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Section 1 
 

1 Introduction 

 

1.1 Muscle tissue 

 

Muscle tissue is one of the four types of animal tissues. It is composed of cells that have the 

special ability to shorten or contract to produce movement of the body's components. The 

muscle tissue is highly specialised and has four main functional properties: contractility, 

excitability, extensibility, and elasticity. Contractility is the ability of the tissue to shorten by 

exercising a pulling force; excitability is the ability to respond to an electrical stimulus; 

extensibility is the ability of the muscle to stretch beyond the normal length of rest; and 

elasticity is the ability of the muscle tissue to return to its original length after it is stretched. 

The muscle tissue is highly cellular and well supplied with blood vessels. Muscular cells are 

long and slender and usually arranged in bundles or layers that are surrounded by connective 

tissue. Three types of muscle tissue are present in mammals and can be differentiated based 

on their morphology and function: skeletal or striated muscle tissue, smooth muscle tissue, 

and cardiac muscle tissue. 

 

1.1.1 Skeletal muscle 

 

The skeletal muscle, with its associated connective tissue, makes up about 40% of the body 

weight and is responsible for locomotion, facial expressions, posture, respiratory movements, 

and many other body movements. The functionality of this type of tissue is controlled 

voluntarily by the nervous system. Each skeletal muscle is a complete organ composed of cells, 

named skeletal muscle fibers, associated with connective tissue, blood vessels, and nerve 

fibers. Each skeletal muscle has three layers of connective tissue that enclose it, and the 

collagen in the three layers intertwines with the collagen of a tendon that connects the muscle 
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the muscle cell, forming membranous tubules radially and longitudinally within the fibre called 

T-tubules or transverse tubules. On either side of the T-tubules are terminal cisternae, 

enlargements of the SR. A T-tubule surrounded by two SR cisternae is known as a triad. The 

SR forms a network around each myofibril of the muscle fiber and serves as a reservoir for 

calcium ions (Ca2+), so when an action potential spreads over the T-tubule, the SR releases 

calcium ions from the gated membrane channels to stimulate a muscle contraction.  

Myofibrils are structures of proteins that run the length of the cell within a muscle fiber and 

consist of sarcomeres connected in series. Myofibrils have a diameter of approximately 1.2 

µm, and each muscle fibre is composed of a hundred to a thousand of them (fig. 2).  

 

 

 

Figure 2. Muscle Fiber (Biga et al., 2017) 

 

Sarcomeres are the smallest functional units of skeletal muscle fibers. It is organised into 

structural, regulatory, and contractile proteins, and its shortening propriety enables the 

contraction of the single fiber and, consequently, of the whole muscle. 
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A sarcomere is defined as the region of the myofibril contained between two Z-discs or Z-lines, 

made up of a weave of protein filaments forming a discoid structure bound to the actin 

filaments. The striated appearance of skeletal muscle fibres is due to the placement of thick 

and thin myofilaments in each sarcomere. In fact, the sarcomere is constituted by two lighter 

bands separated by a dark band. In particular, lighter bands are called isotropic or I bands, and 

the dark ones are called anisotropic or A bands. A thick filament containing myosin, which 

spreads from the centre of the sarcomere towards the Z-discs, forms the A band. Myosin 

filaments are bound to the middle of the sarcomere (the M line) by myomesin. Thin actin 

filaments, on the other hand, are anchored at the Z-discs by a protein called α-actinin, which 

forms the I band. The thin filaments extend into the A band toward the M-line and partially 

overlap with the thick filaments. The thicker myosin filaments overlapped with the actin 

filaments make the A band appear dark. The H zone in the middle of the A band is lighter 

because there are no thin filaments in this region (fig. 3). 

The sliding of the myofilaments across each other allows the approach of the two Z-discs and 

therefore the contraction of the muscle. The A band and the myofilaments themselves do not 

change in length, but since the I band and the H zone are regions without overlapping 

filaments and the filaments' overlap increases during contraction, these regions decrease. 
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M-line and heads toward the Z-discs. Thick filaments are also connected to a structural elastic 

protein called titin. Titin is anchored at the M-line and runs the length of myosin, connecting 

the filaments to the Z discs, helping their alignment. 

This peculiar structure of the sarcomere allows muscle contraction. In fact, after the signal 

given by a motor neuron, Ca2+ released by the SR in the sarcoplasm allows the cross-bridge 

cycling. The cross-bridge is the projection of the two myosin heads from the thick filament. 

The binding of ATP to myosin causes the myosin head to detach from actin. Myosin hydrolyses 

ATP and this release of energy drives the myosin head to move closer to another binding site 

on actin. However, this site is hidden by tropomyosin. The Ca2+ free in the sarcoplasm binds 

to the TnC, which causes tropomyosin to slide over and unblock the myosin binding site on 

actin. This enables the myosin heads to bind to the actin. During the power stroke, myosin 

releases the inorganic phosphate and moves the actin filament inwards, shortening the 

sarcomere. At last, ADP is released from the myosin heads and myosin remains tight to actin 

until another ATP binds to myosin. 

In skeletal muscle, two types of muscle fibre exist: Type I slow-twitch and Type II fast-twitch. 

Type I, also known as slow-twitch, slow oxidative or red muscle, is dense with blood vessels, 

mitochondria and myoglobin, therefore has a characteristic red colour, can carry more oxygen 

and sustain aerobic activity. These types of fibers present a smaller diameter, a slower 

contraction, and better fatigue endurance. Type II, or fast-twitch muscle, has three major 

types of fibers: Type IIa are fast oxidative fibers, rich in mitochondria and capillaries; Type IIx 

are less dense in mitochondria and myoglobin and can contract more quickly and with greater 

force but can only sustain short anaerobic bursts; and Type IIb are anaerobic, glycolytic, and 

referred to as "white" because it has a low concentration of mitochondria and myoglobin. 

 

1.1.1 Myogenic differentiation and tissue repair in skeletal muscle 

 

Skeletal muscle is a dynamic tissue whose mass depends on the balance between protein 

synthesis and degradation (Frontera & Ochala, 2015). It can grow after physical exercise and 

be repaired after injuries. Satellite cells are essential for tissue regeneration, a process 

controlled by the sequential expression of transcriptional factors, as indeed is the 
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differentiation programme of embryonic myogenesis (Schmidt et al., 2019). The repair of 

skeletal muscle can be divided into three phases. During the first phase, after injury, damaged 

myofibers undergo necrosis, accompanied by an increase in calcium influx that leads to 

proteolysis and degeneration of the tissue. Here begins an inflammatory response that 

recruits neutrophils and macrophages, infiltrating the damaged tissue and secreting, first, pro-

inflammatory cytokines, and then anti-inflammatory cytokines, which facilitate the 

proliferation and differentiation of satellite cells. The activation and differentiation of satellite 

cells characterise the second phase. The expression of Pax7 is necessary for the maintenance 

of the quiescent status of satellite cells, but when activated, satellite cells start to express 

another marker, MyoD, an early marker for myogenic commitment, begin to migrate to the 

site of damage and here fuse with the impaired myofibers (Schmidt et al., 2019). These cells, 

characterised by the expression of MyoD and Myf5, are highly proliferative cells and are called 

myoblasts. Myf5, MyoD, Myogenin, and MRF4 are myogenic regulatory factors (MRFs) 

sequentially expressed in tissue regeneration as downstream of Pax7 and Pax3, in order to 

promote myogenic differentiation (K. Singh & Dilworth, 2013; Soleimani et al., 2012). Once 

