectively) or the four-paw 

grip strength (Figure 5.2G). To evaluate heart function, we performed a non-invasive blood pressure 

(NIBP) test. In this case, we observed no differences in the systolic pressure between Drp1 KI and control 

mice fed a HFD (Figure 5.2H). In line with this, heart tissue weight was similar between genotypes upon 

sacrifice (WT: 170 mg ± 0.019; KI: 180 mg ± 0.021), suggesting that the Drp1 S600A mutation might not 

notably impair heart function. 

5.2 Drp1 KI mice exhibit increased thermogenesis 

Next, we assessed BAT thermogenic function by subjecting mice to a 4 h cold challenge. While no 

differences in core body temperature were observed at baseline (WT: 38.20°C ± 0.12; KI: 38.41°C ± 0.10), 

Drp1 KI mice were better protected against the drop in body temperature throughout the test than WT 

mice (Figure 5.3A), which suggested a higher thermogenic capacity in BAT. In line with this, we observed 

an increase in Ucp1 transcription levels in the BAT of the HFD-fed Drp1 KI mice, while no differences were 

observed in the browning marker Prdm16 (Figure 5.3B). Interestingly, Pgc1α, which is a direct regulator 
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of UCP1-mediated thermogenesis in BAT (Sharma et al., 2014), was also elevated in the Drp1 KI mice 

(Figure 5.3B). As the response to cold-exposure can be influenced by multiple factors, we next aimed to 

assess in a more direct manner BAT thermogenic function in the Drp1 KI mice. For this, we measured 

whole‐body O2 consumption after β3‐adrenergic stimulation in anesthetized mice. While Drp1 KI and 

control littermates showed similar O2 consumption rates at baseline, the increase in O2 consumption 

triggered by the β3‐adrenergic receptor agonist CL326,243 (CL) was higher in the Drp1 KI mice (Figure 

5.3C and Figure 5.3E), further supporting increased BAT thermogenic capacity. When a similar experiment 

was performed after housing the mice for 4 weeks at thermoneutrality (30°C) in order to blunt the 

thermogenic function of the BAT, the differences between genotypes were abrogated (Figure 5.3D and 

Figure 5.3E). Therefore, these observations point out to an improved response to cold exposure of the 

Drp1 KI mice due to the increased thermogenesis of their BAT. 

5.3 Conclusions 

Altogether, we described in this Chapter the impact of the Drp1 S600A mutation in the protection against 

glucose intolerance and insulin resistance associated to metabolic disease, by means of challenging Drp1 

KI mice to a high-fat feeding. Interestingly, the HFD-fed Drp1 KI mice demonstrated improved systemic 

glucose homeostasis, testified by their higher glucose tolerance and insulin sensitivity as compared to the 

HFD-fed control littermates. Thus, these results indicate of a protective effect of the Drp1 S600A mutation 

against the onset of the metabolic syndrome. While there were no apparent differences in heart and 

muscle function in the Drp1 KI mice as compared to the control counterparts, we had some insights from 

the brown adipose tissue function. We observed that HFD-fed Drp1 KI mice displayed an increased 

thermogenic capacity, due to the enhanced adrenergic tone of their BAT. Pointing out in this direction, 

the Drp1 KI mice exhibited increased whole-body O2 consumption after β3‐adrenergic stimulation. When 

these mice were placed at thermoneutrality, which blunts the thermogenic capacity of the BAT, the higher 

O2 consumption of the Drp1 KI animals was completely neutralized. Overall, these results point out 

towards an important role for the BAT in controlling systemic energy homeostasis in the Drp1 KI mice.  

  



Chapter 5 

 

68 
 

Figure 5.1 

 

Figure 5.1. Drp1 KI mice are protected against diet-induced glucose intolerance and insulin resistance. 

(A) Body weight evolution during the HFD-feeding period of Drp1 KI and control mice. (B-D) Food intake (B), total 

activity (C), and energy expenditure (EE) (D) were measured during indirect calorimetry tests using a comprehensive 

laboratory animal monitoring system (CLAMS) on HFD-fed control and Drp1 KI mice. (E) Intraperitoneal glucose 

tolerance test (ipGTT) performed on HFD-fed WT and Drp1 KI mice. Mice were fasted for 12 hours prior to the 

injection of 2 g/kg glucose. (F) Plasma insulin concentration was measured for the indicated times during the glucose 

tolerance test in (E). (G) Intraperitoneal insulin tolerance test (ipITT) performed on HFD-fed WT and Drp1 KI mice 

fasted for 6h. Insulin (1 U/kg) was injected and glycemia was recorded for the timepoints indicated. All values are 

presented as mean ± SEM of, unless otherwise stated, n = 12 mice for each genotype. ** indicate statistically 

significant difference between control (white bars and white circles) and Drp1 KI mice (black bars and black squares) 

at p<0.01. Differences between the two groups were analyzed using a Student’s two-tailed t-test in (B-D). Linear 

mixed-effect models were used in (A) and (E-G) to assess time*group interaction effects, subsequent comparisons 

were performed with Tukey’s Honest Significant Difference post-hoc test. 
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Figure 5.2 

 

Figure 5.2. Muscle and heart performance are not impaired in Drp1 KI mice. 

(A) Plasma levels of the indicated cytokines in HFD-fed WT and Drp1 KI mice after a 12 hour fast. (B-C) Circulating 

leptin (B) and Fgf21 (C) levels in plasma from WT and Drp1 KI mice after a 12 hour fast. (D) Plasma biochemistry of 

HFD-fed Drp1 KI and control mice. Blood samples were collected during sacrifice, after 12 hours of fasting. TG – 

triglycerides, FFA – free fatty acids. (E-G) Muscle performance in WT and Drp1 KI mice was evaluated by carrying out 

a treadmill test and evaluating the running distance (E) and duration (F) before exhaustion, as well as a grip test (G) 

to evaluate muscle strength. (H) Heart function was evaluated by performing a non-invasive blood pressure test and 

measuring systolic heart pressure. All values are presented as mean +/- SEM of, unless otherwise stated, n = 12 mice 

for each genotype. *, ** and *** stand for statistical difference vs. the WT group at p< 0.05, p<0.01 and p<0.001, 

respectively (two tailed Student’s T-test). WT mice are represented as white bars, while Drp1 KI mice are presented 

as black bars. 
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Figure 5.3 

 

Figure 5.3. Drp1 KI mice have increased thermogenic function. 

(A) Thermogenic capacity was evaluated by placing WT and Drp1 KI mice at 6°C and measuring body temperature 

for 4 h. (B) BAT from HFD-fed control and Drp1 KI mice was collected upon sacrifice and mRNA levels were measured 

for the indicated genes. (C) Non‐shivering thermogenesis in HFD-fed WT and Drp1 KI mice kept at regular housing 

temperature (22°C) was evaluated by measuring baseline and CL (1 mg/kg) ‐induced O2 consumption in anesthetized 

mice (n = 10 mice per genotype). Immediately after the experiment in (C), the mice were housed at thermoneutrality 

(30-33°C) for 4 weeks. (D) Then, non‐shivering thermogenesis was measured as in (C). (E) Total O2 consumption at 

22°C and 30°C for HFD-fed WT and Drp1 KI mice. All values are presented as mean ± SEM of, unless otherwise stated, 

n = 12 mice for each genotype. *, ** and *** indicate statistically significant difference between control (white bars 

and white circles) and Drp1 KI mice (black bars and black squares) at p<0.05, p<0.01, p<0.001, respectively (two‐

tailed Student's t‐test). Differences between the two groups were analyzed using a Student’s two-tailed t-test in (B) 

and (E). Linear mixed-effect models were used in (A) and (C-D) to assess time*group interaction effects, subsequent 

comparisons were performed with Tukey’s Honest Significant Difference post-hoc test. 
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 Drp1 KI mice display a unique BAT-specific 

phenotype 

Our previous experiments on mice challenged on a high-fat diet (HFD) indicated an increased thermogenic 

function of the brown adipose tissue (BAT) from the Drp1 KI mice. Contrarily, we did not observe any 

apparent alterations in muscle or heart performance in these mice. Mitochondrial dynamics play a key 

role in maintaining mitochondrial function in the BAT. For instance, a previous study from our lab 

demonstrated that the adipose tissue-specific deletion of the mitochondrial fusion factor Mfn2 greatly 

impaired BAT thermogenic function, while conferring Mfn2-adKO mice protection against HFD-induced 

insulin resistance (Boutant et al., 2017). While we and others have contributed to remarkable insights of 

how Mfn1 or Mfn2 modulates mitochondrial dynamics in BAT function, little is known about the role of 

Drp1 in BAT. 

Mitochondrial function is also influenced by its communication with other cellular organelles, including 

the endoplasmic reticulum (ER), lipid droplets or the lysosomes (Gordaliza-Alaguero et al., 2019). For 

instance, mitochondria physical interaction with the ER has many functional implications, including 

calcium exchange or lipid transfer, but also targets the ER as one of the first sites when mitochondrial 

function is altered (Valera-Alberni & Canto, 2018). The disruption of ER function causes an accumulation 

of misfolded and unfolded proteins in the ER lumen, which triggers the unfolded protein response (UPR). 

In mammals, the UPR is initiated by three ER transmembrane proteins: Inositol-Requiring Enzyme 1 (IRE1), 

PKR-like ER kinase (PERK), and Activating Transcription Factor 6 (ATF6) (Walter & Ron, 2011). During 

unstressed conditions, the ER chaperone, Binding Immunoglobin Protein (BIP) binds to the luminal 

domains of these master regulators keeping them inactive. Upon ER stress, BIP dissociates from these 

sensors resulting in their activation. The activation of the IRE1/PERK/ATF6 UPR signaling pathways 

regulates downstream effectors with the aim of reducing global protein synthesis and increasing the ER 

protein-folding capacity (Walter & Ron, 2011). Because of the close proximity of the ER and mitochondria, 

alterations in mitochondrial function can directly elicit stress responses in the ER, and vice versa. Thus, 
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these stress responses act as quality control mechanisms that not only determine the function and fate 

of the ER and mitochondria, but also define cellular homeostasis. 

In this Chapter, we aimed to further characterize the morphological and functional features of the Drp1 

KI BAT, in parallel to results in white adipose tissue and liver, in order to study patterns of fat utilization 

in these tissues. Moreover, we also evaluated the contribution of the in vivo Drp1 S600A mutation in 

inducing the unfolded protein response by the analysis of ER stress markers. 

6.1 Drp1 KI BAT displays enhanced fatty acid oxidation and mitochondrial 

function 

We first evaluated the morphological features of the BAT from the Drp1 KI mice by histology. H&E staining 

revealed a decrease in the lipid droplet (LD) area in the BAT from the Drp1 KI mice (Figure 6.1A). Indeed, 

almost 40% of the LDs measured in WT samples were large (>1000 µm2), while only 13% of LDs reached 

this size in Drp1 KI mice (Figure 6.1B). In contrast, neither the epididymal white adipose tissue (eWAT) 

(Figure 6.2A) nor the liver (Figure 6.3A) displayed altered lipid deposition, suggesting that this phenotype 

was rather specific to the BAT.  

Next, we explored whether this altered lipid deposition in the BAT was due to variations in either lipogenic 

or lipolytic processes. The lower lipid accumulation in the BAT of Drp1 KI mice was unlikely caused by 

impaired lipogenesis, as the mRNA levels for lipogenic markers were increased in the Drp1 KI mice (Figure 

6.4A). This was the case for sterol regulatory element-binding proteins 1 and 2 (SREBP1c and SREBP2), key 

transcriptional regulators of fatty acids biosynthesis, or the acetyl‐CoA carboxylases 1 and 2 (ACC1 and 

ACC2), enzymes catalyzing the carboxylation of acetyl‐CoA to malonyl‐CoA, the main building block for de 

novo fatty acid synthesis (Figure 6.4A). We additionally evaluated global ACC phosphorylation, a critical 

negative determinant of ACC activity. As suggested by the mRNA data, ACC protein levels were higher in 

Drp1 KI mice by 27%, while ACC phosphorylation was increased by 50% when normalized to total ACC 

levels (Figure 6.4B and Figure 6.4C), although these differences were not statistically significant. This might 

indicate that whereas ACC is upregulated at the transcriptional level, its activity is fine-tuned by different 

post-translational modifications. Despite the fact that alterations in de novo lipogenesis are not seemingly 

the source of the small lipid droplet size in the Drp1 KI BAT, we cannot discard possible changes in other 

lipogenesis processes, such as the direct esterification of fatty acids. 
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We reasoned that the altered lipid handling could be also linked to changes in lipid catabolism. This led us 

to explore possible alterations in fatty acid mobilization and oxidation enzymes. Indeed, fatty acid 

oxidation (FAO) markers, particularly of the carnitine-palmitoyl transferase enzymes CPT1B and CPT2, 

increased at the mRNA level (Figure 6.1C). These differences were specific to the BAT, since the expression 

of FAO-related genes were unchanged between groups in eWAT or liver (Figure 6.2B and Figure 6.3B, 

respectively). Moreover, we performed untargeted metabolomics analyses by liquid chromatography–

mass spectrometry (LC-MS), which identified a marked increase of a family of up to 12 acyl-carnitines in 

the BAT of Drp1 KI mice (Figure 6.1D). Despite the fact that the liver is the most active tissue for 

endogenous carnitine synthesis and metabolism (Simcox et al., 2017), we did not observe any significant 

differences in acyl-carnitines between Drp1 KI and control mice in this tissue (Figure 6.3C). We also 

performed untargeted metabolomics analyses from muscle of the HFD-fed Drp1 KI mice and, as in the 

case of liver, we did not detect any significant changes in the acyl-carnitine levels (Appendix 3D). 

In line with the increase in acyl-carnitines in the BAT, we detected by gas chromatography–mass 

spectrometry (GC-MS) a significant increase of two species of long chain fatty acids in the Drp1 KI mice, 

namely FA(18:1) and FA(18:2) (Figure 6.4D). These observations further suggest an increased lipid 

mobilization in the Drp1 KI BAT. The analysis by GC-MS also uncovered a significant decrease in glutamic 

acid and urea in the BAT from the Drp1 KI mice (Figure 6.4E), possibly indicating alterations in ammonia 

metabolism or an increase in the citric acid cycle in this tissue. The levels of asparagine, which is 

biosynthesized from aspartic acid and ammonia, were upregulated in the Drp1 KI BAT (Figure 6.4E). 

Nevertheless, future experiments will be required to understand the metabolic implications around the 

changes in these metabolites. 

One critical determinant of lipid oxidation is mitochondrial oxidative phosphorylation capacity. Given that 

higher respiration was observed in Drp1 KI tissues on low-fat diet, we next evaluated mitochondrial 

respiratory capacity in HFD-fed Drp1 KI mice. In line with the higher Ucp1 transcription levels (Figure 5.3B), 

uncoupled (leak) respiration was increased in the BAT of the Drp1 KI mice (Figure 6.1E). Coupled 

respiration through either Complex I (CI) or Complex I + Complex II (CI + CII) was also increased in total 

BAT homogenates from the Drp1 KI mice compared to the control mice (Figure 6.1E). Similarly, maximal 

electron transport system (ETS) capacity of the respiratory chain was enhanced (Figure 6.1E). The higher 

mitochondrial respiratory capacity in the BAT of the Drp1 KI mice was not linked to an increase in 

mitochondrial content as evaluated by the quantification of protein levels of the mitochondrial respiratory 

complexes (Figure 6.1F) and mitochondrial DNA (Figure 6.1G). However, intrinsic changes in respiratory 



Chapter 6 

 

74 
 

properties were observed using isolated mitochondria. In particular, state 4 respiration of Complex I, 

triggered by malate and glutamate, was higher in the isolated mitochondria from the Drp1 KI (Figure 6.1H). 