Myogenin starts to be expressed, myoblasts begin their terminal differentiation, becoming 

elongated myocytes that fuse to form multinucleated myotubes. Here starts the third phase 

of regeneration in which myotubes mature into myofibers characterised by the expression of 

devMHC (developmental myosin heavy chain) (Schmidt et al., 2019). These isoforms, 

transiently expressed during muscle regeneration, have a fundamental role in the muscle 

development during embryogenesis. All skeletal muscles derive from mesodermal precursor 

cells, originated from the somites (epithelial spheres of paraxial mesoderm). The myotomal 

cells express PAX3, essential for the migration of muscle precursors from the somite during 

development, and Pax7, required for satellite cell specification. Signals from surrounding 

tissues induce the expression of the MRFs such as Myf5 and MyoD, which commit mesodermal 

cells into myoblasts. Myf5 and MyoD regulate the expression of Myogenin, a secondary MRF, 

which, together with MFR4 (regulated by Myogenin itself) induce terminal differentiation of 

myoblasts into myocytes. Mononucleated myocytes fuse to form multinucleated syncytium, 

which finally mature into contracting muscle fibers, which express not only Myogenin and 

MRF4 but also important genes for muscle cells such as myosin heavy chain (MHC).  
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1.1.2 Satellite cells 

 

Myosatellite cells, also known as satellite cells, are located between the basement membrane 

and the sarcolemma of muscle fibers. Myosatellite cells are small multipotent cells with little 

cytoplasm and form niches parallel or transversely to the longitudinal axis of the muscle fibers. 

Upon muscle tissue damage, these cells have the ability to activate, proliferate, and 

differentiate in order to create new muscle fibers that will substitute the impaired ones. 

Myosatellite cells not only re-enter the cell cycle, proliferate and undergo differentiation 

forming new myotubes, but they can also fuse with the existing injured myofibers to increase 

growth and repair of the tissue. Moreover, the asymmetrical division that characterises 

myosatellite cells leads to the creation of new quiescent satellite cells, so that the staminal 

niche will not be depleted. The specialised local environment, where satellite cells reside, is 

characterized by a remarkable plasticity thus changes during tissue regeneration thanks to the 

action of a multitude of functionally diverse cell types, among them, immune cells, vessel-

associated cells, fibrogenic cells and differentiated cells of the myogenic lineage, besides stem 

cells themselves (Bentzinger et al., 2013). The main function of satellite cells in the adult 

actually appears to be the regeneration of the tissue after damage, since the ablation of these 

cells under homeostatic conditions does not lead to myopathies or muscle atrophy (Fry et al., 

2015; Mccarthy et al., 2011). 

 

1.1.3 Mitochondria and Myogenesis  

 

Mitochondria are essential for the maintenance of skeletal muscle metabolic plasticity and 

function. Besides harvesting energy, mitochondria have important functions linked to the Ca2+ 

signalling and the cell fate. Mitochondrial quality control is provided by the constant fission 

(division) and fusion (elongation) of mitochondria in response to metabolic stressors (Nakano 

& Machida, 2022). Recent studies have identified mitophagy as a process that governs cell 

fate through metabolic reprogramming (Naik et al., 2019). The remodelling of the 

mitochondrial network via mitophagy facilitates the cellular metabolic shift, either into a 

glycolytic phenotype or into an OXPHOS phenotype. This change in the bioenergetic profile is 
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accompanied by altered levels of metabolic intermediates which are required for 

transcriptional regulation of cell fate (Rahman & Quadrilatero, 2023). In skeletal muscle, 

mitophagy plays an important role in initiating myogenesis and it has been shown to govern 

skeletal muscle regeneration in adulthood by regulating cell fate. On one hand Myogenin 

seems to induce the shift from glycolytic metabolism to oxidative metabolism both in vivo 

(Hughes et al., 1999) and in vitro (Zhu et al., 2013). On the other hand, myoblasts, presenting 

mitochondrial alterations, fail to differentiate into myotubes (Herzberg et al., 1993; Rochard 

et al., 2000), demonstrating that the two processes influence each other. During myogenic 

differentiation, mitochondrial enzyme activity is drastically increased. In proliferating 

myoblasts, oxidative phosphorylation (OXPHOS) provides only 30% of the ATP used by the 

cells, increasing up to 60% in terminally differentiated myotubes. Therefore, during 

myogenesis a metabolic shift occurs from glycolysis to oxidative phosphorylation, which 

becomes the major energy source in differentiated myotubes (Wagatsuma, 2013). Skeletal 

muscle fibers have higher bioenergetic needs than myoblasts, hence it is not surprising that 

there is a unique change in the metabolic phenotype that occurs during myoblast 

differentiation. Moreover, the skeletal muscle’s mitochondria are characteristically different 

from the mitochondria found in myoblasts. Indeed, the differentiation of myoblast to 

myotubes is accompanied by greater development of the mitochondrial network (Rahman & 

Quadrilatero, 2023). The number of mitochondria within a cell is determined by two opposing 

processes: biogenesis, which creates new mitochondria, and mitophagy, which eliminates the 

unneeded ones. Dynamic fission and fusion of mitochondria are necessary to their function: 

optimize OXPHOS, minimize the generation of reactive oxygen species (ROS), and maintain 

membrane potential. Mitochondrial fusion produces elongated mitochondria that are 

associated with increased OXPHOS activity mainly through the regulation of mtDNA. 

Conversely, fission results in augmented mitochondrial fragmentation leading to increased 

oxidative stress and reduced ATP production (Bhattacharya & Scimè, 2020). It is known that 

Ca2+ plays a role in mitochondrial function. Ca2+ can enter the mitochondria through voltage-

dependent anion channels (VDACs), on the outer mitochondrial membrane, and the 

mitochondrial Ca2+ uniporter (MCU) complex, which accumulate the ion in the mitochondrial 

matrix (Morciano et al., 2018). In skeletal muscle cells, during contraction, Ca2+ enters 

mitochondria and activates the oxidative metabolism enzymes, resulting in increased ATP 
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synthesis to satisfy the energy demand (Mosqueira et al., 2021). Ca2+ levels inside the 

mitochondria are also maintained thanks to mitochondria-associated membrane (MAM), 

highly specialised subcellular compartments, which structurally and functionally connect the 

ER with the mitochondria. MAMs are enriched in enzymes for lipid synthesis and transport 

and Ca2+ channels for the transport of the ion from the ER to the mitochondria. A reduction of 

the number of MAMs has been found in muscular dystrophy, ageing and insulin resistance 

highlighting their important role in a correct skeletal muscle function (Zhang et al., 2021). 