While mitochondrial respiration in the eWAT was similar between genotypes (Figure 6.2C), increased 

mitochondrial respiration was detected in liver homogenates from HFD-fed Drp1 KI mice (Figure 6.3D), 

where lipid content was unaltered (Figure 6.3A). Thus, the maximal mitochondrial respiratory capacity in 

the Drp1 KI tissues is maintained regardless of the diet.  

Overall, we demonstrate that the BAT of the HFD-fed Drp1 KI mice displays specific features that are not 

reproduced in liver or white adipose tissue, and that the lower lipid deposition in the BAT is corelated to 

an increased lipid oxidation and mitochondrial function.  

6.2 Drp1 KI BAT exhibits increased ER stress  

We next aimed to evaluate how these changes impact ER function by analyzing markers of ER stress in the 

Drp1 KI mouse tissues. The unfolded protein response (UPR) in mammals is monitored through the ATF6, 

IRE1 and PERK mechanisms, respectively (Figure 6.5A). Each mechanism regulates a set of downstream 

effectors aimed to promote clearance of unwanted proteins or, alternatively, to inhibit protein translation 

and prevent further accumulation of unfolded proteins (Figure 6.5A).  

The analysis of UPR markers in the BAT of the HFD-fed Drp1 KI mice indicated a marked increase in the 

mRNA levels of Atf4, Atf6 and Bip as compared to the control mice (Figure 6.5B), while no differences 

were observed in liver (Figure 6.5C) or eWAT (Figure 6.5D). The transcription of Atf4 is a downstream 

event from the activation of the PERK signaling, in parallel to the activation of EIF2α, whose function is to 

decrease the synthesis of new proteins (Figure 6.5A). In line with this, the phosphorylation levels of EIF2α 

were significantly higher in the BAT of the Drp1 KI mice (Figure 6.5E and Figure 6.5F). Unfortunately, the 

commercial antibody used against phospho-PERK did not work in our experimental setting. However, the 

simultaneous increase of Atf4 transcription levels and EIF2α phosphorylation suggests that the 

PERK/ATF4/EIF2α axis of the UPR is altered in the Drp1 KI mice.  Furthermore, the phosphorylation of IRE1 

was also increased in the Drp1 KI BAT (Figure 6.5E and Figure 6.5F), indicating that multiple molecular 

pathways shaping the UPR are activated in the BAT of HFD-fed Drp1 KI mice. 
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6.3 Conclusions 

Altogether, our data suggest that impaired Drp1 S600 phosphorylation in mice leads to increased lipid 

oxidation rates in the BAT, testified by the reduced lipid droplet size and the increased expression of FAO-

related enzymes. In line with this, upregulation of the acyl-carnitine transporters CPT1B and CPT2 were 

correlated to an increase in acyl-carnitine levels. 

Moreover, our results indicate that the unfolded protein response in the endoplasmic reticulum (ER) was 

increased specifically in the brown adipose tissue of the Drp1 KI mice on HFD, via the upregulation of the 

three signaling mechanisms of the UPR: ATF6, IRE1 and PERK/ATF4. These findings notably remark the 

communicative behavior of mitochondria with other cellular organelles to signal alterations in their 

morphology and/or function.  However, further analyses are required to evaluate how the increase in the 

UPR impacts on the ER structure in our Drp1 KI mouse model, by evaluating ER morphology in mouse 

tissues. This will allow us to define why the improved mitochondrial function in the Drp1 KI mice is linked 

to enhanced ER stress, and why these changes are specific to the BAT. These observations go in line with 

previous work indicating that higher ER stress can occur in the context of insulin sensitivity (Boutant et 

al., 2017), although opposing views exist (Salvadó et al., 2015). Importantly, ER stress is highly influenced 

by variations in lipid metabolism and, particularly, in lipid droplet homeostasis (Han & Kaufman, 2016) 

(Jarc & Petan, 2019). Conversely, activation of the UPR pathways can modulate lipid metabolism by 

controlling the transcriptional regulation of lipogenesis (Basseri & Austin, 2012). In this regard, the 

increased ER stress of the Drp1 KI BAT would provide a plausible explanation for the enhanced lipogenesis 

markers, notably of the ER-bound SREBP-1c and SREBP2. Overall, these results give a notion of the impact 

of the Drp1 S600 mutation in vivo, although further experiments will be needed to evaluate the 

mitochondria-ER crosstalk in maintaining cellular homeostasis.  

Finally, we did not observe any lipid oxidation or ER-stress marker upregulation in other Drp1 KI tissues 

such as the liver or the white adipose tissue, which define the BAT as the main tissue affected upon the 

whole-body Drp1 S600A mutation in mice. Further approaches will be needed to evaluate the role of the 

BAT in the phenotype observed in the Drp1 KI mice.  
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Figure 6.1 

 

Figure 6.1. Increased fatty acid oxidation capacity in the BAT of Drp1 KI mice. 

BAT from HFD-fed WT and Drp1 KI mice was extracted at the end of the phenotyping and the following tests were 

performed. (A) Hematoxylin/eosin staining of BAT (scale bar: 100 µm). (B) Lipid droplet size quantification from 

histology images in (A), corresponding to 20 independent images per BAT section (n = 5 samples per genotype). (C) 

mRNA levels of markers of fatty acid oxidation (FAO) were analyzed by qPCR. (D) Acyl-carnitine levels were measured 

by liquid chromatography and mass-spectrometry (LC-MS) from BAT of HFD-fed mice (n = 12 WT and 9 KI). (E) 

Respirometry analyses of uncoupled respiration (leak), Complex I respiration (CI), Complex I + Complex II respiration 

(CI + CII), maximal electron transfer system (ETS) capacity, and maximal Complex II driven respiration (CII) in BAT 

homogenates from HFD-fed WT and Drp1 KI mice (n = 8 per genotype). (F) Mitochondrial complexes were evaluated 

by analyzing protein levels in total homogenates from BAT. (G) Total DNA was extracted and the ratio between 

mitochondrial encoded and nuclear encoded genes (mtDNA:nDNA) was measured by RT-qPCR (n = 8 per genotype). 
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(H) Respirometry analyses were performed in isolated mitochondria from BAT of control and Drp1 KI mice (n = 8 per 

genotype). On the left, malate (2 mM) and glutamate (10 mM) were used to stimulate Complex I, and State 3, State 

4 respiration were evaluated. On the right, succinate (10 mM) and rotenone (0.5 μM) were used to evaluate Complex 

II, and State 3, State 4 respiration were measured. Through the figure, white bars represent WT mice, while black 

bars represent the Drp1 KI mice. All data is expressed as mean +/- SEM. *, **  and *** indicate statistical difference 

at p<0.05, p<0.01 and p<0.001 vs. the respective WT group (two tailed Student’s T-test). 
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Figure 6.2 

 

Figure 6.2. Characterization of eWAT from HFD-fed Drp1 KI mice. 

(A) H&E staining of eWAT from control and Drp1 KI HFD-fed mice (scale bar: 100 µm). (B) mRNA levels from fatty 

acid oxidation (FAO) markers in eWAT of HFD-fed WT and Drp1 KI mice. (C) Respirometry analyses of uncoupled 

respiration (leak), Complex I respiration (CI), Complex I + Complex II respiration (CI + CII), maximal electron transfer 

system (ETS) capacity, and maximal Complex II driven respiration (CII) in eWAT homogenates from HFD-fed WT and 

Drp1 KI mice. Through the figure, white bars represent WT mice, while black bars represent the Drp1 KI mice. All 

values are presented as mean +/- SEM of n=8-10 mice per genotype.  
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Figure 6.3 

 

Figure 6.3. Characterization of liver from HFD-fed Drp1 KI mice. 

(A) H&E staining and Oil Red’O staining of liver from HFD-fed mice (scale bar: 100 µm). (B) mRNA levels from fatty 

acid oxidation markers. (C) Acyl-carnitine levels were measured by liquid chromatography and mass-spectrometry 

(LC-MS) from liver of HFD-fed mice (n = 12 WT and 9 KI). (D) Respirometry analyses of uncoupled respiration (leak), 

Complex I respiration (CI), Complex I + Complex II respiration (CI + CII), maximal electron transfer system (ETS) 

capacity, and maximal Complex II driven respiration (CII) in liver homogenates from HFD-fed WT and Drp1 KI mice. 

Through the figure, white bars represent WT mice, while black bars represent the Drp1 KI mice. All values are 

presented as mean +/- SEM of n=8-10 mice per genotype. * indicates statistical difference vs. the respective WT 

group at p<0.05 (two-tailed Student’s T-test). 
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Figure 6.4 

 

Figure 6.4. Supplementary BAT-specific features of the HFD-fed Drp1 KI mice. 

(A) mRNA levels of lipogenesis markers from BAT of WT and Drp1KI mice on HFD. (B) Protein levels of ACC and 

phospho-ACC (Ser79) were measured by Western blot from BAT total homogenates. (C) Quantifications of ACC and 

phospho-ACC levels from the experiment in (B). (D-E) Gas chromatography - mass-spectrometry (GC-MS) 

measurements detected two species of long-chain fatty acids (FA) (D) as well as various ammonium-related 

metabolites (E) from BAT of Drp1 KI and control HFD-fed mice (n = 12 WT and 9 KI). Through the figure, white bars 

represent WT mice, while black bars represent the Drp1 KI mice. All data is expressed as mean +/- SEM. * and ** 

indicate statistical difference at p<0.05 and p<0.01 vs. the respective WT group (two tailed Student’s T-test). 
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Figure 6.5 

 

Figure 6.5. Drp1 KI BAT exhibits increased ER stress-induced unfolded protein response. 

(A) Schematic showing the unfolded protein response (UPR) signaling pathways initiated during ER stress. Protein 

folding efficiency is impaired during ER stress and results in the accumulation of misfolded proteins in the ER lumen. 

In order to relieve ER stress and restore ER homeostasis, the cell activates three different signaling mechanisms 

(ATF6, IRE1 and PERK) which promote the expression of ER-associated degradation (ERAD) proteins and chaperones 

that aid correct protein folding, or inhibit the synthesis of new proteins to reduce the working load in the ER (Adapted 

from Todd et al. (2008)). (B-D) Tissues from HFD-fed Drp1 KI and control mice were collected at the end of the 

phenotyping and mRNA was extracted to measure the indicated ER-stress markers in BAT (B), liver (C) and 

epidydimal WAT (D) (n=8 mice per genotype). (E) Protein levels of total and phosphorylated EIF2α and IRE, 

respectively, were measured from tissue homogenates of BAT of HFD-fed Drp1 KI and control mice. (F) 

Quantifications of the phosphorylation levels of EIF2α and IRE, respectively, from the experiment in (E). All data is 

expressed as mean +/- SEM. *, ** and *** indicate statistical difference at p<0.05, p<0.01 and p<0.001 vs. the 

respective WT group (two tailed Student’s T-test).
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 Thermoneutrality blunts the phenotype of the Drp1 

KI mice 

In the previous Chapters, we described the metabolic phenotype of the Drp1 S600A KI mice under low-fat 

and high-fat diet. Remarkably, we observed that the constitutive dephosphorylation of the Drp1 S600 site 

granted Drp1 KI mice protection against diet-induced insulin resistance and glucose intolerance. We also 

observed a set of metabolic features specific to the brown adipose tissue (BAT), such as reduced adiposity 

linked to increased lipid oxidation and mobilization rates. Moreover, the BAT of the Drp1 KI mice displayed 

increased thermogenesis, testified by direct calorimetry analysis as well as by cold challenge. 

Importantly, the BAT is greatly influenced by the environmental temperature which, in turn, affects 

systemic metabolic rates in humans and in mice. Laboratory mice have a thermoneutral zone at around 

30°C but are normally housed at the standard temperature of thermal comfort for humans, at 22-25°C 

(Cannon & Nedergaard, 2011) (Maloney et al., 2014). Therefore, laboratory mice are constantly under 

cold stress, and thus need to produce extra heat to defend their body temperature, which leads to 

substantially increased metabolic rates as compared to those housed at thermoneutrality (Fischer et al., 

2018). 

Therefore, we next aimed to assess the contribution of the BAT thermogenic function to the insulin 

sensitivity phenotype of the Drp1 KI mice. For this, we reasoned that if the higher BAT thermogenic 

function of Drp1 KI mice can be trumped by housing at thermoneutrality, this should allow us to evaluate 

the contribution of BAT to the glucose tolerance phenotype. 

7.1 Thermoneutrality blunts the BAT-specific features of the Drp1 KI mice 

We fed WT and Drp1 KI mice with a high-fat diet for 8 weeks at thermoneutrality (TN, 30°C). We initially 

aimed to validate the effectiveness of our thermoneutrality protocol by comparing the BAT of WT mice 

housed at normal temperature to samples of mice housed at thermoneutrality. Protein analyses revealed 

a sharp reduction of UCP1 levels in control mice at thermoneutrality, as compared to control mice at 
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normal housing conditions (RT, 22-25°C) (Figure 7.1A and Figure 7.1B). Interestingly, we also observed a 

decrease in Drp1 S600 and S579 phosphorylation levels, respectively, in agreement with a much lower β-

adrenergic tone in the BAT of mice housed at thermoneutrality (Figure 7.1A and Figure 7.1B).  

After validating our thermoneutrality protocol, we evaluated parameters of BAT function. Interestingly, 

the smaller lipid droplet (LD) size of the HFD-fed Drp1 KI mice housed at RT was completely abolished at 

thermoneutrality, testified by the H&E staining that revealed comparable LD size between genotypes 

(Figure 7.2A and Figure 7.2B). Moreover, the higher Ucp1 mRNA levels (Figure 7.2C), as well as those of 

fatty acid oxidation and lipogenesis genes (Figure 7.2D) observed in the BAT of Drp1 KI mice at normal 

housing conditions were abrogated at thermoneutrality. Similarly, the transcription levels of the ER-stress 

markers Atf4, Atf6 and Bip, which indicated an upregulation of the unfolded protein response in the Drp1 

KI BAT, were unchanged between genotypes at thermoneutrality (Figure 7.2D). 

We next measured mitochondrial oxidative phosphorylation capacity, which was increased in BAT and 

liver of Drp1 KI mice at RT. Due to the reduced β-adrenergic tone of the BAT at thermoneutrality, the 

mitochondrial respiratory capacity was largely blunted in BAT homogenates from TN-housed mice (Figure 

7.2E). Of note, Drp1 KI mice exhibited undistinguishable respiratory profiles from those of control mice in 

BAT (Figure 7.2E). Importantly, the higher respiratory capacity in the liver of Drp1 KI mice was still 

observed in mice housed at thermoneutrality (Figure 7.2F), testifying for the BAT-specific effect of the 

protocol.  

Altogether, these results suggest that the increased thermogenesis of the BAT from the Drp1 KI mice is at 

the root of their increased lipid oxidation rates, and that this eventually monitors mitochondrial 

respiratory capacity. 

7.2 Thermoneutrality prevents the improved insulin sensitivity of the Drp1 KI 

mice 

We next aimed to evaluate whether the blunted BAT thermogenesis could influence glucose handling in 

the Drp1 KI mice. For that, we performed a glucose tolerance test (GTT) and insulin tolerance test (ITT), 

respectively, of HFD-fed Drp1 KI and control mice housed at thermoneutrality. Remarkably, 

thermoneutrality abolished the higher glucose tolerance of the Drp1 KI mice observed at normal housing 

conditions (Figure 7.3A). Of note, we observed that the blood glucose curve was noticeably lower for both 

genotypes during the GTT at thermoneutrality, where it peaked at 300 mg/dL (Figure 7.3A), as compared 



Chapter 7 

 

85 
 

to the same test in mice housed at 22°C where blood glucose was maximum at 600 mg/dL (Figure 5.1E). 