Elevated intracellular Ca2+ concentration leads to an increased expression of mitochondrial 

enzymes at mRNA and protein level. Indeed, increased concentration of intracellular Ca2+ 

activates the calcium- and calmodulin-dependent phosphatase (CaN), which 

dephosphorylates and activates the nuclear factor of activated T-cells (NFAT). NFAT-

dependent transcriptional pathway regulates the transformation of skeletal fibers from fast-

twitch to slow-twitch (Shen et al., 2006) 

 

1.1.4 C2C12 cell line 

 

The immortalised mouse myoblast cell line C2C12, which was generated from satellite cells, is 

typically regarded as a lineage of muscle progenitors (Burattini et al., 2004; Curci et al., 2008). 

C2C12 cells are a subclone of C2 myoblast (Yaffe D. & Saxel O., 1977), which naturally 

undergoes differentiation in culture following serum removal (Blau et al., 1983). Over the past 

20 years, myoblast cell lines have been used as useful in vitro models in studying physiological 

and pathological conditions of skeletal muscle. C2C12 cells are displayed as mononucleated 

and spindle-shaped myoblasts (Wong et al., 2020). The differentiation process can be 

triggered in confluent cells by the deprivation of the serum in the culture medium, substituted 

by 0.1% BSA (bovine serum albumin) or 2% HS (horse serum). Within 3-5 days of 

differentiation, C2C12 cells fuse forming multinucleated and elongated fiber-shaped 

myotubes (Wong et al., 2020). Only 50% of the cultured cells actually begin to express 

differentiation markers and complete the differentiation process, the other 50% (the MyoD-

negative population) remain undifferentiated, designated by Yoshida and colleagues as 

“reserve cells” (Yoshida N. et al., 1998). Interestingly, ectopic expression of MyoD triggered 
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the differentiation process in the “reserve cells”, pointing out that down-regulation of this 

marker is a causal event during differentiation (Yoshida N. et al., 1998). Muscle differentiation 

in vitro mimics in vivo development: along with the differentiation, the activation of MRFs 

occurs, leading to the expression of Myogenin in the first 24h of starvation; Caveolin 3 (a 

structure protein of the vesicular invaginations of the striated skeletal muscle sarcolemma) 

required for myoblast fusion (Galbiati et al., 1999); and myosin heavy chain (MHC) in nascent 

myotubes (Jiwlawat et al., 2018). Moreover, during the early stages of differentiation, 

precisely coinciding with cell elongation and myotubes formation, myoblasts start to express 

an adhesion molecule, M-cadherin, taking part in the assembly of muscle syncytia (Curci et al., 

2008). 
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1.2 Endocannabinoid system 

 

In 1988, after the discovery of membrane receptors for ∆9-tetrahydrocannabinol (∆9-THC or 

simply “THC”), the word “Endocannabinoid” was coined, and the term “Endocannabinoid 

System (ECS)” was then used to describe a complex molecular/biological system discovered 

by scientists Allyn Howlett and W.A. Devane (Lowe et al., 2021). THC is the main psychoactive 

component of the plant Cannabis sativa, better known as marijuana, a plant used for centuries 

for its anti-nociception, anti-inflammatory, anticonvulsant, and anti-emetic effects. THC’s 

discovery led to the generation of many synthetic cannabinoids and finally to the identification 

and cloning of the cannabinoid receptor 1 (CB1) and, shortly afterward, the cannabinoid 

receptor 2 (CB2) (Zou & Kumar, 2018). The endogenous agonists of the cannabinoid receptors 

(CBRs) have been identified in the 1990s to be arachidonic acid (AA)-derivates: N-

arachidonoyl-ethanolamine (AEA; anandamide from a Sanskrit word “ananda” meaning “bliss 

or happiness”), and 2-arachidonoylglycerol (2-AG). Nowadays they are the two most studied 

endocannabinoids (eCBs), which belong to the large families of N-acylethanolamines (NAEs) 

and 2-monoacylglycerols (MAG), respectively. Both molecules are metabolised by different 

enzymes and transported through the plasma membrane and intracellularly by specific 

carriers (Maccarrone, 2021). Besides AEA and 2-AG other ω-6 (n-6) fatty acid compounds 

joined the endocannabinoid family, such as N-arachidonoyldopamine (NADA), 2-

arachidonoylglycerylether (noladin ether) and O-arachidonoylethanolamine (virodhamine) 

(Maccarrone, 2017). In addition, ω-3 (n-3) fatty acid derivates as N-

docosahexaenoylethsanolamine (DHEA) and N-eicosapentaenoylethanolamine (EPEA) were 

found to be CBRs agonist (Fezza et al., 2014). Interesting is the existence of eCB-like 

compounds, which are metabolized by the same enzymes as eCBs but lack of affinity for CBRs 

(Fezza et al., 2014).  

The endocannabinoid are bioactive lipids capable of binding the two CBRs with a different 

affinity: 2-AG act as a full agonist at both CBRs, while AEA act as a partial agonist of CB1 and a 

weak partial agonist of CB2 (Pertwee et al., 2010). ECBs can also interact with non-CB 

receptors: GPR55, an orphan G-protein-coupled receptor; PPARs, peroxisome proliferator 

activated receptors, α and γ; and TRPV1, transient receptor potential vanilloid-1 channel, 

activated by both AEA (Di Marzo & De Petrocellis, 2010) and 2-AG (Zygmunt et al., 2013).  
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In summary, the whole set of receptors, enzymes, transporters for endocannabinoids and the 

endocannabinoids themselves form the ECS. The ECS plays a meaningful role in the central 

nervous system (CNS) regulating a variety of processes such as anxiety, appetite, memory, 

pain, and emotional behaviour, and it has also peripheral effects at respiratory, cardiovascular 

and metabolic level. The ECS’s involvement in a variety of pathophysiological processes is a 

significant opportunity for the development of new cannabinoid-based therapeutic medicines 

that could be personalised to target specific ECS components and/or cell-signalling pathways 

(Lowe et al., 2021). 

 

1.2.1 Anandamide 

 

N-arachidonoyl-ethanolamine (AEA) was identified some 25 years ago as a brain constituent 

that binds to the cannabinoid receptors, CB1 and CB2. It is produced by almost all cells and 

body tissues, which triggers different signalling pathways by binding to different receptors. 

AEA activates CBs at nanomolar/submicromolar concentrations by binding to an extracellular 

binding site, whereas micromolar concentrations are required to activate TRPV1, which AEA 

binds intracellularly, or PPARs, located in the nucleus (Maccarrone et al., 2010). AEA biological 

activity is related to the metabolic control of its biosynthetic, catabolic, and oxidative 

pathways, which are described below (fig. 4). 

AEA in vivo synthesis begins with the Ca2+-dependent synthesis of N-arachidonylethanolamide 

(NAPE) from phosphatidylethanolamine and phosphoglyceride catalysed by N-acyltransferase 

(NAT) (Reddy et al., 1983). NAPE will then be transformed in AEA following three different 

pathways. First of all, NAPE can be hydrolysed (Di Marzo et al., 1994) by a NAPE specific 

phosphatase D (NAPE-PLD) (Okamoto et al., 2004) to AEA and phosphatidic acid. In addition, 

phospholipase C (PLC) may hydrolise NAPE to phosphoethanolamide, which is subsequently 

dephosphorylated to AEA by tyrosine phosphatase PTPN2 or by inositol phosphatase SHIP1 

(Liu et al., 2008). Alternatively, NAPE can be deacylated in phosphatidylethanolamine by α, β-

hydrolase 4 (Abhd4), which is then cleaved of glycerophosphate to yield AEA (Simon & Cravatt, 

2006). It is noted that these three pathways are metabolising NAPE, which is a minor 

membrane component. Therefore, its synthesis may be the limiting step in AEA synthesis 
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(Tóth et al., 2009). Interestingly, NAPE-PLD knockout mice did not show a decrease in AEA 

levels compared to wild-type animals, suggesting the occurrence of additional pathways for 

in vivo synthesis of anandamide (Leung et al., 2006).  

For many years, in contrast to classic neurotransmitters, endocannabinoids were thought to 

be synthesized and released “on demand” after specific signals, and not stored in vesicles. The 

discovery of AEA intracellular stores (adiposomes) (Oddi et al., 2008) and its intracellular 

binding to proteins (Kaczocha et al., 2009; Oddi et al., 2009), led to a reconsideration of this 

dogma and the addition of one more level of complexity to the AEA metabolic control and its 

regulatory mechanism (Maccarrone et al., 2010). The mechanism by which AEA is transported 

across the plasma membrane remains poorly understood. Different hypotheses have been 

postulated over the years leading to two prevailing models: simple diffusion (Fasia et al., 2003; 

Glaser et al., 2003), or facilitated diffusion by a putative anandamide membrane transporter 

(AMT) (Beltramo et al., 1997; Chicca et al., 2012). In addition, caveolae-related endocytosis 

has been proposed as a third mechanism of transport (McFarland & Barker, 2004). 

Even less understood is the intracellular trafficking of AEA, i.e., the movement inside the cell 

to reach its targets. Since AEA has a lipid nature, it cannot quickly diffuse in the cytoplasm, 

moreover, AEA is a small molecule that does not contain the appropriate sorting signals for 

specific targeting (Maccarrone et al., 2010). Therefore, for AEA to be efficiently and quickly 

dispersed throughout its intracellular locations, it must interact with soluble transporters. 

Several classes of proteins have been identified as intracellular targets for AEA, as for 2-AG. 

First of all, Fatty acid binding proteins (FABPs) (Kaczocha et al., 2009), which are expressed in 

the mammalian brain and bind to AEA with different affinity: FABP7 first, followed by FABP5 

and FABP3 (Kaczocha & Haj-Dahmane, 2021). When upregulated, FABP5 and FABP7, but not 

FABP3, enhance the cellular uptake of AEA (Kaczocha & Haj-Dahmane, 2021) and since only 

FABP5 is expressed in the adult brain, while FABP7 is downregulated after birth (Owada et al., 

1996), it is the most important FABP that regulates brain AEA diffusion. Other two AEA-

interacting proteins have been identified: heat shock protein 70 (Hsp70) and serum albumin 

(Oddi et al., 2009). Albumin is differently expressed in tissue and cell lines; particularly high 

levels of this protein can be found in actively metabolising or developing tissue. The 

interaction between albumin and AEA has already been demonstrated in the extracellular 

milieu (Bojesen & Hansen, 2003; Giuffrida et al., 2000). Therefore, albumin is an AEA 
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bioavailability regulator in multiple functional contexts (Oddi et al., 2009). Hsp70 is 

constitutively expressed in the cell cytoplasm of various tissues and in association with 

membrane lipids (Gehrmann et al., 2008), but, compared to albumin, AEA binds to Hps70 with 

approximately fivefold lower affinity (Oddi et al., 2009). Others intracellular AEA interacting 

proteins have been identified, such as FAAH-like anandamide transporter (FLAT) (Fu et al., 

2012), Sterol carrier protein-2 (Liedhegner et al., 2014) and nucleobindin-1 (NUCB1) (Niphakis 

et al., 2015), although their influence upon AEA metabolism in vivo is unknown. Adiposomes, 

ubiquitous organelles which are described as intracellular stores for neutral lipids, participate 

as well in the trafficking, accumulation, and signals of AEA (Maccarrone et al., 2010). It is still 

unclear the mechanism by which AEA reaches the adiposomes, but, since Hsp70 and albumin 

are associated with adiposomes in several cell types, it is likely that AEA transport into 

adiposomes is mediated by proteins (Maccarrone et al., 2010). Adiposomes are indeed 

intracellular AEA reservoirs that can move within the cell, establishing close contacts with 

multiple organelles: ER, mitochondria, and peroxisomes (Martin & Parton, 2006). Moreover, 

adiposomes are associated with AEA-metabolising enzymes, acting as the starting point for 

several metabolic pathways.  

AEA breakdown is predominantly catalysed by the fatty acid amide hydrolase (FAAH), cloned 

in 1996 (Cravatt et al., 1996), which catalyses AEA into ethanolamide and arachidonic acid. In 

fact, faah knockout mice have   1̴5-fold higher levels of AEA than wild types (Cravatt et al., 

2001, 2004) confirming a pivotal role of FAAH in monitoring AEA tone in vivo. Human tissues 

contain two FAAH isoforms: FAAH-1 (the main AEA-hydrolase), which is predominant in the 

brain, and FAAH-2, which is expressed in heart and ovary. In some tissues, the two FAAHs can 

be co-expressed, regulating distinct or overlapping AEA pools (Maccarrone et al., 2010). 