In line with this, glucose-stimulated plasma insulin values at thermoneutrality were 8-fold higher as 

compared to those at RT (Figure 7.3B and Figure 5.1F, respectively), even though basal insulin levels were 

comparable between both housing temperature conditions (HFD-WT at RT: 8.43 ± 0.94 ; HFD-WT at TN: 

11.78 ± 2.31). Moreover, thermoneutrality blunted the higher insulin sensitivity of the Drp1 KI mice 

observed at normal housing conditions (Figure 7.3C and Figure 5.1G, respectively). Basal glycemia levels 

of Drp1 KI mice prior to the insulin tolerance test were notably higher as compared to the control mice 

(WT: 129.44 ± 3.14; KI: 142.25 ± 2.30) after 6 hours of fasting (Figure 7.3C). This could have been a 

unrelated event, since glycemia values measured after a 12-hour fasting indicated no differences between 

groups (Figure 7.3D). Overall, these observations indicate that blunting the thermogenic capacity of the 

BAT also neutralizes the insulin sensitivity phenotype of the Drp1 KI mice. 

While the better glucose tolerance and insulin sensitivity of the Drp1 KI mice housed at room temperature 

were associated with lower levels of circulating inflammatory markers such as ANGPT-L3, C-Reactive 

Protein (CRP), ICAM-1 or RBP4, these differences were completely blunted at thermoneutrality (Figure 

7.3E). This was also the case for Fgf21, which displayed no significant differences between genotypes in 

mice housed at thermoneutrality (Figure 7.3F).  

Overall, these results suggest that the increased thermogenic capacity of the BAT from Drp1 KI mice 

monitors their increased systemic glucose tolerance and insulin sensitivity. 

7.3 Conclusions 

In this Chapter, we evaluated the role of the thermogenic function of the brown adipose tissue in the 

phenotype of the Drp1 KI mice. Of note, we demonstrate that the increased thermogenesis of the Drp1 

KI BAT regulates not only its lipid oxidation rates but also is at the root of the improved insulin sensitivity 

and glucose tolerance observed in the Drp1 KI mice. Thus, these results provide novel insights of how 

Drp1 phosphorylation in the BAT influences whole-body glucose homeostasis.  

Importantly, we show remarkable differences in whole-body glucose tolerance in mice housed at normal 

room temperature as compared to mice at thermoneutrality. Indeed, the housing temperature of 

laboratory mice has been reported to affect a wide range of physiological parameters, including glucose 

metabolism. However, research on how housing temperature affects glucose tolerance in mouse models 

have yielded variable results. Some of these reports show no change in glucose tolerance in mice held at 



Chapter 7 

 

86 
 

thermoneutrality compared to standard housing temperatures (Clayton & McCurdy, 2018) (Rippe et al., 

2000) (Cui et al., 2016) (Tian et al., 2016), and even similar maximum glycemia values at thermoneutrality 

as to those obtained at standard temperature (Ahmadian et al., 2018). Contrarily, recent publications 

showed that thermoneutrality improved glucose tolerance in mice, validated by the noticeably lower 

blood glucose curve during the glucose tolerance test (McKie et al., 2019) (Raun et al., 2020) (Uchida et 

al., 2010). This improved glucose tolerance was associated to a remarkable increase in glucose-stimulated 

plasma insulin levels in mice housed at thermoneutrality compared to RT, suggesting that housing 

temperature could affect β-cell function (Raun et al., 2020) (Uchida et al., 2010). These observations are 

aligned with our data, where the lower glycemia values in our GTT at TN were linked to an 8-fold increase 

in plasma insulin levels as compared to those at RT.  

One possible explanation for the published contradictory observations regarding the influence of 

thermoneutrality on glucose handling could be the temperature of the thermoneutral room, as well as 

the time period in which the mice were acclimatized. For instance, Raun et al. (2020) housed the mice at 

30°C for 8 weeks, similar to our approach. Conversely, other studies reduced the acclimatization time to 

only 10 days, as in the case of Ahmadian et al. (2018) and Clayton & McCurdy (2018). Thus, comparisons 

between these reports are difficult to draw, especially when some of these studies did not verify to what 

degree the thermogenic capacity of the BAT was blunted. Evaluating abolition of the BAT function could 

be performed, for example, by comparing UCP1 levels of control mice housed at standard conditions to 

those of mice housed at thermoneutrality. Indeed, we housed mice at 30°C for 8 weeks, which resulted 

in a 3-fold decrease in UCP1 protein levels compared to mice housed at 22°C. Based on these findings, 

housing temperature will be a crucial factor to take into consideration in studies analyzing whole-body 

glucose metabolism. 

In conclusion, we provide new evidence of the role of the brown adipose tissue in the protection of Drp1 

KI mice against metabolic damage. However, further research is necessary to elucidate the gene or 

molecular mechanism that is at the root of the increased thermogenesis in the Drp1 KI mice. Providing an 

explanation to this phenotype will be essential in assessing the role of Drp1 phosphorylations in BAT 

function and systemic metabolism, which could aid in finding new therapeutic approaches in the 

treatment and prevention of metabolic disease. 
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Figure 7.1 

 

Figure 7.1. Housing mice at 30°C hinders BAT thermogenic tone. 

(A) Evaluation of total Drp1, Drp1 phosphorylations and UCP1 protein levels in WT mice housed either at 22°C (room 

temperature; RT) or at 30°C (thermoneutrality; TN) (n = 4 mice per condition). (B) Quantifications of the markers in 

(A). White bars represent WT mice at RT, while black bars represent WT mice at TN. All values are presented as mean 

± SEM. *, **, *** indicates statistical difference at p<0.05, p<0.01, p<0.001, respectively, vs. the corresponding RT 

group (two tailed Student’s T-test). 
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Figure 7.2 

 

Figure 7.2. Thermoneutrality blunts the BAT-specific features of the Drp1 KI mice. 

A cohort of WT and Drp1 KI mice was challenged on a high-fat diet (4 weeks) and housed at thermoneutrality (30°C-

33°C) (extra 4 weeks). (A) Hematoxylin/eosin staining of BAT from WT and Drp1 KI mice housed at TN (scale bar: 100 

µm). (B) Lipid droplet size quantification from histology images in (A), corresponding to 20 independent images per 

BAT section (n = 4 mice per genotype). (C-D) mRNA levels of BAT-specific markers (C), as well as fatty acid oxidation, 

lipogenesis and ER-stress genes (D), respectively, measured by qPCR. (E-F) Respirometry analyses of uncoupled 

respiration (leak), Complex I respiration (CI), Complex I + Complex II respiration (CI + CII), maximal electron transfer 

system (ETS) capacity, and maximal Complex II driven respiration (CII) in BAT (E) and liver (F) homogenates from 

HFD-fed WT and Drp1 KI mice housed at thermoneutrality. All values are presented as mean ± SEM of, unless 

otherwise stated, n=8 mice per group. **, *** indicates statistical difference at p<0.01 and p<0.001, respectively, 

vs. the corresponding WT group (two tailed Student’s T-test).  
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Figure 7.3 

 

Figure 7.3. Thermoneutrality blunts the improved insulin sensitivity phenotype of the Drp1 KI mice. 

(A) Intraperitoneal glucose tolerance test (ipGTT) performed on HFD-fed WT and Drp1 KI mice housed at 

thermoneutrality. Mice were fasted for 12 hours prior to the injection of 2 g/kg glucose. (B) Plasma insulin 

concentration was measured for the indicated times during the glucose tolerance test represented in (A). (C) 

Intraperitoneal insulin tolerance test (ipITT) performed on HFD-fed WT and Drp1 KI mice housed at thermoneutrality. 

Mice were fasted for 6 hours after which insulin (1 U/kg) was injected and glycemia was recorded for the timepoints 

indicated. (D) Glycemia measured prior to sacrifice in animals after 12 hours of fasting. (E-F) Plasma levels of 

inflammatory cytokines (E) and Fgf21 (F) in HFD-fed WT and Drp1 KI mice housed at thermoneutrality, after a 12 

hour fasting (n = 4 mice per genotype). All values are presented as mean ± SEM of, unless otherwise stated, n=10 

mice per group. Linear mixed-effect models were used in (A-C) measuring the time*group interaction effects, 

subsequent comparisons were performed with Tukey’s Honest Significant Difference post-hoc test. Differences 

between the two groups were analyzed using a Student’s two-tailed t-test in (D-F).   
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 Mitochondrial dynamics in the progression of the 

epithelial-mesenchymal transition  

 

Cancer cells are well characterized by their ability to rewire their metabolism to support and enable rapid 

proliferation, continuous growth, survival in harsh conditions and resistance to cancer treatments (Phan 

et al., 2014). Simultaneous to their metabolic rewiring, cancer cells can also alter their plasticity and 

motility properties by a process known as the epithelial-mesenchymal transition (EMT). The EMT is a 

process that occurs early in embryonic development, in which epithelial cells undergo cytoskeletal 

changes and lose cell-cell contacts to gain mesenchymal traits and increase their motility (Thiery et al., 

2009). During carcinogenesis, pathological EMT occurs to promote tumor cell invasion and metastasis 

(Pearson, 2019). As EMT progresses, transformed cells loose E-cadherin, an adherens junction protein that 

maintains cell-cell adhesion and epithelial tissue integrity. Cells then disengage from the epithelial layer 

where they originated, and express mesenchymal markers such as Vimentin and specific transcription 

factors (e.g. Snail, Slug, Twist). The acquired mesenchymal phenotype is manifested in enhanced 

migratory activity, invasiveness and resistance to apoptosis (Elisha et al., 2018). 

One of the characteristic changes in the metabolic program of cancer cells is the increased uptake of 

glucose, in order to build the necessary biomass required for proliferation and tumor development (Masin 

et al., 2014). To do this, tumor cells upregulate the expression of glucose transporters, of which the 

facilitative glucose transporter (GLUT) family has gained most attention. In recent years, an increasing 

number of studies identified GLUT3 as one of the main factors in oncogenic glucose uptake and 

accelerated metabolism (Ancey et al., 2018). Interestingly, the Meylan group described a direct 

correlation between the induction of the EMT and the increase in the expression of the glucose 

transporter GLUT3 in non-small cell lung cancer (NSCLC) cell lines (Masin et al., 2014). Transduction of two 

low-GLUT3 expressing epithelial cell lines (H727 and H2009) with SNAIL or ZEB1 proteins, two known EMT-

inducing transcription factors, led to a marked increase of the GLUT3 gene levels (Masin et al., 2014). 
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Moreover, GLUT3 expression contributed to the proliferation of lung tumor cells and was a prognostic 

factor of poor overall survival in NSCLC patients (Masin et al., 2014). 

Progressing tumors display increased glucose uptake to sustain the high rates of glycolysis, and also to 

fuel the pentose phosphate pathway (PPP) for nucleic acid synthesis and glutathione reduction (Porporato 

et al., 2018). Moreover, cancer cells are characterized by the deregulation of redox homeostasis, resulting 

in abnormally high levels of reactive oxygen species (ROS) and oxidative stress. Consequently, this 

promotes cellular damage to proteins, lipids and DNA. Particularly, permanent DNA damage, including 

depurination and depyrimidination, single and double-DNA breaks or base modifications, can trigger a 

variety of transcription and transduction pathways associated to carcinogenesis and tumor formation. 

Additionally, tumor cells alter mitochondrial function by modifying their sulfur-based metabolism and 

NADPH generation to accommodate high ROS levels (Hayes et al., 2020). 

Beyond the ability of cancer cells to modify mitochondrial function, tumors alter the balance in 

mitochondrial dynamics to promote their growth and survival (Anderson et al., 2018). Moreover, there is 

now evidence linking alterations in mitochondrial morphology to the machinery of tumor cell motility and 

metastatic spreading (Altieri, 2019). However, there are opposing views on the particular role of 

mitochondrial fission and fusion in tumor invasiveness and the induction of the EMT. For instance, 

induction of the EMT in the mammary epithelial cell line MCF12A activates mitochondrial fusion via 

upregulation of Mfn1, which allows stem cell progeny to enhance reactive oxygen species scavenging 

capacity to sustain the stem cell pool (Wu et al., 2019). Contrarily, depletion of Mfn1 triggered the EMT 

in hepatocellular carcinoma patients (HCC), and this was associated with high metastatic capacity and 

poor prognosis (Zhang et al., 2020). Interestingly, these patients also exhibited increased Drp1 levels 

(Zhang et al., 2020), in line with previous studies that also demonstrated a Drp1-mediated upregulation 

of mitochondrial fission in the promotion of breast cancer progression (Sehrawat et al., 2019). Previous 

studies have also demonstrated that ERK1/2 phosphorylates Drp1 at S579 (as for Drp1 isoform 3, 

equivalent to S616 in human isoform 1) to promote mitochondrial fission, which then contributes to cell 

transformation and tumor growth (Kashatus et al., 2015) (Serasinghe et al., 2015). Thus, the abnormal 

activation of the RAS/MEK/ERK pathway that occurs in many human cancers will highly influence Drp1 

function and activity. Indeed, the induction of Drp1 phosphorylation at S579 has been documented in 

several tumor types, including melanoma (Wieder et al., 2015), lung cancer (Rehman et al., 2012), breast 

cancer (Zhao et al., 2013) (Han et al., 2015) or pancreatic cancer (Nagdas et al., 2019) (Meng et al., 2019). 
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Therefore, altered mitochondrial dynamics can broadly impact tumor cell physiology, and vice versa. Using 

genetic and pharmacological profiling of cancer cell lines and human tumors, Anderson et al. (2018) 

reported that perturbations to the mitochondrial dynamics network also result in specific therapeutic 

vulnerabilities, which demonstrates that targeting the core proteins in mitochondrial dynamics might 

facilitate additional cancer therapeutic opportunities. 

In light of the observation that mitochondrial morphology is frequently altered upon induction of the EMT, 

we collaborated with the Meylan’s laboratory to evaluate the change in mitochondrial dynamics markers 

upon induction of the EMT in the H727 human NSCLC cell line. The findings from these experiments will 

provide novel knowledge on the role of mitochondrial dynamics in the proliferation and metastasis ability 

of lung tumor cells. 

8.1 Mitochondrial dynamics proteins increase upon EMT in a NSCLC cell line 

To evaluate the role of mitochondrial dynamics during the epithelial-mesenchymal transition (EMT), we 

worked with the lung adenocarcinoma epithelial cell line H727, which was originally transduced with 

lentiviruses to generate cells stably expressing the EMT-transcription factor SNAIL under the control of a 

doxycycline (DOX) response element. Therefore, we treated the H727-SNAIL cells with DOX, and collected 

mRNA and protein samples before treatment (day 0), and also after 3 and 6 days post-induction of the 

EMT. In line with an upregulation of SNAI1, mRNA levels of the epithelial marker Cdh1 were notably 

downregulated 3 days post-induction (Figure 8.1A). Accordingly, VIM (Vimentin) transcription levels were 

increased after 3 days of SNAIL expression, and notably more after 6 days (Figure 8.1A), thus indicating an 

efficient transition from the epithelial to the mesenchymal cellular state. In agreement with the findings 

from Masin et al. (2014), induction of the EMT led to a significant increase in the mRNA levels of the GLUT3 

gene, SLC2A3 (Figure 8.1B). Based on this successful validation of the EMT process on the H727-SNAIL 

cells, we next aimed to evaluate the alterations in mitochondrial dynamics markers. Overall, we observed 

an upregulation of the Dnm1l and Mfn2 mRNA levels 3 days and 6-days post-induction, respectively, while 

the transcription levels of Mfn1 and Opa1 were downregulated after 3 days, but notably increased after 

6 days of EMT induction (Figure 8.1C). 