Additionally, AEA can be subjected to oxygenation by cyclooxygenase-2 (COX-2), 5-, 12- and 

15-lipoxygenase (5-/12-/15-LOX) and cytochrome P450 monooxygenases (CYP450s). The 

degradation of AEA by COX-2 results in the formation of prostaglandin-ethanolamides, LOXs 

form hydroxy-anandamide or hydroxyeicosatetraenoyl-ethanolamides, while P450s create 

epoxyeicosatrienoyl-ethanolamides (Maccarrone, 2017). 
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Figure 4. Schematic representation of AEA metabolism (Maccarrone, 2017) 

 

1.2.2 2-AG 

 

2-AG was first isolated in 1995 from canine gut (El Mechoulam et al., 1995) and it is a full 

agonist of CB1 and CB2 receptors (Savinainen et al., 2001). As with AEA, 2-AG acts as a 

retrograde neurotransmitter in both inhibitory and excitatory synapses (Baggelaar et al., 

2018), although 2-AG levels in the brain are roughly 170 times greater than AEA levels (Stella 

et al., 1997). Phosphatidylinositol-4, 5-bisphosphate (PIP2) and sn2-arachidonate containing 

triglycerides are 2-AG precursors (fig. 5). Both can be converted by specific enzymes in 

diacylglycerol (DAG), which is further processed by diacylglycerol lipase-α and –β (DAGL-α and 

-β) and generates 2-AG (Bisogno et al., 2003). Both human genes of DAGLs shear a high 

homology with the mouse ones, 97% for DAGL- α and 79% for DAGL-β. DAGLs expressed in 
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the brain, DAGL-α mainly in neurons while DAGL-β is more active in microglia, as well as in 

other tissues, differently contributing to the 2-AG creation (Baggelaar et al., 2018). DAGLs are 

considered the most important enzymes for 2-AG biosynthesis, although two other alternative 

pathways have been discovered. The first one includes lysophospholipase C (lysoPLC) (Ueda 

et al., 1993), which creates 2-AG removing the phosphate of 2-arachidonoyl-LPI generated 

from the phosphorylation and hydrolysis of PIP2. In the second one, 2-arachidonoyl 

lysophosphatidic acid (2-arachidonoyl LPA) is converted into 2-AG by 2-LPA phosphatases 

(Nakane et al., 2002). Monoacylglycerol lipase (MAGL) is the principal enzyme in 2-AG 

catabolism, hydrolysing   ̴85% of 2-AG in the mouse brain into arachidonic acid and glycerol 

(Blankman et al., 2007). The same hydrolysis reaction can be catalysed by α, β-

hydrolasedomain-containing protein 12, 6 and 2 (ABHD12, ABHD6 and ABHD2), albeit to a 

lesser extent. However, MAGL, ABHD12 and ABDH6 are differently distributed in the central 

nervous system, suggesting a different physiological function of these enzymes (Fezza et al., 

2014). Moreover, resembling AEA catabolism, 2-AG breakdown can be carried out by COX-2, 

LOXs and CYP450 (Baggelaar et al., 2018).  

Since the investigation of the transport mechanisms is complicated by 2-AG's metabolism, less 

research has been done on this process (Baggelaar et al., 2018). 2-AG uptake could be 

inhibited by inhibitors of AEA transport, therefore it was proposed a common carrier 

mechanism (Bisogno et al., 2001; Chicca et al., 2012; Hermann et al., 2006). Intracellularly, 2-

AG was shown to bind FABP5 (Sanson et al., 2014), although it is not known how FABP5 or 

other putative 2-AG targeting proteins could regulate the physiological role of this 

endocannabinoid so far. 
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Figure 5. Schematic representation of 2-AG metabolism (Baggelaar et al., 2018) 

 

1.2.3 CB1 

 

CB1 is the first cannabinoid receptor to be identified and cloned in 1990 by Matsuda and 

colleagues (Matsuda et al., 1990). The human protein CB1 is produced by CNR1 gene, and 

consists of 472 amino acids (473 in rat and mice), with 97-99% amino acid sequence identity 

between these species (Zou & Kumar, 2018). A few years ago, other two isoforms, besides the 

canonical long form of CB1, have been reported as the result of alternative splicing of the N-

terminus region (Ryberg et al., 2005; Shire et al., 1995). In addition, it seems that the full-

length CB1 localized in the brain and skeletal muscle, whereas the shorter form dominates in 

liver and pancreatic islets, showing a different expression pattern in the human body 

(González-Mariscal et al., 2016). Indeed, CB1 is highly expressed in the brain, mainly in the 

olfactory bulb, hippocampus, basal ganglia, and cerebellum (Mackie, 2005), but it can be also 

abundantly found in the peripheral nervous system (PNS), mostly in the dorsal root ganglia, 
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as well as in other body regions, such as the gastrointestinal tract, adipose tissue, skeletal 

muscle, bone, skin, eye, and reproductive system. Interestingly, CB1 levels in the liver and in 

the cardiovascular system are usually low, and its upregulation promotes pathological 

conditions (Zou & Kumar, 2018). CB1’s structure, as all G-protein-coupled receptors, consists 

of seven transmembrane domains connected by three extracellular and three intracellular 

loops, an extracellular N-terminal tail, and an intracellular C-terminal tail. At cellular levels, 

CB1 mainly localizes in the cell membrane, even if intracellular compartments of CB1 located 

in acid-filled endo/lysosomes have been identified. These intracellular CB1 counterparts, upon 

intracellular agonist administration performed by cell microinjection, increase the release of 

calcium from the ER and lysosomes (Brailoiu et al., 2011). Moreover, another subpopulation 

of CB1 in mitochondria has been reported (Hebert-Chatelain et al., 2014). Both CBs can couple 

to pertussis toxin (PTX)-sensitive G-protein (Gi/o) to inhibit adenylate cyclase (AC) and 

therefore suppress the formation of cAMP (Felder et al., 1995). Indeed, 2AG as well as AEA act 

as full agonists in the inhibition of cAMP formation through CB1 (Felder et al., 1995), while 

only 2AG is a full agonist for the inhibition of cAMP via CB2 (Gonsiorek et al., 2000). However, 

besides the coupling to PTX-sensitive G-proteins, CB1 and CB2 do not couple to the same signal 

transduction pathways (Roger G Pertwee, 1997). Moreover, CB1 can act via Gβγ subunits 

stimulation of specific AC isoforms (Rhee et al., 1998), and it is able to stimulate cAMP 

formation via coupling to Gs in determined conditions in different cell types (Zou & Kumar, 

2018). Numerous studies have shown an activation of mitogen-activated protein kinase 

(MAPK) signalling upon CB1 stimulation. The MAPK family includes the extracellular signal-

regulated kinase 1/2 (ERK1/2), C-Jun N-terminal kinase (JNK) and p38, which are involved in 

the regulation of cell proliferation, cell cycle control, and cell death (Demuth & Molleman, 

2006; Allyn C Howlett et al., 2010; Turu & Hunyady, 2010). In addition, CB1 can act through a 

G protein-independent signal pathway in association with β-arrestin (Howlett et al., 2010), the 

key mediator of G-protein coupled receptors desensitization. After CB1 phosphorylation, β-

arrestin binds to the receptor and starts the internalization process, during which it could 

mediate biased signalling pathways (McCudden et al., 2005). Moreover, CB1 signalling has 

been associated with the activation of the PI3K/Akt pathway, responsible for the protective 

effects of CB1 on cell survival aside from MAPK (Zou & Kumar, 2018). Indeed, in primary 

cultured neurons a CB agonist triggered the activation of Akt, through its phosphorylation on 
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serine 473. This effect was reduced by both CB1 and CB2 antagonists, and by the inhibition of 

PI3K, which blocked the phosphorylation of Akt and prevented the neuroprotective effects of 

the CB agonist(Molina-Holgado et al., 2005) . 

 

1.2.4 CB2 

 

Soon after the identification of CB1, in 1993, a second cannabinoid receptor was identified 

and named CB2 (Munro et al., 1993). The human protein CB2 is produced by the CNR2 gene 

and consists of 360 amino acids. Unlike CB1, CB2 has a great species difference. The sequence 

homology is indeed about only 80% between humans and rodents (Liu et al., 2009; Zhang et 

al., 2015). Moreover, in humans and mice two CB2 isoforms have been discovered, while in 

rats four isoforms have been identified so far (Liu et al., 2009; Zhang et al., 2015). Finally, at 

the protein level, in humans, CB2 and CB1 share only 44% sequence homology (Zou & Kumar, 

2018). CB2 is predominantly expressed in immune cells, where it can modulate cell migration 

and cytokine release (Pertwee et al., 2010). However, it can also be found in other peripheral 

tissues such as the cardiovascular system, the gastrointestinal tract, liver, bone, adipose 

tissue, and reproductive system (Howlett et al., 2002). Although CB2 expression in the CNS is 

limited, it plays a role in neurological activities, including nociception, neuroinflammation, and 

drug addiction (Atwood & MacKie, 2010; Dhopeshwarkar & Mackie, 2014). As with CB1, CB2 

shares the same G-protein coupled receptors’ typical structure, and it couples primarily to Gi/o 

protein to inhibit AC as well as to modulate other signalling pathways, among them MAPK 

(ERK1/2 and p38), and PI3K/Akt (Dhopeshwarkar & Mackie, 2014). Mice lacking the CB2 

receptor have exacerbated inflammation, thus highlighting the possible employment of 

therapies targeting CB2 to treat inflammatory diseases. 
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1.2.5 GPR55 

 

GPR55 is an orphan G-protein coupled receptor first isolated in 1999 in the human striatum, 

where it is present at high levels of expression (Sawzdargo et al., 1999). It is a protein located 

in the cell membrane and is composed of 319 amino acids. GPR55 shows few similarities with 

CB1 and 2, with which it shares a sequence identity of 13.5% and 14.4%, respectively (Pertwee 

et al., 2010). Nonetheless, some studies suggest GPR55 as a novel “CB3” receptor. Indeed, 

nanomolar concentrations of AEA and 2AG activate the G protein coupled to GPR55, 

increasing their GDP/GTP exchange (Gasperi et al., 2013). Besides the CNS, GPR55 is expressed 

in bone, liver, kidney, and adipose tissue. It has been reported that GPR55 induces calcium 

exit from intracellular stores via PLC activation, causing neuronal excitation and the increase 

of neurotransmitter release such as glutamate, in contrast to CB1/CB2 suggesting potential 

pharmacological effects of modulating GPR55 in CNS (A. Marichal-Cancino et al., 2016). 

 

1.2.6 PPARs 

 

PPARs are ligand-activated transcription factors within the nuclear hormone receptor 

superfamily (Michalik et al., 2006) PPARs are characterised by three isoforms, which each 

present specific tissue distribution and functional roles. PPARα was the first discovered and it 

is expressed in organs with high levels of fatty acid catabolism (Mandard et al., 2004) such as 

liver and brown adipose tissue, but also in the heart, kidney, and skeletal muscle (Gasperi et 

al., 2013). PPARγ is highly expressed in the adipose tissue and less in the colon, immune 

system, and brain. PPARδ has the broadest expression pattern, with the highest expression in 

the gut, kidney and heart (Desvergne et al., 1999). PPARs control many physiological and 

pathological processes through a specific heterodimerization with the receptor 9-cis-retinoic 

acid. In fact, this heterodimer, activated by a ligand, binds to a specific DNA sequence element 

(peroxisome proliferator response element) modulating the transcription of targeted genes 

(Michalik et al., 2006). However, since AEA and 2-AG are able to directly bind to and activate 

PPARα and PPARγ (Bouaboula et al., 2005; Gasperi et al., 2007; Rockwell et al., 2006), PPARs 
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can be counted among the endocannabinoid receptors. Indeed, AEA binding to PPARγ induces 

3T3-L1 fibroblast differentiation into adipocytes (Bouaboula et al., 2005) , while in in Jurkat T 

cells 2-AG via PPARγ activation promotes the suppression of interleukin (IL-2) (Rockwell et al., 

2006). Moreover, synthetic and plant-derived cannabinoids attenuate neuroinflammation and 

neurodegeneration in animal models of acute or chronic neurodegenerative disorders 

through activation of cannabinoid receptors and PPARγ pathway (Iannotti & Vitale, 2021).  

 

1.2.7 TRPV1 

 

TRPV1 is a member of the TRPV subfamily of the large TRP ion channel superfamily (Tominaga 

& Tominaga, 2005). Like others TRP, it is assembled as a homotetramer: each subunit contains 

six-transmembrane domains, with a nonselective cation-permeable pore region between the 

fifth and the sixth domain, a relatively short cytosolic C- terminal region and a long intracellular 

N-terminus with multiple ankyrin repeats (Benítez-Angeles et al., 2020). In the sixth 

transmembrane domain, cysteine residues appear to contribute to the formation of an 

activation gate (Salazar et al., 2009). Moreover, some amino acids influencing the agonist 

responses have been shown to be located in the pore loop, and, in the intracellular loops and 

in the terminal domains, different phosphorylation sites have been discovered (Bevan et al., 

2014). Initially known as VR1, it was discovered and cloned in 1997 as the first receptor for 

capsaicin, the main pungent ingredient in hot chilli peppers (Caterina et al., 1997). It is also 

activated by heat (>42°C), protons (pH<6.9) and endogenous (endocannabinoid) as well as 

exogenous (vanillotoxins) molecules (Pertwee et al., 2010). At last, lacking any other stimulus, 

also membrane depolarization can activate TRPV1 (Vlachová et al., 2003). The Trpv1 gene 

located on chromosome 17p13 encodes the human TRPV1 protein, which consists of 839 

amino acids (Birnbaumer et al., 2003). TRPV1 is a non-selective cation channel, which, upon 

capsaicin activation, shows a higher permeability to divalent cations (i.e. Ca2+ and Mg2+) than 

to monovalent cations (i.e. Na+) (Ahern et al., 2005) TRPV1 is prevalently located in the PNS 

where it is expressed in half of all somatic and visceral sensory neurons of dorsal root ganglia 

(DRG) and trigeminal ganglia (TG) (Pertwee et al., 2010). TRPV1 expression is regulated by the 

nerve growth factor (NGF), which acts as a trophic signal to keep TRPV1 expressed. TRPV1 is 
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also present in the CNS at the hypothalamus level, where it has a role in thermoregulation, 

and in some brain nuclei or regions (Bevan et al., 2014). In addition to the location of TRPV1 

in the nervous system, TRPV1 also presents a non-neuronal expression. It is indeed found in a 

variety of cell types such as epithelial, endothelial, glial, mast, dendritic, smooth and skeletal 

muscle cells, hepatocytes, lymphocyte and others (Pertwee et al., 2010).  