We next analyzed the protein samples to validate our results at the mRNA level. Protein analyses in three 

different experimental replicates indicated a significant decrease in E-cadherin expression 3 days after 

DOX treatment (p value = 0.0005***), where we could not detect any signal by Western Blot analysis 

(Figure 8.1D and Figure 8.1G). In line with this, Vimentin protein levels were increased, reaching a 
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maximum signal at 6 days post-induction (p < 0.0001 ****) (Figure 8.1D and Figure 8.1G). Despite the 

increase in SNAIL protein levels, differences in SNAIL expression were appreciable between the three 

experimental replicates, being the second replicate where the efficiency of SNAIL expression was the 

lowest (Figure 8.1D and Figure 8.1G). Contrarily to the observations at the mRNA level, we did not detect 

any change in GLUT3 expression by protein analysis (Figure 8.1E and Figure 8.1G).  

Nevertheless, the analysis of the mitochondrial dynamics proteins revealed some interesting findings. On 

the one hand, Drp1 protein levels were significantly increased after 3 days of EMT induction, but then 

were decreased to almost-basal levels by day 6 (Figure 8.1F and Figure 8.1G). This gives rise to the notion 

that intensive mitochondrial fragmentation might be needed only at the initial stage of the EMT. 

Moreover, the expression levels of Mfn1 were increased after 3 days of EMT induction, and were then 

maintained until day 6 (Figure 8.1F and Figure 8.1G). The increased expression in Mfn1 upon EMT 

induction would resemble the research from Wu et al. (2019) on mammary cultured cells. Contrarily, we 

did not observe changes in Mfn2 expression. Despite the fact we did not detect any apparent changes in 

Opa1 protein levels, especial consideration should be given to the particular case of the Opa1 long (L-

Opa1) and short (S-Opa1) forms, respectively. Indeed, Opa1 expresses 8 different isoforms divided by 

unprocessed long forms or the proteolytically cleaved short forms. Long forms have been demonstrated 

to promote mitochondrial fusion while short forms have been suggested to facilitate mitochondrial 

fragmentation (Del Dotto et al., 2017). Western blot results suggest an increase in S-Opa1 by day 3 of EMT 

induction, though the protein quantifications are not significant possibly due to the variability between 

replicates. 

Finally, we decided to briefly investigate the impact of the EMT on mitochondrial morphology in the H727 

cells transiently expressing SNAIL. For this, we collected cells after 4 days of DOX treatment and performed 

immunostaining with a Drp1 antibody combined with Alexa488 to visualize mitochondria in green. Non-

treated cells had a variable morphology, with a mixture of elongated and shortened mitochondrial shapes 

(Figure 8.1H). However, our mitochondrial staining would require further optimization in order to allow 

for proper quantifications. Imaging was improved in the samples with DOX treatment, were mitochondria 

presented a tendency towards increased mitochondrial fragmentation (Figure 8.1H). Due to low 

resolution of the control images, as well as to the fact that the imaging was only carried out for an n = 1, 

our results should be considered simply indicative.  
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Therefore, our observations with the H727 cell line are consistent with previous reports suggesting that 

the induction of the EMT leads to alterations in the mitochondrial architecture and, thus, in the levels of 

mitochondrial dynamics-related proteins. Nevertheless, further experiments are required to complement 

these findings. 

8.2 Discussion and conclusions 

In this Chapter, we performed a series of experiments aimed to analyze the link between the epithelial-

mesenchymal transition (EMT), and the components of the mitochondrial dynamics machinery. 

Previously, the Meylan group identified that the glucose transporter GLUT3 was induced upon EMT on 

human NSCLC cell lines. This high GLUT3 expression promoted glucose uptake and allowed the 

proliferation of mesenchymal lung tumor cells in conditions where glucose concentrations were limiting 

(Masin et al., 2014). Therefore, we aimed to analyze how these changes were correlated to possible 

alterations in the balance in mitochondrial dynamics. 

Overall, our mRNA analyses of mesenchymal and epithelial states indicated that our culture cell model 

efficiently underwent EMT transition upon doxycycline induction of SNAIL. However, there were some 

disagreements between the mRNA and protein data on some markers, such as GLUT3 and the 

mitochondrial dynamics proteins. While SLC2A3 mRNA levels were increased, GLUT3 protein expression 

showed no differences throughout the time-course. This could probably be due to the low efficacy of the 

GLUT3 commercial antibody we used.  Alternatively, changes at the mRNA level could be reflected in a 

low fold-change variation in GLUT3 expression due to different post-translational modification that fine-

tune protein regulation. Moreover, Drp1 and Mfn1 exhibited increased protein expression by day 3 post-

induction, though this was not reflected on the mRNA data. Similarly, the tendency of Opa1 expression 

was dubious comparing protein and mRNA data. In this regard, the variability between biological 

replicates could have contributed to these disparities. Thus, these results are merely indicative and should 

be reproduced in following experiments. 

At the protein level, the progression to the mesenchymal phenotype resulted in an upregulation of Drp1 

expression by day 3, which significantly decreased by day 6. One possible explanation is that the initial 

increase in mitochondrial fragmentation could aid in the distribution of mitochondria to the increasingly 

proliferating lung tumor cells. After this, the higher glucose uptake could be facilitated by the increase in 

Mfn1-mediated mitochondrial fusion, in order to promote ATP production via oxidative phosphorylation. 

Indeed, mitochondrial elongation facilitates cristae formation and assembly of respiratory complexes to 
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enhance oxidative phosphorylation (Li et al., 2017) (Gomes et al., 2011). This probed to be essential for 

tumor cell survival both in vitro and in vivo and predicted poor prognosis of hepatocellular carcinoma 

patients (Li et al., 2017). Nevertheless, we would need to validate this data with further experimental 

approaches. 

In conclusion, we propose a correlation between mitochondrial morphology and the EMT process, which 

complements the previous research by the Meylan group on the relationship between glucose 

metabolism and the EMT. These findings suggest that the EMT could modify mitochondrial function by 

direct alterations in the mitochondrial fission/fusion balance, and provide novel insights for the 

development of targeted therapies for the treatment of patients with NSCLC. 
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Figure 8.1 

 

Figure 8.1. Mitochondrial dynamics upon EMT in a H727 transformed cell line. 

The H727 lung adenocarcinoma cell line was differentiated from the epithelial to the mesenchymal phenotype by 

treatment with Doxycycline (2 µg/mL), which activated the expression of the recombinant vector coding for the 

SNAIL EMT-induction factor. Trizol extraction was performed to obtain the RNA samples, while cells were lysed with 

RIPA buffer for protein homogenates, at day 0, and after 3 and 6 days, respectively. (A) mRNA levels of the epithelial 

marker Cdh1, as well as the mesenchymal markers Vimentin (VIM) and SNAIL (SNAI1) were analyzed by qPCR. (B-C) 

mRNA levels of GLUT3 gene (SLC2A3) (B) and mitochondrial dynamics components (C) were also measured by qPCR. 
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(D-F) Quantification of the protein levels for the EMT differentiation factors (D), as well as GLUT3 (E) and 

mitochondrial dynamics (F) markers represented by Western Blot in (G) normalized to GAPDH. (G) EMT markers, 

GLUT3 and mitochondrial dynamics proteins were evaluated by analyzing protein levels in three different biological 

replicates at the timepoints indicated. Opa1 long (L-Opa1) and short (S-Opa1) forms are represented in the blot. (H) 

Immunostaining of H727 cells without (-DOX) and with (+DOX) Doxycycline treatment for two different sets of 

images. Under the microscope, the cells at (-DOX) formed groups, while at (+DOX) were placed in an isolated manner. 

The nucleus is stained in DAPI, and the mitochondria in Tom20 and Alexa488 (scale bar: 10 μm). All values are 

presented as mean ± SEM. *p < 0.05, **p < 0.01 (two‐tailed Student's t‐test) statistically significant differences 

between the indicated groups. 
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 General discussion and future perspectives 

Mitochondrial dynamics has emerged as a key factor in modulating cellular metabolism, including 

bioenergetics, macromolecular biosynthesis, nutrient catabolism or redox homeostasis. Importantly, 

mitochondrial dynamics maintains the balance between health and disease at the cellular and organismal 

level. Altered mitochondrial architecture is a feature of multiple human pathologies, as in the case of 

obesity, type 1 and 2 diabetes or Parkinson’s and Alzheimer’s disease. Considering that excessive 

mitochondrial fission has been implicated in the development and progression of these disorders, it is 

possible to envision the utility of the fission machinery, particularly Drp1, for the development of 

therapeutic strategies. 

Drp1 function is highly dependent on the phosphorylation at specific sites, which are responsible for Drp1 

activation and mitochondrial fission. Nevertheless, the interaction and co-regulation of the two main 

phosphorylation sites of Drp1 (i.e. S579 and S600) has never been clearly addressed. Moreover, the 

physiological events that influence Drp1 phosphorylation in vivo remain largely unknown, including how 

the regulation of these phosphorylations might impact metabolic and age-related pathologies.  

In this work, we have provided novel insights on two different aspects of Drp1 function and, therefore, 

the regulation of mitochondrial fission. First, we identified a novel crosstalk relationship between Drp1 

S579 and S600 phosphorylation sites, and defined how this crosstalk remodels mitochondrial shape. 

Second, we characterized the novel Drp1 S600A knock-in (KI) mouse model by performing a thorough 

phenotyping to elucidate the role of the Drp1 S600 phosphorylation in metabolic homeostasis and 

mitochondrial function.  
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9.1 Crosstalk of Drp1 phosphorylation sites 

Despite the central role of Drp1 phosphorylations on regulating its function, describing the effect of Drp1 

S600 phosphorylation on mitochondrial morphology has been controversial. While some reports 

suggested that the phosphorylation at Drp1 S600 by ROCK1 or the Ca2+/calmodulin-dependent protein 

kinase Iα (CaMKIα) promotes mitochondrial fission (Wang et al., 2012b) (Han et al., 2008), other studies 

have proposed that the phosphorylation at this same site, for instance by PKA, leads to decreased 

recruitment of Drp1 to mitochondria, resulting in unopposed mitochondrial fusion (Cribbs & Strack, 2007) 

(Chang & Blackstone, 2007). In this work, we decided to address these seemingly opposing views, and 

tried to elucidate the interplay between the two phosphorylations on Drp1 function. 

We first demonstrated that the phosphorylation of S579 is a downstream consequence of S600 activation. 

Several observations point out to this direction. First, our experiments in MEF cells demonstrate that S579 

phosphorylation was increased with the phospho-mimetic Drp1 S600E and Drp1 S600D forms, 

respectively, in the absence of cAMP stimulation. Second, the phosphorylation at the S579 site was highly 

upregulated in mouse tissues after pharmacological PKA activation. Similarly, physiological stimuli raising 

intracellular cAMP, such as fasting or a cold challenge, led to the simultaneous increase in Drp1 S579 and 

S600 phosphorylations in muscle and brown adipose tissue, respectively. The fact that S579 

phosphorylation was blunted in the Drp1 KI mice after pharmacological PKA activation suggests that the 

downstream S579 phosphorylation event is dependent of the prior S600 phosphorylation rather than PKA 

activation. These observations go in line with previous reports demonstrating that PKA fails to 

phosphorylate the S579 residue in in vitro assays (Cribbs & Strack, 2007) (Chang & Blackstone, 2007). 

So, how does S600 influence S579 phosphorylation? Our observations suggest that S600 phosphorylation 

protects against S579 dephosphorylation. In line with the literature linking Cdk1/cyclin B with the Drp1 

S579 site (Taguchi et al., 2007), inhibiting cell cycle-dependent Cdk1 activity led to a decay of Drp1 S579 

phosphorylation. In contrast, Drp1 P-S579 levels were highly sustained when Drp1KO cells were 

transfected with Drp1 S600E. This was not directly linked to Cdk1, since we did not observe changes in 

Cdk1 activity when cells were transfected with our phospho-mimetic Drp1 S600 forms. One possible 

explanation is that S600 activation induces a conformational change on Drp1 that blocks the access of a 

phosphatase that decreases P-S579 levels or, contrarily, that allows the access of S579 to a constitutively 

active kinase. Similar cases are known in the literature. For example, 5’-AMP binding to AMP-activated 

protein kinase (AMPK) promotes a conformational change that blocks the access of phosphatases, leading 

to an overall increase in its phosphorylation and activity (Woods et al., 2003). In this sense, it is often 
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overseen that multiple proteins undergo a constant cycle of active phosphorylation/dephosphorylation 

and that the overall balance can be determined by changes in either phosphorylation rates, 

dephosphorylation rates, or both. 

One striking feature we observed in this work was the seemingly contradictory results in cultured cells 

compared to mouse tissues regarding the potential crosstalk of S600 and S579. While Drp1 phospho-S600 

and phospho-S579 were inversely correlated upon cAMP activation in MEF cells, they occurred 

simultaneously in vivo. However, it is essential to keep in mind that most cultured systems derive from 

immortalized cell lines or tumors. Given that S579 phosphorylation is heavily influenced by the cell cycle, 

this residue might be highly phosphorylated in the basal state in immortalized cultured cells, as compared 

to differentiated tissues. Similarly, most drugs aimed to increase intracellular cAMP levels and activate 

PKA act as potent cell cycle inhibitors in cultured cells (Chen et al., 1998). Accordingly, Forskolin was found 

to decrease proliferation in A172 cells and induced transient dephosphorylation of phospho-Rb, substrate 

of Cdk1, in human Reh cells (Chen et al., 1998) (Gützkow et al., 2002). Thus, the reduced levels of Drp1 

phospho-S579 observed in our Drp1 overexpressing MEFs treated with Forskolin could be explained from 

the inhibition of Cdk activity caused by Forskolin. Given the high basal Cdk activity in immortalized MEFs, 

the decrease in Cdk activity prompted by Forskolin can probably mask and override the effects of S600 

phosphorylation on the accessibility of phosphatase and kinase enzymes. Supporting this view, when 

instead of Forskolin we used a phospho-mimetic S600E or S600D form, which do not alter Cdk activity, we 

consistently observed an increase in S579 phosphorylation. Finally, differentiated tissues also harbor 

much less Cdk activity than immortalized MEFs, allowing to unveil the impact of S600 phosphorylation on 

S579. All in all, careful considerations should be taken when comparing observations on the regulation of 

Drp1 S579 phosphorylation between immortalized cell lines and differentiated tissues.  