The prominent role of TRPV1 is its thermosensor activity. The typical sensation of “burning” 

heat is perceived when TRPV1 of sensory neurons is activated by either high temperatures or 

chemical agonists, like capsaicin (Bevan et al., 2014). Interesting is TRPV1’s role as a 

thermosensor in inflammation: inflammatory mediators can sensitise TRPV1, lowering its 

temperature threshold and, therefore, eliciting a painful sensation. The regulation of TRPV1 is 

carried out by the phosphorylation of several key residues by different kinases, among them 

protein kinase A (PKA) and protein kinase C (PKC), known to be activated during the 

inflammatory response, but also calcium-calmodulin kinase II (CaMKII) and MAPK. 

Phosphorylation can also lead to TRPV1 trafficking to the plasma membrane, as shown by 

Zhang and colleagues (Zhang et al., 2005) NGF, ATP, and IGF-1 are examples of mediators 

which can promote the membrane insertion of TRPV1, and therefore its response, via SNARE-

dependent Ca2+-mediated exocytosis (Camprubí-Robles et al., 2009). Another characteristic of 

TRPV1 is its calcium-mediated inactivation or desensitisation, which causes the loss of 

sensitivity to chemical agonists. In order to explain the desensitisation effect, more than one 

mechanism has been suggested. One of them sees the desensitisation as the result of the 

dephosphorylation of TRPV1 by Ca2+-dependent phosphatases, activated by the calcium influx 

through TRPV1 itself (Docherty et al., 1996). 

 

1.2.8 Endocannabinoid system and skeletal muscle 

 

The endocannabinoid system is expressed and its members are active in regulating numerous 

biological processes in skeletal muscle (Ruiz de Azua & Lutz, 2019). CB1 is known to be involved 

in metabolic dysregulation and glucose maintenance in skeletal muscle. CB1 activation, 

decreased mitochondrial and oxidative markers (peroxisome proliferator-activated receptor 

gamma coactivator 1 alpha, PGC1α, and nuclear respiratory factor 1, NRF-1), and 
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mitochondrial biogenesis in white adipose, muscle and liver tissues from high fat diet-fed mice 

(Tedesco et al., 2010). On the other hand, in murine skeletal muscle, pharmacological CB1 

antagonism and CB1 knockout prevented insulin-induced resistance, leading to an increase in 

muscle mass, physical endurance, mitochondrial performance, and an upregulation of 

metabolic regulators (González-Mariscal et al., 2019; Liu et al., 2005). Recently, it has been 

discovered that CB1 expression is higher in slow compared to fast human muscle fibers, and 

CB1 levels vary depending on the muscle type (Dalle et al., 2022). Not only, with a decrease in 

metabolic health with aging, CB1 protein expression was found to be increased in the muscle 

of old compared to young human adults (Dalle & Koppo, 2021). However, whether alterations 

in the cannabinoid tone are a result or a cause of metabolic dysfunction should be clarified. A 

recent study pointed out the role of CB2 in metabolic regulation: in C2C12 myotubes, CB2 

activation enhanced glucose uptake, glycolytic and oxidative pathways, and ATP production 

(Geddo et al., 2021). Among canonical cannabinoid receptors, non-classic cannabinoid 

receptors have a role in metabolic processes (Dalle et al., 2022). GPR55 activation appears to 

improve muscle insulin sensitivity (Lipina et al., 2019), while TRPV1 promotes oxidative 

metabolism, shifting the mice muscle fibres toward a slow phenotype (Luo et al., 2012). 

Besides the involvement of ECS in muscle metabolic regulation, it also plays a role in 

myogenesis, muscle differentiation and regeneration. 2-AG, but not AEA, levels decreased 

during differentiation both in vitro and in vivo, while CB1 and CB2 expression were found to 

significantly increase (Iannotti et al., 2014). The same study confirmed the role of 2-AG in the 

control of myoblast differentiation. In fact, 2-AG treatment reduced myotubes formation via 

CB1-induced Kv7 channel inhibition (Iannotti et al., 2014). A previous study showed the 

permissive role of Kv7 channel in skeletal myogenesis (Iannotti et al., 2013). CB1 couples to 

Gq/11, which upon PLC activation, leads to PIP2 hydrolysis. Low PIP2 concentration correlates 

with a decrease of the open state probability of Kv7 channel, reducing Kv7-mediated K+ current 

and therefore the differentiation process. In C2C12, TRPV1 activation was also shown to 

promote myoblasts differentiation by increasing Ca2+ concentration (Iannotti et al., 2019). 

Moreover, CB1 antagonism enhanced the expression of myogenic markers (Myogenin and 

MHC) promoting differentiation in human satellite cells, whereas, in dystrophic mice, it 

increased the number of healthy/regenerating myofibers, and decreased inflammatory 

markers (Iannotti et al., 2018). Both in vivo and in vitro experiments show the involvement of 
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CB2 in muscle cell growth and regeneration. Indeed, CB2 agonism attenuated the 

inflammatory response and ameliorated muscle repair after skeletal muscle injury (M. Zhang 

et al., 2019), while CB2 knockout mice showed myofiber necrosis, decreased MyoD and 

Myogenin expression, and increased fibrosis and inflammatory cell infiltration (Jiang et al., 

2020).  
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1.3 Sphingosine 1-phosphate system 

 

Sphingolipids are a class of polar lipids whose backbone is a molecule of sphingosine. Initially 

considered mere structural components of the eukaryotic membrane, they have been 

discovered to be bioactive molecules involved in a variety of different biological processes, 

such as proliferation, cell migration, differentiation, survival, inflammation, and much more 

(Hannun & Obeid, 2008; Maceyka et al., 2012). Among the sphingolipids, ceramide and 

sphingosine 1-phosphate (S1P) have gained more and more interest for their opposing effects 

in the organism: apoptosis on one hand and cell survival on the other. Therefore, the relative 

levels of these two sphingolipids, the so-called “Sphingolipid rheostat”, are essential to 

determine cell fate (Spiegel & Milstien, 2003). S1P was discovered in the 1960s, when the 

prevailing notion was that S1P was more similar to traditional second messengers (i.e. 

diacylglycerol and Ca2+), although in vitro studies suggested its bioactive nature (Cartier & Hla, 

2019). Over the years, five S1P receptors (S1P1-5), which respond to extracellular S1P, have 

been identified in vertebrates (Cartier & Hla, 2019). S1P receptors couple to multiple α 

subunits of heterotrimeric G proteins, are differently expressed in the human body, and 

induce the activation of different downstream pathways, therefore resulting in involvement 

in distinct biological processes (Donati et al., 2013). S1P production starts with the synthesis 

of its precursor ceramide. In the de novo pathway (fig. 6), the enzyme serine palmitoyl 

transferase uses palmitoyl-CoA and serine to form dihydrosphingosine, which is then acylated 

by ceramide synthase to dihydroceramide and desaturated to ceramide by ceramide 

desaturase enzyme. Ceramide is also obtained by the breakdown of membrane 

sphingolmyelins and glycosphpingolipids. Once ceramide is produced, ceramidases cut the 

acyl chain of ceramide to create sphingosine, which can be converted back to ceramide by 

ceramide synthase. Sphingosine can be phosphorylated in an ATP-dependent manner by two 

isoforms of sphingosine kinase (SK1 and SK2) to produce S1P. S1P, in turn, can be 

dephosphorylated to sphingosine by two specific sphingosine phosphatases (SPP1 and SPP2) 

or it can be degraded by sphingosine lyase (SPL) into hexadecenal and phosphoethanolamine. 