Paradoxical views exist on the functional outcome of the S600 phosphorylation on mitochondrial 

morphology. Our results support that S600 phosphorylation favors mitochondrial fission, testified by 

experiments with the Drp1 S600 phospho-mimetic mutant in cultured cells and the tendency towards 

mitochondrial tubulation in the BAT from our Drp1 S600A KI mice. This goes in line with the elongated 

mitochondrial network of podocytes from a parallel Drp1 S600 KI mouse model (Galvan et al., 2019), or 

the increased mitochondrial fragmentation upon Drp1 S600 phosphorylation in brown adipocytes from 

mice exposed to cold temperatures (Wikstrom et al., 2014), which overall supports a pro-fission role of 

Drp1 S600 phosphorylation. Similarly, Drp1 S600 phosphorylation has been reported to induce 

mitochondrial fission in human podocytes and endothelial cells (Wang et al., 2012b). Contrarily, 
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phosphorylation of the same site led to mitochondrial fusion in cardiomyocytes and vascular smooth 

muscle cells (Zaja et al., 2014). Of particular interest is the case of neurons, where Drp1 phosphorylation 

at S600 by CaMKIα induces mitochondrial fission (Han et al., 2008), whereas the phosphorylation at the 

same site by PKA/AKAP1 increases mitochondrial length (Dickey & Strack, 2011). Therefore, the effects of 

S600 phosphorylation could be highly cell-type and/or stimulus specific. These specific effects could be 

based on the expression of the different Drp1 isoforms. Indeed, mammalian cells express 9 distinct 

isoforms of Drp1 that arise from the alternative splicing of its single gene-encoded pre-mRNA transcript 

(Macdonald et al., 2016) (Rosdah et al., 2020). These Drp1 isoforms differ in their tissue abundance (Strack 

et al., 2013), their ability to engage into mitochondrial fission (Macdonald et al., 2016) and their 

subcellular localization (Itoh et al., 2018) (Strack et al., 2013). For example, the mouse Drp1 long isoform 

1 (comprising 742 amino acids) is highly enriched in neurons, and its recruitment to mitochondria is highly 

dependent on the mitochondrial receptor mitochondrial fission factor (Mff) and cardiolipin abundance 

(Macdonald et al., 2016). Contrarily, the shorter isoform 3 (only ranging 699 aa) is expressed ubiquitously, 

and is able to perform substantial mitochondrial fission in the absence of Mff (Macdonald et al., 2016). 

Since our work is based on tissues such as BAT, liver or muscle, we would be mainly describing Drp1 mouse 

isoform 3. Nevertheless, previous studies relating Drp1 S600 phosphorylation with mitochondrial 

elongation focused on the neuron-specific isoform 1 (Cereghetti et al., 2008) (Flippo & Strack, 2017). 

Importantly, the impact of Drp1 S600 phosphorylation on mitochondrial morphology depends on the 

capacity to promote downstream S579 phosphorylation (Figure 9.1). In the impossibility of S579 

activation, S600 phosphorylation leads to mitochondrial elongation, as demonstrated in our imaging 

experiments using the Drp1 S600E/S579A form. This, in turn, could explain some of the discrepancies in 

the literature, suggesting that, in addition to isoform-specific differences, the different outputs of S600 

phosphorylation could be linked to the basal S579 phosphorylation state of the cell lines tested. 

Altogether, these observations suggest that Drp1 S600 would act as the activator site while S579 is the 

effector in promoting mitochondrial fragmentation (Figure 9.1).  

In conclusion, in this first part of our work we provide novel insights on the crosstalk between Drp1 

phosphorylations. Until now, the vast majority of research documenting Drp1 S579 and S600 

phosphorylations was based on cultured cell lines, which do not mimic the physiological conditions 

involving the intervention of multiple organs. In higher models such as rodents or humans, only one of 

these phosphorylations is reported in most of the cases. For example, increased Drp1 S579 

phosphorylation levels have been documented in various human cancers (Breitzig et al., 2018). Thus, it 
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would be highly interesting to analyze whether tumor samples from patients display enhanced Drp1 S600 

phosphorylation in parallel to that of S579. Of note, our observations that Drp1 S579 phosphorylation is 

dependent on the prior S600 activation provide an attractive therapeutic strategy where the Drp1 S600 

site could be targeted in human cancer. We also provide a plausible explanation on the contradictory 

views on whether the Drp1 S600 site promotes mitochondrial fragmentation or elongation, which has 

been a subject of debate over the last decades in the exploration of Drp1 function.  

 

Figure 9.1. Crosstalk between Drp1 S579 and Drp1 S600 phosphorylation sites. 

Our studies with phospho-null plasmids demonstrated that when Drp1 is prevented from being phosphorylated by 

mutating the Serine residues to Alanine (S→A) at either S600 or S579, the mitochondrial network exhibits a 

prevalence on mitochondrial tubulation (fusion). Contrarily, the change from Serine to Glutamate (S→E) mimics a 

constitutive phosphorylation of the site. Activation of the S600 site promotes the phosphorylation at Drp1 S579, 

even in the absence of stimuli. Cells expressing the Drp1 S600E form showed a marked increase in mitochondrial 

fragmentation (fission). Contrarily, cells expressing the Drp1 S579E form did not exhibit increased levels of 

phosphorylated Drp1 S600. Nevertheless, Drp1 S579E promoted mitochondrial fission, although to a lesser extend 

to that observed with the Drp1 S600E form. A double Drp1 S600E/S579E phospho-mutant led to maximal levels of 

mitochondrial fragmentation. The double Drp1 S600E/ S579A mutant displayed mitochondrial fusion, indicating that 

the Drp1 S600 site is not able to bypass the inhibition of the S579 site to promote fragmentation.  
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9.2 Role of the Drp1 S600 phosphorylation in mammalian physiology 

As a key component in mitochondrial quality control, Drp1 is also critically important for organismal 

homeostasis and survival. Indeed, mutations that impair Drp1 function have been implicated in human 

encephalopathies and developmental regression (Waterham et al., 2007) (Fahrner et al., 2016). 

Moreover, the homozygote deletion of the Dnml1 gene in mice is embryonically lethal, due to deficient 

synaptic formations that result in brain hypoplasia (Ishihara et al., 2009) (Wakabayashi et al., 2009). 

Therefore, the vast majority of research on Drp1 function relies on its tissue-specific deletion (Favaro et 

al., 2019) (Wang et al., 2015), which fails to reflect the impact of mutations or treatments influencing Drp1 

function in different tissues. Despite the fact that it is well documented that Drp1 function is influenced 

by phosphorylations, the physiological impact of the Drp1 phosphorylation sites remains yet unknown. 

Therefore, we decided to address these issues in the second part of this work by characterizing our Drp1 

S600A knock-in (KI) mice. This is a whole-body genetic mouse model that codes for a recombinant protein 

harbouring a site-specific serine (S) to alanine (A) mutation at S600, therefore preventing the addition of 

the phosphate group and mimicking a constitutive dephosphorylation of this site. To date, there is no 

other literature describing this model, with the exception of the report by the Danesh group, who used a 

parallel Drp1 S600A KI mouse model to elucidate the role of the ROCK1-Drp1 axis specifically in kidney 

function (Galvan et al., 2019). Contrarily, our strategy with the Drp1 KI extends to portray the impact of 

the Drp1 phosphorylation crosstalk on mitochondrial dynamics, as well as to define the role of the Drp1 

S600 phosphorylation in whole-body metabolic adaptation.  

Interestingly, one of our first observations was that kidney exhibits almost absent levels of Drp1 protein 

expression, as compared to high-expressing Drp1 tissues such as brain, heart or muscle. Moreover, white 

adipose tissue displays poor Drp1 expression, as compared to the brown adipose tissue. This reflects of 

the requirement for a proper balance in mitochondrial dynamics particularly in brown as opposite to white 

adipocytes, in order to preserve BAT function. The impact of the Drp1 S600 mutation will thus be 

determined by the basal levels of Drp1 expression on different tissues. 

We metabolically characterized our Drp1 S600A KI mice under a low-fat diet (LFD) and high-fat diet (HFD) 

challenge, respectively. Drp1 KI mice on a LFD did not manifest any changes in glucose or insulin handling, 

yet they exhibited a tendency towards increased lipid utilization as energy source, according to indirect 

calorimetry analyses. Moreover, we showed that Drp1 KI tissues, such as the liver or the BAT, displayed 

higher Complex I and Complex II-driven mitochondrial respiration. Regarding this, mitochondrial 
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elongation has been previously linked to higher respiratory capacity and improved respiratory coupling in 

cultured cells and tissues (Gomes et al., 2011) (Liesa & Shirihai, 2013). Importantly, improved 

mitochondrial function strongly correlates with protection against diet-induced metabolic disease (Cantó, 

2018). Accordingly, our Drp1 KI mice were protected against HFD-induced glucose intolerance and insulin 

resistance. Drp1 KI mice also maintained better their body temperature upon cold exposure, which was 

related to a higher BAT thermogenic capacity. Importantly, it has been highlighted how changes in BAT 

activity can significantly influence whole-body metabolic homeostasis (Chouchani & Kajimura, 2019). 

Recent preclinical investigations have even reported that increased BAT mass and/or activity through 

transplantation can improve glucose metabolism and insulin sensitivity in recipients (White et al., 2019). 

Therefore, the higher glucose utilization in the Drp1 KI mice might be used to sustain the increased 

thermogenic function of their BAT.  

Finally, we showed that the contribution of the BAT was critical for the better insulin sensitivity of our 

HFD-fed Drp1 KI mice (Figure 9.2). Mainly, housing the Drp1 KI mice at thermoneutrality, which blunted 

the thermogenic capacity of the BAT, completely neutralized their increased glucose tolerance and insulin 

sensitivity, as well as the enhanced lipid oxidation rates and mitochondrial respiration of their BAT. 

Interestingly, the profile of adipokines that was upregulated in the Drp1 KI mice under normal housing 

conditions, including the marker of mitochondrial function Fgf21, was also blunted at thermoneutrality. 

This observation gives rise to the notion that the molecular mechanism explaining the phenotype of the 

Drp1 KI mice lies probably on their enhanced adrenergic signaling. Given the role of the energy sensor 

AMPK in modulating thermogenesis in adipose tissue, it is possible that the improved insulin sensitivity of 

the Drp1 KI mice is due to the increased activation of AMPK in BAT. Indeed, adipose tissue-specific AMPK 

KO mice fed on a HFD exhibited impaired glucose tolerance and insulin sensitivity, and also reduced β3-

adrenergic-activated energy expenditure (Wu et al., 2018), in alignment to our observations in the Drp1 

KI mice. Moreover, PGC1α is a critical regulator of UCP1-mediated thermogenesis in BAT (Sharma et al., 

2014). Indeed, UCP1 and PGC1α transcription levels were upregulated in the Drp1 KI BAT. Thus, the impact 

of adiposity and glucose homeostasis on PGC1α expression could be an interesting venue explaining the 

metabolic adaptations of the Drp1 KI mice, though further research will be required to elucidate whether 

this is a direct or indirect cause for the Drp1 KI phenotype. 



Chapter 9 

 

106 
 

 

Figure 9.2. Phenotype of the Drp1 S600A KI mice. 

Our Drp1 S600A KI mouse model contains a site-specific serine (S) to alanine (A) mutation at S600, therefore 

preventing the addition of the phosphate group and mimicking a constitutive dephosphorylation of the site. The 

Drp1 KI mice display a set of characteristics specific to their brown adipose tissue (BAT-specific features), which 

influence the whole-body phenotype. These features are dependent on the environmental temperature at which 

the mice have been housed. At normal room temperature (22°C), the BAT of the Drp1 KI mice displays smaller lipid 

droplet size, associated to an increase in lipid oxidation and mobilization enzymes, elevated levels of acyl-carnitines, 

as well as enhanced mitochondrial respiration. At the whole-body level, Drp1 KI mice exhibit improved glucose 

tolerance and insulin sensitivity, as well as increased thermogenic function. However, all these BAT-specific and 

systemic features, respectively, are completely blunted when the mice are housed at thermoneutrality (30°C). 

9.3 Mitochondria & Co.  

Mitochondria continuously communicate with other cellular organelles to carry out their function, 

exchanging material and transmitting signals responsible for regulating metabolism, intracellular signaling 

and preserve cellular homeostasis (Murley & Nunnari, 2016). This communication can be established in 

different ways, such as vesicular transport, the exchange of metabolites or signaling molecules or directly, 
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via physical contacts (Soto-Heredero et al., 2017). The most studied membrane contact sites are those 

between mitochondria and the endoplasmic reticulum (ER), termed mitochondria-associated membranes 

(MAMs), which also regulate the events in mitochondrial dynamics (Friedman et al., 2011). MAMs 

regulate the exchange between both organelles of lipids, calcium, and reactive oxygen species (ROS), 

allowing adaptations of cellular bioenergetics and cell fate depending of cellular needs or physiological 

stresses. In our model, the BAT of HFD-fed Drp1 KI mice displayed upregulated levels of the ER stress 

markers, testifying for the increase in the unfolded protein response (UPR). In agreement, increased ER-

mitochondria coupling was shown to promote mitochondrial respiration and bioenergetics during early 

phases of ER stress (Bravo et al., 2011). This observation would go in line with the higher mitochondrial 

respiration observed in the BAT of the Drp1 KI mice. 

Although the UPR was originally described to maintain the protein homeostasis in the ER, a number of 

studies suggest that the UPR also play crucial roles in lipogenesis and the regulation of lipid metabolism. 

For example, ablation of ATF4 in mouse liver attenuates hepatic steatosis caused by high caloric diets 

through the inhibition of SREBP1c, ACC and FAS (Li et al., 2011) (Xiao et al., 2013). Similarly, ER stress 

modulates the expression levels of enzymes involved in lipid synthesis in peripheral tissues such as skeletal 

muscle, pancreas and heart (see reviews by Han & Kaufman (2016) and Basseri & Austin (2012) for more 

information on this topic). In our system, the levels of the lipogenesis enzymes ACC1, ACC2 or SREBP1c 

and SREBP2, were specifically upregulated in the BAT of the Drp1 KI mice, in agreement with the higher 

expression of the UPR markers in this tissue. 

Notably, a direct role of ER-mitochondria contact sites in the control of insulin signaling pathway has been 

recently suggested, supporting the role of MAMs in the control of glucose homeostasis (Rieusset, 2018). 

Indeed, several proteins of the insulin signaling pathway locate in the MAM interface, including the 

protein kinase AKT, the protein phosphatase 2A (PP2A) or the mammalian target of rapamycin complex 2 

(mTORC2). Insulin signaling was demonstrated to stimulate the localization of mTORC2 to MAMs (Betz et 

al., 2013). Accordingly, mouse fibroblasts deficient in AKT or mTORC2 exhibited impaired mitochondrial 

function, associated to a reduction in ER-mitochondrial contacts (Betz et al., 2013). Thus, it would be 

interesting to analyze the contribution of the mitochondria-ER communication in the phenotype of our 

Drp1 KI mice. 

Mitochondria also communicate with peroxisomes to monitor the degradation of fatty acids and ROS 

detoxification (Lismont et al., 2015) (Schrader & Yoon, 2007). Remarkably, peroxisomes and mitochondria 

also share components of the fission machinery, including Drp1 (Koch et al., 2003) (Li & Gould, 2003). 
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Indeed, expression of a dominant-negative Drp1 mutant deficient in GTP hydrolysis inhibited peroxisomal 

fission and caused peroxisomal tubulation (Koch et al., 2003). Recently Tanaka et al. (2019) showed that 

the genetic ablation of the peroxisomal factors Pex3 or Pex5, which are essential for peroxisome 

biogenesis, resulted in mitochondrial fragmentation in MEF cells. In fact, Pex3 KO MEFs displayed 

increased colocalization of Drp1 with mitochondria due to an increase in Mff expression. Nevertheless, 

we did not observe any apparent alterations in Pex3 or Pex5 protein expression in the BAT of our Drp1 KI 

mice, suggesting that the Drp1 S600 phosphorylation does not affect peroxisomal biogenesis. 

Alternatively, further analysis by electron microscopy of the peroxisomal morphology in the Drp1 KI 

tissues could complement these results. Of note, experiments in 293T cells overexpressing the Drp1 S600A 

form showed no differences in peroxisome morphology as compared to Drp1 WT expressing cells, 

endorsing that the Drp1 S600 phosphorylation status does not play a major role in regulating the activity 

of Drp1-mediated peroxisomal fission (Yu et al., 2019b). One possible explanation is that peroxisomal 

fission is independent of Drp1 phosphorylation, but rather relies on an alternative post-translational 

modification. Despite the large number of studies describing the role of post-translational modifications 

in regulating Drp1 function in mitochondrial dynamics, how these events affect Drp1 role in peroxisomal 

dynamics is yet unknown (Brocard & Hartig, 2014). Beyond Drp1, mitochondria and peroxisomes also 

share the receptors Fis1 and Mff for the regulation of their fission (Schrader, 2006) (Kobayashi et al., 2007) 

(Delille et al., 2009) (Camões et al., 2009). Despite of this, our Drp1 KI mice did not display any changes in 

the protein expression of Mff or Fis1.  

9.4 Future perspectives 

The functional regulation of Drp1 by post-translational modifications clearly provide cells with an 

impressive array of regulatory mechanisms to modulate mitochondrial morphology. Despite the fact that 

we focused  this work on Drp1 phosphorylation on the S579 and S600 sites, further research will be 

required to elucidate the interrelation of these phosphorylations with other Drp1 post-translational 

modifications, including ubiquitination, SUMOylation, S-nitrosylation, O-GlcNAcylation or acetylation (see 

Chapter 1, section 1.5.3). For instance, Drp1 acetylation at K642 promotes Drp1 phosphorylation at S579, 

which leads to Drp1 translocation to mitochondria (Hu et al., 2020). Interestingly, K642 is located within 

the GTPase effector domain, which regulates Drp1 oligomerization and GTPase activity. Our work has 

established a spatiotemporal relationship whereby a post-translational modification at one site would 

regulate the modification of a second site to promote Drp1 function. In this sense, Drp1 acetylation might 
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also be an early event in Drp1 activation, triggering a conformational change that facilitates Drp1 

phosphorylation at S579.  

On an additional layer, further experiments will help to evaluate to what extend the Drp1 KI phenotypes 

are a result of the increased mitochondrial elongation, disrupted inter-organelle contacts or more intrinsic 

aspects of Drp1 biology. Nevertheless, our studies have identified the BAT as one of the main tissues 

whose function is altered by the Drp1 S600A mutation. 

Despite the fact that the impaired thermogenic function of the BAT led to an ablation of the phenotype 

of the Drp1 KI mice, further experiments should be performed to determine the contribution of the BAT 

to the overall improvement in glucose tolerance observed in these animals. To do this, one possible 

approach would be to perform a hyperinsulinemic-euglycemic clamp, in order to define the actual site of 

glucose uptake in the Drp1 KI mice. Alternatively, the analysis of insulin signaling cues in different tissues 

could help define if the improved insulin sensitivity of the Drp1 KI mice is due to higher insulin-dependent 

glucose uptake. Moreover, the generation of a tissue-specific KI mutation in BAT would provide proof that 

the elimination of the Drp1 KI phenotype observed under thermoneutral conditions is not mediated by 

ambient temperature, but is specific to the BAT. 

Ultimately, the relevance in humans of the findings presented in this work should be further investigated. 

Several reports have made exceptional effort in highlighting the implications of Drp1 phosphorylations in 

human metabolic disorders (Fealy et al., 2014) (Pfluger et al., 2015), cancer (Kashatus et al., 2015) (Dai & 

Jiang, 2019), cardiac pathologies (Chang et al., 2013) (Xu et al., 2016) (Jhun et al., 2018), 

neurodegenerative disorders (Manczak et al., 2011) (Joshi et al., 2017) (Oliver & Reddy, 2019) or aging 

(Sharma et al., 2019) (Liu et al., 2020b). Whereas inhibiting Drp1-mediated mitochondrial fission has been 

proposed as a desirable therapeutic option for targeting cytoprotection, most Drp1 inhibitors to date 

show inhibitory effects independent of Drp1 activity (Smith & Gallo, 2017) (Dai et al., 2020). This might 

partially be explained by the differential effect of these inhibitors on Drp1 isoforms specific to particular 

cell types or tissues. Since the two Drp1 S579 and S600 phospho-sites are conserved among all Drp1 

isoforms (Rosdah et al., 2020), targeting Drp1 phosphorylation might overcome the off-target effects 

associated to the pharmacological Drp1 inhibition strategies.   

Altogether, this work unveils the regulation of Drp1 S579/S600 phosphorylation sites and demonstrates 

that S600 phosphorylation influences whole body nutrient utilization. Therefore, these findings pave the 
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way for therapeutic approaches where modulating Drp1 function by targeting its phosphorylations could 

improve human pathophysiological states. 
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 Materials & Methods 

10.1 Materials 

All chemicals and reagents used are listed in Annex 1. Table of materials. Working concentrations and 

time of treatment are indicated within the corresponding experiment. 

10.2 Plasmid generation 

The plasmids used in the manuscript have been generated from the pcDNA3.1(+) Drp1 plasmid kindly 

gifted by David Chan. The introduction of a FLAG tag to the Drp1 product was achieved through regular 

cloning molecular biology methods using KOD polymerase (Merck). The resulting PCR products were 

digested with Bamh1-Not1 or Bgl2-Not1 and ligated into a pcDNA3.1 vector (V79020), in which the Not1 

site was in frame with the coding regions to provide a C-terminal Flag tag on the proteins. Additionally, 

plasmids with point mutations were created by PCR site-directed mutagenesis to generate enzymatically 

inactive (S → A) or active (S→E/D) versions with the primers indicated in Annex 2. Primers for site-directed 

mutagenesis. The mito-DsRed plasmid was kindly gifted by the Antonio Zorzano group (Liesa et al., 2008) 

and was cloned from pWPXL-mt-DsRed. The generation of Drp1 mito-DsRed bicistronic plasmids was 

achieved in two steps: first, the introduction of the mito-DsRed plasmid into the multiple cloning site 1 

(MCS1) of the pVitro2 plasmid by digestion with BamH1-Xho1 or BamH1-Sal1, respectively; second, the 

mouse Drp1 – Flag plasmids obtained by site-directed mutagenesis were ligated into the multiple cloning 

site 2 (MCS2) of the resulting pVitro2-mtDsRed plasmid by digestion with BamH1-Xho and Bgl2-Xho1, 

respectively. Plasmid purification was done using NucleoSpin columns and following the manufacturer’s 

instructions. The sequences of all the clones have been verified in-house using the BigDye Terminator 23 

3.1 kit and 3500XL Genetic analyzer (Applied Biosystems). The primers used for site directed mutagenesis 

can be found in Annex 2. Primers for site-directed mutagenesis. 
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10.3 Cell culture 

Drp1KO MEFs and their WT counterparts were kindly provided by Prof. Katsuyoshi Mihara. The 3T3 line 

comes from ATCC. All lines were tested for mycoplasma contamination using MycoProbe™ Mycoplasma 

Detection Kit (R&D cat. CUL001B). Unless otherwise specified, all cell culture reagents were obtained from 

Gibco (Thermofisher Scientific Inc.). Cells were cultured in DMEM (4.5 g/L glucose) supplemented with 

10% FBS, Penstrep (1%), nonessential amino acids (1%), sodium pyruvate (1%), and L-glutamine (1%). For 

overexpression experiments, cells were transfected with 5 µg of plasmid DNA using Lipofectamine 2000 

(Thermo Fisher) according to manufacturer’s instructions. Alternatively, the JetPrime transfection was 

applied with 2 µg of DNA, according to manufacturer’s instructions. Treatments and subsequent collection 

of cell protein lysates were performed 48 hours post-transfection. 

10.4 Live imaging 

For the imaging of the Drp1 phospho-mutant plasmids, 8x103 Drp1KO cells were seeded in 4-well Lab-

Tek™ chambers (Thermofisher Scientific Inc.) and, after 24 hours, transfected using 0.8 µg of DNA and 2 

µL of Lipofectamine 2000 with plasmids expressing the different forms of Drp1 and, bicistronically, a 

mitochondrially targeted mito-DsRed protein. 24 hours after the transfection, cells were imaged using a 

Zeiss AxioObserver Z1 confocal spinning-disk microscope coupled to a CO2 station. Approximately 50 

different cells were imaged in at least three different biological replicates, and the orthogonal projection 

of each cell was taken as the final imaging result. For the starvation conditions, cells were incubated with 

Hank’s balanced salt solution (HBSS) media for 2 h prior to imaging. Nuclei were stained with Hoechst 

33342 by treating cells with 1:2,000 dilution in PBS for 10 min. Mitochondrial elongation/fragmentation 

rates were analyzed using the Mitochondrial Network Analysis (MiNA) macro of FiJi (Valente et al., 2017). 

For the analysis of the mitochondrial morphology from each cell, we used a pre-processing step with the 

following parameters: unsharp mask (radius: 1 pixel; mask weight: 0.6), CLAHE (127, 256, 3) and median 

(1). The parameters of the MiNA interface were the following: ridge detection, high contrast (75), low 

contrast (5), line width (1), minimum line length (5). We performed an initial training of the tool to obtain 

the classification into fragmented/tubulated mitochondria. The classification was kept as follows: 

fragmented < 8 µm, intermediate 8-12 µm, tubulated >12µm 
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10.5 Generation of the Drp1 knock-in mice 

The Drp1 knock-in (KI) mice (C57BL/6NTac-Dnm1ltm3143(S643A)Arte) were generated by Taconic Farms 

Inc. The targeting strategy we used allowed the generation of a constitutive whole body point mutation 

in the Dnm1l gene, based on the Ensembl transcript ENSMUST00000047122. Exon 1 in the mouse genomic 

locus contains the translation initiation codon. The targeting vector contains exons 17 to 20, including the 

splice acceptor site of intron 16, which were inserted downstream of the distal loxP site. The S600A 

mutation was introduced into the duplicated exon 18. An additional polyadenylation signal (hGHpA: 

human Growth Hormone polyadenylation signal) was inserted between the 3’ UTR and the distal loxP site 

in order to prevent downstream transcription of the mutated Dnm1l exon 18. The size of the loxP-flanked 

region of the targeting vector was of approximately 7.0 kb. The targeting vector was generated using BAC 

clones from the C57BL/6J RPCIB-731 BAC library which were then transfected into the TaconicArtemis 

C57BL/6N Tac ES cell line. The constitutive knock-in (KI) locus is obtained after Cre-mediated deletion of 

wildtype exons 17 to 20 and the hGHpA. This KI allele expresses the mutated Drp1 S600A protein. The 

remaining recombination sites are located in non-conserved regions of the genome. In the document, 

Drp1loxP/loxP-Drp1S600ACRE mice will be called Drp1 S600A knock-in (or Drp1 KI). Mice breedings were 

carefully controlled to distinguish control (WT) from Drp1 S600ACRE cohorts.  

10.6 Animal care 

Unless otherwise specified, mice were kept in a standard temperature- and humidity-controlled 

environment with a 12h:12h light-dark cycle. Mice had nesting material and ad libitum access to water 

and commercial LFD and HFD (D12450J and D12492i, respectively, from Research Diets Inc.). Only male 

mice were used for the experiments, unless indicated otherwise. All animal experiments were carried out 

according to national Swiss and EU ethical guidelines and approved by the local animal experimentation 

committee under license VD 3118. 

10.7 Animal phenotyping 

All clinical tests were performed according to standard operational procedures established within the 

Eumorphia program (http://empress.har.mrc.ac.uk/). Animals were systematically randomized for the 

tests, ensuring similar numbers per genotype in the cohorts. All phenotyping tests were performed in 

aged-matched cohorts, while mice were between 30-50 weeks of age. Mice that showed any sign of 

severity, predefined by the Veterinary Office of the Canton of Vaud, were euthanized. These animals, 
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together with those who died spontaneously during the experiments, were excluded from the data 

analyses. Body composition was determined by Echo‐MRI (Echo Medical Systems, Houston, TX, USA). 

Oxygen consumption (VO2 and VCO2), food intake, and activity were monitored by indirect calorimetry 

using the comprehensive laboratory animal monitoring system (CLAMS; Columbus Instruments, 

Columbus, OH, USA). Energy expenditure (EE) was estimated using VO2 and VCO2 values from indirect 

calorimetry, using the following equation EE (in kJ/h) = (15.818 × VO2) + (5.176 × VCO2) (Virtue & Vidal-

Puig, 2013). Food intake and activity were also monitored using the CLAMS during a 24 h period. Glucose 

tolerance was analyzed by measuring blood glucose after an intraperitoneal injection of 2 g/kg glucose 

after an overnight fast. Insulin tolerance was measured by injecting 0.5 U/kg insulin for LFD-fed mice, or 

1 U/kg insulin for HFD-fed mice, after 6 h fasting. Insulinemia was measured on plasma samples with an 

ELISA kit (EMD Millipore Corp.). Cold test experiments were performed by placing mice in a cold chamber 

kept at 6°C and measuring rectal body temperature every hour. At the end of the phenotyping, animals 

were sacrificed after isoflurane inhalation at 8 a.m. after a 12 h fast, in order to stabilize systemic 

parameters and to allow the measurement of blood biochemistry in the fasting state. Blood samples were 

collected in EDTA‐coated tubes, and plasma was isolated after centrifugation (2000g, 15 min, 4°C). For 

fasting/refeeding experiment, food was removed for 24 hours. Then, a “Fasted” group was sacrificed, and 

the “Refed” group was kept with access to food for another 6 hours.  Tissues were collected upon sacrifice 

and flash‐frozen in liquid nitrogen. 

10.8 In vivo measurement of brown adipose tissue activity 

In order to evaluate non‐shivering thermogenesis (BAT function), we measured whole‐body O2 

consumption in response to a specific β3‐adrenergic agonist, CL, in anesthetized mice as previously 

described (Cannon & Nedergaard, 2011). Briefly, mice, housed either at 22°C or 30°C for at least 1 month, 

were anesthetized using pentobarbital (60 mg/kg) and placed on a calorimetric chamber at 30°C. After 30 

min of adaptation, CL was subcutaneously injected (1 mg/kg) and mice were placed back in the chamber 

to follow up O2 consumption measurements. 

10.9 Electron microscopy on mouse brown adipose tissue  

Brown adipose samples were cut in pieces smaller than 1mm3 and fixed in glutaraldehyde solution (EMS, 

Hatfield, PA, US) 2.5% in Phosphate Buffer (PB 0.1M pH7.4) (Sigma, St Louis, MO, US) during 2h at room 

temperature (RT). Then, pieces were rinsed 3 times for 5 minutes in PB buffer and post-fixed by a fresh 

mixture of osmium tetroxide 1% (EMS, Hatfield, PA, US) with 1.5% of potassium ferrocyanide (Sigma, St 
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Louis, MO, US) in PB buffer during 2 h at room temperature. The samples were then washed three times 

in distilled water and dehydrated in acetone solution (Sigma, St Louis, MO, US) at graded concentrations 

(30%-1h30; 70%-1h30; 100%-2h; 100%-4h). This was followed by infiltration in Spurr resin (EMS, Hatfield, 

PA, US) at graded concentrations (Spurr 1/3 acetone-4h; Spurr 3/1 acetone-4h, Spurr 1/1-8h; Spurr 1/1-

24h) and finally polymerized for 48 h at 60°C in the oven. Ultrathin sections of 50 nm were cut on a Leica 

Ultracut (Leica Mikrosysteme GmbH, Vienna, Austria) and picked up on copper slot grid 2x1mm (EMS, 

Hatfield, PA, US) coated with a polystyrene film (Sigma, St Louis, MO, US). Sections were poststained with 

uranyl acetate (Sigma, St Louis, MO, US) 2% in H2O for 10 minutes, rinsed several times with H2O followed 

by incubation with Reynolds lead citrate for 10 minutes and rinsed several times with H2O.  

Micrographs with a pixel size of 6.86nm were taken with a transmission electron microscope Philips 

CM100 (Thermo Fisher Scientific, Waltham, MA USA) at an acceleration voltage of 80kV with a TVIPS 

TemCam-F416 digital camera (TVIPS GmbH, Gauting, Germany). A total of 20 EM-sections were imaged 

and used for quantification from 4 control and 4 KI animals. 

10.10 Histology  

H&E and Oil Red O stainings were performed using the fully automated Ventana Discovery XT (Roche 

Diagnostics, Rotkreuz, Switzerland). All steps were performed on the machine with Ventana solutions. A 

total of 5 control and 5 Drp1 KI mice were compared for histology analyses, by imaging and quantifying 

approximately 10 sections per mouse tissue using ImageJ. 

10.11 Respirometry studies on mouse tissue homogenates 

Respirometry studies were performed in fresh mouse tissue homogenates using high-resolution 

respirometry (Oroboros Oxygraph-2k, Oroboros Instruments) as described previously (Canto & Garcia-

Roves, 2015). All respirometry experiments were performed on fresh tissues immediately after dissection. 

Liver and adipose tissues were homogenized in amino acid-depleted respirometry medium (0.5 mM EGTA, 

3 mM MgCl2, 60 mM K-lactobionate, 10 mM KH2PO4, 20 mM HEPES, and 110 mM sucrose, pH 7.1) and 

2 mg of wet tissue were added to the experimental chamber. 

All the tissues were assessed in respirometry medium. Oxygen flux (denoted as “Leak” in figures) was 

measured by adding malate (final concentration 2 mM) pyruvate (10 mM) and glutamate (20 mM) in the 

absence of ADP. Complex I-driven oxidative phosphorylation (“CI”) was quantified by the addition of ADP 

(5 mM). This was followed by the addition of succinate (10 mM) for electron flow through both complex I 
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and II measurement (‘’CI+CII’’). Subsequently, carbonylcyanide-4-(trifluoromethoxy)-phenyl-hydrazone 

(FCCP) was titrated to achieve maximum flux through the electron transfer system (‘’ETS’’). Finally, 

electron transport through complex I (‘’CII’’) and complex III was inhibited by the sequential addition of 

rotenone (0.1 μM) and antimycin A (2.5 μM), respectively. The remaining O2 flux after inhibition with 

antimycin A (O2 flux independent of the electron transfer system) was subtracted from all the values from 

the previous steps. Oxygen flux values are expressed relative to tissue wet weight per second (pmol O2 x 

mg−1s−1). 

10.12 Respirometry studies on isolated mitochondria 

For respirometry analyses on isolated mitochondria, 200 µg of isolated mitochondrial protein were used 

(in a 2 ml chamber) and the incubations were done at 30 °C. State 2 respiration defines the steady-state 

respiration achieved after the addition of substrates for Complex I (malate and glutamate; 2 and 10 mM 

respectively) or Complex II (succinate 10 mM) in the absence of ADP. For analyses aimed to specifically 

evaluate Complex II, rotenone (0.5 µM) was added in addition to succinate, in order to inhibit Complex I. 

State 3 respiration was evaluated by adding ADP (250 µM or 5 mM, as indicated in the figure legends). 

Respiratory Control (RC) was calculated as the State 3 / State 2 ratio obtained at this stage. Maximal 

respiration was explored by titrating FCCP at 0.5 µM steps until maximum effects were reached. Antimycin 

A (2.5 µM) was used to inhibit Complex III and verify the complete abrogation of respiration in our 

samples. Isolated mitochondria preparations were routinely tested for the integrity of the outer 

mitochondrial membrane by adding Cytochrome c (10 µM) during State 3 respiration. All studies in 

isolated mitochondria used exclusively samples where Cytochrome c addition increased respiration by 

less than 5%. Similarly, mitochondrial preparations with an RC below 4 (upon Complex I stimulation) were 

discarded. 

10.13 Mitochondria isolation 

Mitochondria were isolated from frozen mouse BAT as previously described (Jha et al., 2016). 

Mitochondria isolation from frozen tissues allowed the preservation of Drp1 phosphorylations. Upon 

thawing, one BAT pad was placed in a glass potter with 2 mL of freshly prepared ice-cold mitochondrial 

isolation buffer (IB) (250 mM sucrose, 10 mM Tris-MOPS and 0.1 mM EGTA/Tris; adjusted to pH=7.4; 1 

tablet of protease and phosphatase inhibitors each were added). Pieces of tissue were homogenized at 

4°C using a Teflon pestle rotating at 1600 rpm (4 strokes). The homogenate was then transferred to a 2 

mL Eppendorf tube and centrifuged at 600g for 10 min at 4°C. This step separates the cell debris from the 
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mitochondrial extract. After this, the supernatant was transferred to a new 1.5 mL Eppendorf tube and 

centrifuged at 7000g for 10 min at 4°C. After this step the supernatant contained the cytosolic fraction 

and the pellet was washed twice with 1 ml of ice-cold IB and centrifuged at 7000g for 10 min at 4°C. The 

supernatant was then discarded and the pellet, containing mitochondria, was resuspended in 50 µl of 

buffer. Mitochondrial protein concentration was then determined using the BCA method. 

10.14 Primary hepatocyte isolation 

Hepatocytes were isolated from WT mice by continuous recirculating perfusion of the mouse liver in situ 

with collagenase digestion (Berry & Friend, 1969). Perfusion was performed in Krebs buffer (4.7 mM KCl, 

0.7 mM KH2PO5, 10 mM HEPES, 117 mM NaCl, 24.6 mM NaHCO3, 0.2% glucose) supplemented with 

5 mM CaCl2 and 0.5 mg/ml collagenase (Worthington, type IV) for 10 min with 5 ml/min flow. Cells were 

seeded in M199 containing 100 U/ml penicillin G, 100 µg/ml streptomycin, 0.1 % (w/v) BSA, 10 % (v/v) 

FBS, 10 nM insulin, 200 nM triiodothyronine and 100 nM dexamethasone. Post attachment (4-5 h), cells 

were cultured overnight in M199 supplemented with antibiotics and 100 nM dexamethasone and used 

for experiments the following morning. Primary hepatocytes were treated with DMSO or with 20 µM of 

Forskolin for 2 hours, after which total protein lysates were collected. 

10.15 Primary muscle culture 

Muscles (quadriceps, tibialis, EDL, gastrocnemius, soleus) were excised from hind limbs of mice and 

mulched into a smooth pulp, which was then digested by adding 6 mL of warm collagenase/Dispase 

II/CaCl2 solution. The digestion mix was incubated for 10 min at 37°C, after which it was homogenized and 

placed again in the incubator for another 17 min. Homogenization allows the mixture to disaggregate any 

remaining muscle fibers. Then, 50 µL of myoblast growth media were added to the mixture to stop the 

digestion. The cell suspension was then filtered by means of a 70 µm filter in a 50 mL falcon tube, and 

centrifuged at 1200 rpm for 5 min. The pellet was then resuspended in 4 mL of complete myoblast growth 

medium (79% Hams F10, 20% FBS, 2.5 ng/mL rhFGF, 1% Pen/Strep) and plated onto a non-coated 10 cm 

plate for 2 hours. This step allows fibroblasts to adhere to the place, while myoblasts will remain in 

suspension. At the end of the incubation, media was transferred to 6 cm collagen-coated petri dishes. 

Four cell passages are recommended before performing experiments. Passage 1 to 3 are used as 

maintenance for the cells to expand and get rid of remaining fibroblasts; passage 4 to 10 is recommended 

for experiments. Upon 80% confluence media was replaced with differentiation media (DMEM 
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supplemented with 5% Horse Serum, 1% Pen/Strep) every two days for a total of 1 week when myotubes 

are observed (Figure 10.1). 

 

Figure 10.1. Primary muscle culture. 

Left, myoblasts from WT mice plated onto collagen-coated plates. Right, myotubes were formed after 6 days of 

differentiation. 

10.16 Primary brown adipocyte isolation 

Primary brown adipocytes were collected from the interscapular BAT of mice (10 BAT/genotype are 

recommended for optimal cell yield). Ten individual BAT pads were added into a 5 mL Eppendorf tube 

containing 1 mL of warm collagenase solution (1M Glucose, 7.5% BSA, 1M CaCl2 in Krebs buffer + 1 mg/mL 

collagenase type IV) and mulched. Then, 4 mL of collagenase solution were added to a 50 mL Falcon tube 

alongside 1 mL of the BAT mixture and placed in a 37°C shaker at 300 rpm for 40 min. It is recommended 

to vortex this mixture every 10 min to ensure digestion. After, 10 mL of base media (DMEM supplemented 

with 1% Pen/Strep, 2 mM Glutamine, 10% FCS, 20 mM Hepes) were added to stop the digestion. The cell 

suspension was then filtered through a 100 µm filter into a clean falcon and centrifuged for 10 min at 100 

g: preadipocytes will be collected in the pellet while mature adipocytes will form a lipid layer on top of 

the solution. Then, the pellet was resuspended in 10 mL of base media and the cell suspension was 

transferred to a new 15 mL Falcon tube, and centrifuged for 10 min at 100 g. After centrifugation, the 

pellet was incubated in 1 mL of erythrocyte lysis buffer (0.5 M EDTA, 0.5 M KH2PO4, 0.5 M NH4Cl) at room 

temperature for 4 min. Then, 9 mL of base media were added to the falcon to stop the reaction and the 

falcon was centrifuged for 10 min at 100 g. The resulting pellet was washed with 10 mL base media and 



Chapter 10 

 

119 
 

centrifuged at 100 g for 10 min. Finally, the final pellet was resuspended in base media and plated in a 

collagen-coated 12 well plate. After 4 hours, media was changed to BAT culture media (base media 

supplemented with 1.72 mM insulin and 1 mM Triiodothyronine (T3)). Upon maximal confluence, media 

was replaced with differentiation media (DMEM supplemented with 0.02 µM Insulin, 1.5 nM T3, 0.5 µM 

dexamethasone, 1 µM rosiglitazone, 0.125 µM indomethacin, 0.5 mM isobutylmethylxanthine (IBMX)) for 

7 days. After this, cells were cultivated in growth medium until day 6 of differentiation (Figure 10.2) 

(Boutant et al., 2015). 

 

Figure 10.2. Primary BAT isolation and culture. 

Left, confluent pre-adipocytes before differentiation. Right, adipocytes were differentiated for 6-7 days, when lipid 

droplet maturation can be observed. 

10.17 Antibody generation 

The rabbit polyclonal antibody against total Drp1, Drp1 phospho-Ser600 and Drp1 phospho-Ser579 were 

generated by rabbit injections (Yenzym antibodies, CA, USA), followed by affinity purification using 

standard protocols. The antibody for total Drp1 was raised against the peptide GLMNNNIEEQRRNRLARE, 

which covers amino acids 506-523 of the Isoform 3 of the mouse Drp1 protein. The antibody against 

phospho-S579 was raised against the peptide KPIPIMPA- pS- PQKGH, while the one for phospho-S600 was 

raised against the peptide sequence CVPVARKL-pS-AREQRD. 

10.18 Protein extraction and Western Blotting 

For protein extraction from cell lines, cells were initially washed twice with cold PBS and lysed in lysis 

buffer (50 mM Tris-HCL pH7.5, 150 mM NaCl, EDTA 5 mM, NP40 1%, protease and phosphatase inhibitors), 
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followed by centrifugation at 13,000 g for 10 min at 4°C. Protein extracts from mouse tissues were isolated 

with the TissueLyser (Qiagen®) system following manufacturer’s instructions. Proteins were quantified 

using a BCA assay (Pierce). For western blotting, proteins were separated by SDS-PAGE and transferred 

onto nitrocellulose membranes. Membranes were blocked for 1 hour with 5% BSA in TBS-Tween followed 

by an overnight incubation at 4°C with primary antibody dilution in TBS-Tween with 0.5% BSA. The primary 

antibodies used are listed in Annex 3. Table of antibodies. Secondary antibodies were used in 1:20000 

dilution for 1 hour incubation. Membranes were then developed by enhanced chemiluminescence 

(Amersham). For quantification, the intensity of each band was determined by densitometry using ImageJ 

software. 

10.19 RNA extraction and qPCR 

Total mRNA from all studied tissues or cells was extracted using TRIzol (Life Technologies) according to 

manufacturer’s instructions. RNA concentrations were measured with Nanodrop 1000 (Thermo 

Scientific). Reverse transcription was performed using SuperScript II (Life Technologies) with oligo dT plus, 

random hexamer primers and RNAsine (Roche) according to the manufacturer’s protocol. Quantification 

of mRNA expression was performed using SYBR Green real time PCR technology (Roche). Reactions were 

performed in duplicate in a 384-well plate using the Light Cycler (Roche). Gene expression was normalized 

with b2-microglobulin and cyclophillin as housekeeping genes. Relative gene expression between 

genotypes was assessed using the ΔΔCt method. Primer sequences are listed in Annex 4. Primers for qPCR. 

Mitochondrial number was assessed by using mitochondrial DNA – nuclear DNA ratio. Total DNA was 

extracted using the DNeasy Blood & Tissue Kit (Qiagen, reference #69504) and mitochondrial DNA was 

quantified as described in Quiros et al. (2017). UCP2 and HK2 primers were used as endogenous control 

for nuclear DNA, while COX2 and 16S as marker for mitochondrial DNA. 

10.20 Measurement of acyl-carnitines in BAT 

Metabolites were extracted from the brown adipose tissue (BAT) by mixing 400µl of acetonitrile, 

methanol and water in a 4:4:2 proportion to the lyophilized and pulverized matrix. After mixing the sample 

with a vortex, the mixture was frozen under liquid nitrogen for 10-20s, then sonicated for 20-30s and 

vortexed 20s for homogenizing the mixture. These steps were repeated for a total of three complete 

cycles. The untargeted LC/MS data was generated using a UHPLC system (1200 series, Agilent 

Technologies) couplet to a G6550A ESI-qToF MS (Agilent Technologies) operated in positive electrospray 

ionization (ESI+) mode. Metabolites were separated by hydrophilic interactions using an InfinityLab 
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Poroshell 120 HILIC-Z, 2.1 x 100 mm, 2.7 μm (PEEK lined) (Agilent Technologies) column. Mobile phase A 

was water (50 mM ammonium acetate) and mobile phase B was acetonitrile. The separation of the 

extracts was conducted under the following gradient: 0-2 min 98% of B; 2-10 min decrease to 40% of B; 

10-10.5 min raise to 98% of B; 10.5-15 min 98% of B. The parameters for the electrospray ionization source 

(ESI) were as follow: gas temperature, 200 °C; drying gas, 14 l min−1; nebulizer, 35 psig; fragmentor, 175 

V; and skimmer,65 V. The m/z acquisition range was set between 50 and 1100 Da, acquiring 3 spectra/s. 

In order to identify compounds, MS/MS data was generated in targeted mode and instrument was set to 

acquire spectra over the m/z range from 50 to 600, with a narrow width of 1.3 m/z. Several collision 

energies (CE) were tested between 10 and 40V.  

Data generated in the LC/MS instrument was processed and analyzed using the xcms R package (version 

3.4.4) to detect and align mzRT features. The xcms R package data analysis output is a matrix containing 

the integrated peak area, the retention time and the m/z value of each feature for each sample. A pool of 

each sample extract was created and used as quality control sample (QC), injected at the beginning and 

periodically through the worklist to correct the instrument drift, these samples are used to assess 

instrumental variability. Untargeted metabolomics data analysis involved feature filtering based on 

average intensity, variability and sample consistency, followed by PQN and tissue weight normalization. 

Filtered and normalized features were statistically tested using Welch’s T-test, those significant were 

putatively annotated using LIPID MAPS Lipidomics Database and Human Metabolome Database. 

10.21 Adipokine profiling 

Adipokines were measured from 100 µL of plasma samples from WT and Drp1 KI mice by using the Mouse 

Adipokine Array kit (ARY013, R&D systems), following manufacturer’s instructions. The intensity of each 

dot was measured by the Protein Array Analyzer plugin for ImageJ. 

10.22 Plasma Biochemistry  

Blood samples were collected in EDTA‐coated tubes, and plasma was isolated after centrifugation (2000g, 

15 min). Plasma parameters (cholesterol, triglycerides, free fatty acid) were measured using Dimension® 

Xpand Plus (Siemens Healthcare Diagnostics AG, Dudingen, Switzerland). 
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10.23 Statistical Analyses 

Statistical analyses were performed with Prism software (GraphPad). The sample size was estimated 

based on the known variability of the assays. In vitro analyses were performed as minimum in duplicates 

in three separate experiments.  For mouse time-series experiments, differences between two groups were 

analyzed using linear mixed effect models, with time and treatment groups as fixed effects, and animal id 

as a random effect. Models were fitted using restricted maximum likelihood approaches. Two types of 

models were performed, models testing the time*group interaction effects; and models testing 

time+group additive effects. Posthoc analyses were performed using Tukey's Honest Significance 

Differences. Data are expressed as means ± SEM.  
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Annex 1. Table of materials 

Table 2. Table of materials 

Product Supplier Catalog No. 

Oligomycin   Sigma  #1404-19-9 

FCCP Sigma #370-86-5 

Rotenone  Sigma #83-79-4 

Antimycin A  Sigma  #1397-94-0 

CL316,243 Sigma #C5976 

Glucagon Novo Nordisk #0169-7065-15 

Isoproterenol hydrochloride Sigma #I6504 

Glucose Gibco #15023021 

Insulin (100U/mL) NovoRapid #058610 

Roscovitine Cell Signaling Technology #9885 

KOD Hot Start DNA Polymerase Merck/SigmaAldrich #71086 

T4 DNA ligase  Fermentas/Thermofisher #EL0016 

BamH1  Fermentas/Thermofisher #FD0055 

Not1 Fermentas/Thermofisher #ER0592 

Dpn1 Fermentas/Thermofisher #ER1702 

Proteome Profiler Mouse 
Adipokine Array Kit 

R&D Systems #ARY013 

DNeasy Blood & Tissue Kit Qiagen #69504 

BigDye Terminator 3.1 kit Applied Biosystems   
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Annex 2. Primers for site-directed mutagenesis 

Table 3. Primers for site-directed mutagenesis. 

Mutation Primer Sequence 5' to 3' 

Drp1 S579A 
F CCAATTATGCCAGCAGCTCCACAGAAAGGC 

R GCCTTTCTGTGGAGCTGCTGGCATAATTGG 

Drp1 S600A 
F GTTGCAAGAAAACTGGCTGCCCGAGAACAG 

R CTGTTCTCGGGCAGCCAGTTTTCTTGCAAC 

Drp1 S579D 
F CCAATTATGCCAGCAGATCCACAGAAAGGC 

R GCCTTTCTGTGGATCTGCTGGCATAATTGG 

Drp1 S600D 
F GTTGCAAGAAAACTGGATGCCCGAGAACAG 

R CTGTTCTCGGGCATCCAGTTTTCTTGCAAC 

Drp1 S579E 
F CCAATTATGCCAGCAGAACCACAGAAAGGC 

R GCCTTTCTGTGGTTCTGCTGGCATAATTGG 

Drp1 S600E 
F GTTGCAAGAAAACTGGAAGCCCGAGAACAG 

R CTGTTCTCGGGCTTCCAGTTTTCTTGCAAC 
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Annex 3. Table of antibodies 

Table 4. Table of antibodies 

Protein Manufacturer Catalog No. Species Working dilution 

Drp1 YenZym YZ6212 Rabbit 1:1000 

Drp1 phospho-Ser600 YenZym YZ5447 Rabbit 1:2000 

Drp1 phospho-Ser579 YenZym YZ6213 Rabbit 1:1000 

Mfn1 YenZym YZ5443 Rabbit 1:2000 

Mfn2 YenZym YZ5445 Rabbit 1:2000 

OPA1 (Clone 18/OPA1) BD Biosciences 612606 Mouse 1:2000 

MFF ProteinTech  17090-1-AP Rabbit 1:1000 

FIS1 Thermo Fisher   PA1-41082 Rabbit 1:500 

Pex3 ProteinTech  10946-1-AP Rabbit 1:1000 

Pex5 ProteinTech  12545-1-AP Rabbit 1:1000 

GAPDH (Clone 14C10) Cell Signaling  2118 Rabbit 1:2000 

Pan-cadherin Cell Signaling  4068 Rabbit 1:1000 

Rb (D20) Cell Signaling  9313 Rabbit 1:1000 

phospho-Rb (Ser780)  Cell Signaling  9307 Rabbit 1:1000 

Cdk1 Abcam ab133327 Rabbit 1:1000 

phospho-Cdk1 (Tyr15)  Millipore 219440 Rabbit 1:500 

ERK Cell Signaling  4695 Rabbit 1:1000 

phospho-ERK 
(Thr202/Tyr204) 

Cell Signaling  9101 Rabbit 1:1000 

VDAC1 / Porin Abcam ab14734 Mouse 1:5000 

NDUFA9 (Clone 20C11)  Abcam ab14713 Mouse 1:2000 

SDHA (Clone 2E3)  Abcam ab14715 Mouse 1:5000 

UQCRC1 Abcam ab110252 Mouse 1:2000 

MTCO1 Abcam ab14705 Mouse 1:1000 

ATP5A Abcam ab14748 Mouse 1:5000 

UCP1 Abcam ab10983 Rabbit 1:5000 

IRE1 Abcam ab37073 Rabbit 1:1000 

phospho-IRE1 (S724) Abcam ab104157 Rabbit 1:500 

eIF2α Cell Signaling  5324 Rabbit 1:1000 

phospho-eIF2α (Ser51) Cell Signaling  3398 Rabbit 1:500 

ACC Cell Signaling  3676 Rabbit 1:1000 

phospho-ACC (Ser 79) Millipore  07-303 Rabbit 1:500 

GLUT3 Millipore 400062 Rabbit 1:1000 

E-Cadherin Cell Signaling  3195 Rabbit 1:1000 

Vimentin Cell Signaling  5741 Rabbit 1:1000 

SNAIL Cell Signaling  3879 Rabbit 1:1000 
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Annex 4. Primers for qPCR 

Table 5. Primers for qPCR. 

Species Gene Forward primer (5' to 3') Reverse primer (5' to 3') 

Mouse 

B-2 microglobulin ATGGGAAGCCGAACATACTG CAGTCTCAGTGGGGGTGAAT 

Cyclophilin CAGGGGAGATGGCACAGGAG CGGCTGTCTGTCTTGGTGCTCTCC 

Ucp1 CTTTGCCTCACTCAGGATTGG ACTGCCACACCTCCAGTCATT 

Prdm16 TGGCCTTCATCACCTCTCTGAA TTTCTGATCCACGGCTCCTGTGA 

Pgc1α AAGTGTGGAACTCTCTGGAACTG GGGTTATCTTGGTTGGCTTTATG 

Acadm (Mcad) GGCCATTAAGACCAAAGCAGA GTGTCGGCTTCCACAATGAAT 

Acadl (Lcad) GTAGCTTATGAATGTGTGCAACTC GTCTTGCGATCAGCTCTTTCATTA 

Cpt1b CCCATGTGCTCCTACCAGAT CCTTGAAGAAGCGACCTTTG 

Cpt2 AGCCAGTTCAGGAAGACAGA GACAGAGTCTCGAGCAGTTA 

Aco2 ACCGCCTATGCCTTCCACTTTC GCAAGCCATCCGACATTCTTCG 

Ppar ATGGGTGAAACTCTGGGAGATTCT CTTGGAGCTTCAGGTCATATTTGTA 

Acc1 GACAGACTGATCGCAGAGAAAG TGGAGAGCCCCACACACA 

Acc2 CCCAGCCGAGTTTGTCACT GGCGATGAGCACCTTCTCTA 

Fas TTCCAAGACGAAAATGATGC AATTGTGGGATCAGGAGAGC 

Srebf1 (Srebp1c) GGAGCCATGGATTGCACATT GCTTCCAGAGAGGAGGCCAG 

Srebf2 (Srebp2) GCGTTCTGGAGACCATGGA ACAAAGTTGCTCTGAAAACAAATCA 

16s CCGCAAGGGAAAGATGAAAGAC TCGTTTGGTTTCGGGGTTTC 

Cox2 GTTGATAACCGAGTCGTTCTGC CCTGGGATGGCATCAGTTTT 

Hk2 TCTGGCTCTGAGATCCATCTTCA CCGGCCTCTTAACCACATTCC 

Ucp2 CTACAGATGTGGTAAAGGTCCGC GCAATGGTCTTGTAGGCTTCG 

Atf4 CCTGAACAGCGAAGTGTTGG TGGAGAACCCATGAGGTTTCAA 

Atf6 AACCGAGAGTCTGCTTGTCA AGCCTCTGGTTCTCTGACAC 

Bip GACTGCTGAGGCGTATTTGG AGCATCTTTGGTTGCTTGTCG 
    

Species Gene TaqMan ID  

Human 

18S Hs99999901_s1  

CDH1  Hs01023894_m1  

Drp1 Hs01552605_m1  

GAPDH Hs02758991_g1  

Mfn1 Hs00966851_m1  

Mfn2 Hs00208382_m1  

Opa1 Hs01047018_m1   

SLC2A3 Hs00359840_m1  

SNAIL1 Hs00195591_m1  

VIM Hs00185584_m1  
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Appendix 1 

 

Appendix 1. Time-course for Drp1 phosphorylations in vitro and in vivo. 

 (A) Total protein lysates were evaluated by Western blot from differentiated brown adipocytes non-treated (-) or 

treated (+) with CL316,243 at times 0, 30 min, 1h, 2h, 3h or 4h. GAPDH was used as a loading control and HSL/P-HSL 

was utilized as control for the differentiation process. Quantification of the variation with time of the 

phosphorylation levels for both S600 and S579 residues in the differentiated adipocytes are represented in the graph 

below (n = 1 experiment). (B) WT control mice were treated with CL316,243 (1mg/kg) for the indicated time points, 

after which brown adipose tissue was collected and protein homogenates were evaluated by Western blot for Drp1 

total and Drp1 phosphorylations (n = 3 mice per time point). Quantification of the variation with time of the 

phosphorylation levels for both S600 and S579 residues from the BAT samples are represented in the graph below. 

All values are presented as mean +/- SEM. 
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Appendix 2 

 

Appendix 2. Drp1 isoforms in different tissues. 

BAT, liver, muscle and brain from two control mice were collected and protein homogenates were used to evaluate 

Drp1 levels. Neuron-specific isoform 1 contains the B-insert within Drp1 structure, whereas Drp1 isoform 3, present 

in BAT, liver and muscle, lacks it. Thus, Drp1 isoform 1 in brain displays a slightly higher molecular weight on the 

Western Blot. 
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Appendix 3 

 

Appendix 3. Muscle data from the Drp1 KI mice. 

(A) Muscle samples from wild type mice were collected and used to compare Drp1 total and Drp1 phosphorylation 

levels between Quadriceps, Soleus and EDL after treatment with Vehicle (Veh, PBS) or Isoproterenol (Iso, 10 mg/kg) 

for 15 min (n=2 mice per condition). (B) WT and Drp1 KI mice were injected with Isoproterenol (10 mg/kg) for 15 

min before collecting muscle (quadriceps) and evaluating the protein lysates for Drp1 total and Drp1 phosphorylation 

levels (n=3 mice per condition). (C) Quantifications of Drp1 P-S579 levels normalized to total Drp1 from the 

experiment in (B). (D) Acyl-carnitine levels were measured by liquid chromatography and mass-spectrometry (LC-

MS) from quadriceps of HFD-fed mice (n = 12 WT and 9 KI). Values are presented as mean +/- SEM. 
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Appendix 4 

 

Appendix 4. Primary cultures of liver, muscle and BAT. 

(A) Primary hepatocytes were isolated from 10-20 week old wild type mice and treated with vehicle (Veh, DMSO) or 

20 µM Forskolin (Fsk) for 2 hours (n = 3 mice per condition as separate replicates). After this, total protein extracts 

were obtained to evaluate Drp1 total and Drp1 phosphorylation levels. (B) Immunofluorescence of primary 

hepatocytes from the experiment in (A) staining mitochondria with Alexa 488 (green) and nuclei with Dapi (blue). 

(C) Primary myoblasts were isolated from hind leg muscles of 5 week old wild type (WT) and Drp1 KI (KI) mice (n = 1 

mouse per genotype). Then, cultured myoblasts were differentiated into myocytes. WT myocytes were treated with 

1 µM or 10 µM Isoproterenol (Iso, +), respectively, to assess concentration effects, while KI myocytes were treated 

with 1 µM Isoproterenol. Treatment duration was of 30 min. PBS was used as vehicle (-). (D) Primary brown 

adipocytes were isolated from brown adipose tissue of 4-5 week old wild type (WT) and Drp1 KI (KI) mice and 

differentiated into mature adipocytes (n = 10-12 mice per genotype as one replicate). Prior to treatment, 

differentiated brown adipocytes were serum starved for 3 hours in phenol red-free, serum-free media. Then, cells 

were treated with vehicle (-, PBS) or 1 µM CL316,243 (+) for 3 hours. Total protein extracts were collected to evaluate 

the markers indicated.  
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Appendix 5 

 

Appendix 5. Adrenergic stimuli in brown adipose tissue leads to mitochondrial fragmentation. 

(A) Electron microscopy (EM) images from BAT (scale bar: 2 μm) of 27 week old WT mice injected with PBS (Vehicle, 

Veh) or CL316,243 (+) (1mg/kg) for 1 hour. (B) Mitochondrial length was measured, and frequency distributions were 

calculated from EM images of the experiment in (A), corresponding to 20 independent images per BAT sample (n = 

1 per condition). Bonferroni test, *p < 0.05. All values are presented as mean ± SEM.  
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PARTICIPATION IN SCIENTIFIC CONFERENCES 

• Short talk (virtual) | WebCam seminars. 3 June 2020. 

• Short talk (virtual) | Aging Science Talks. 24 April 2020. 

• Poster | EMBL Symposia: Metabolism meets Epigenetics, Heidelberg, Germany. 20-23 Nov 2019. 

• Short talk | MitoChats Symposium, Cologne, Germany. 11-12 July 2019. 

• Local organizer at the 12th LIMNA symposium. University Hospital of Lausanne. 12 April 2019. 

• Poster | LIMNA Symposium: Regulation of Metabolism and Feeding, Lausanne. 8 Nov 2018. 

• Short talk | 9th World Congress on Targeting Mitochondria, Berlin, Germany. 23-25 Oct 2018. 

• Poster | Summer School on Chromatin and Metabolism, Spetses, Greece. 25-31 August 2018. 

• Poster | Frontiers in Metabolism Symposium, Lausanne, Switzerland. 24-26 October 2017. 

• Poster | LIMNA Symposium: Metabolism Research, Lausanne, Switzerland. 1 June 2017. 

 

Complementary skills 

• Certificate of attendance on the course Communication and Management by Leadership 

Sculptor® (54 training hours). Topics included Project Management, Critical Thinking or Emotional 

Intelligence.  

• Personal interests: baking, hiking. Science communication and public outreach:  

o Member of the Voice of Young Science (VoYS).  

o Board member at the Bioscience Network Lausanne (2019-2020). 

o Organizer of the 1st Edition of Pint of Science Lausanne (2019). 