S1P’s fate depends on the site of its production. SK1 is a cytosolic enzyme, which can be 

activated by growth factors, hormones, cytokines, and ligands of G protein-coupled receptors. 

When SK1 is phosphorylated by ERK at serine 225, it translocates to the plasma membrane, 
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where resides its substrate, sphingosine (Pitson et al., 2003). S1P, produced by SK1, is then 

released out of the cells through ATP-binding cassette transporters or the specific spinster 2 

(SPNS2), acting in an autocrine or paracrine manner and, therefore, beginning the “inside-out” 

signalling (Donati et al., 2013). Recently, lipid transporter MFSD2B was found to mediate 

specific export of S1P in erythrocytes and platelets (Vu et al., 2017). SK2 localises in 

intracellular compartments such as the ER, nucleus, and mitochondria. S1P produced by this 

kinase is far from the plasma membrane but close to its degrading enzymes, SPL and SPPs, 

which can recycle sphingosine for ceramide production (Le Stunff et al., 2007). Nuclear SK2 

forms a complex with histone H3 and histone deacetylases (HDACs), and S1P, binding to and 

inhibiting HDAC1/2, can control the epigenetic regulation of gene expression (Hait et al., 

2009). In the mitochondria, S1P was found to interact with a conserved protein able to 

regulate mitochondrial assembly and function, prohibitin 2. This interaction appears to be 

important for cytochrome-c oxidase assembly and mitochondrial respiration (Strub et al., 

2011). S1P is mainly produced by erythrocytes and platelets (Cordeiro et al., 2019) but, due to 

its poor aqueous solubility, S1P transport in blood and lymphatic circulation needs chaperon 

proteins, whose interaction with S1P results in the formation a spatial gradient allowing 

different biological activities of this bioactive sphingolipid (Cartier & Hla, 2019). The specific 

S1P-binding protein in blood is apolipoprotein M (ApoM), a component of high-density 

lipoprotein (HDL). Its binding to S1P is stable and promotes endothelial cells’ S1PRs activation, 

leading to an inhibition of inflammation and a promotion of barrier function. S1P can also 

associate with albumin, but with a lower affinity and a less stable binding (Cartier & Hla, 2019). 
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Figure 6. Sphingolipid metabolism (Taylor et al., 2019) 

 

1.3.1 S1P Receptors 

 

The five G protein coupled receptors specific for S1P share some structural and functional 

similarities with both cannabinoid and lysophosphatidic acid receptors (Rosen et al., 2009).  

S1P1-3 are ubiquitously expressed, whereas S1P4 and S1P5 are tissue specific, being found in 

the lymphoid and nervous system, respectively (Spiegel & Milstien, 2003).  

S1P1, once called Edg-1, was the first S1P receptor to be cloned. It is ubiquitous expressed, 

and its wide distribution leads to multiple biological effects in different organs (Bravo et al., 

2022). S1P1 is coupled to Gi alone, leading to the inhibition of AC, as demonstrated in 

overexpressed HEK cells, where constitutively active S1P1 leads to the activation of ERK2, 

which is sensitive to PTX. However, in some cells, S1P1-mediated actions are not sensitive to 

PTX, such as the S1P-induced cell-cell aggregation and up-regulation of P and E cadherins in 

HEK overexpressing human S1P1 (Siehler & Manning, 2002). Of all the S1P receptors, the 

deletion of S1P1 alone is embryonic lethal. Failure of the arterial smooth muscle to migrate 

dorsally to form the media prevents arterial pressure resistance and results in catastrophic 
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artery rupture. This phenotype, which shows one clear, nonredundant function of S1P during 

development, is mimicked by the dual loss of sphingosine kinases 1 and 2 (Rosen et al., 2009). 

As a result, there are no S1P1 knockout mice available. On the other hand, the fact that S1P2 

and S1P3 deletions produce healthy offspring with a range of phenotypes raises the possibility 

that compensatory changes in receptor expression and signalling may take place (Rosen et al., 

2009). In fact, many cell types express multiple S1P receptor subtypes. For example, skeletal 

muscle cells express S1P1-4.  

S1P2 and S1P3 share 92% sequence identity, therefore are closely related (Toman & Spiegel, 

2002), and couple, not only to Gi, but also to Gq and G12/13, while S1P4-5 couple to Gi and G12/13.  

These G proteins can trigger a variety of downstream signals, including small GTPase 

modulation (Rac and Rho), AC inhibition or upregulation, PLC activation and intracellular 

calcium mobilisation, and Akt and ERK 1/2 phosphorylation (Rosen et al., 2009). 

 

1.3.2 S1P in skeletal muscle 

 

Myoblasts express four out of five S1P receptors (S1P1-4), with the highest prevalence of S1P1. 

In C2C12 cell line, the differentiation of myoblasts into myotubes is followed by a change in 

S1PR expression, revealing the important role of the S1P system in myogenic differentiation. 

Indeed, during this process, S1P2 is downregulated while S1P3 is upregulated (Meacci et al., 

2003). The involvement of the S1P2 subtype in C2C12 differentiation is undeniable since S1P 

acting via S1P2 is able to revert the serum-induced proliferation and stimulate myoblast 

differentiation (Bernacchioni et al., 2011; Donati et al., 2005b). Additionally, SK1 expression 

was found to be increased in differentiating myoblasts (Meacci et al., 2008). SK1 over-

expression leads to a reduction in the myoblast proliferation rate and the induction of 

myogenic marker expression. This pro-myogenic action was abolished in S1P2 silenced cells, 

highlighting the crucial role of S1P/S1P2/SK1 axis in the differentiation process. SK1 activation, 

and therefore its translocation to the membrane, is under the control of a number of growth 

factors, cytokines and hormones (Maceyka et al., 2012). Low doses of TNFα leads to SK1 

translocation to membrane, its activation and S1P production, which acting on S1P2 stimulates 

C2C12 myoblast differentiation (Donati et al., 2007). IGF-1 can activate both SK1 and SK2 and 
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via S1P2 transactivation exerts its myogenic action, while the transactivation of S1P1 and S1P3 

reduces cell proliferation (Bernacchioni et al., 2012). Another growth factor (platelet derived 

growth factor or PDGF) has a negative role on myoblast proliferation inducing the activation 

of SK1 and the selective transactivation of S1P1 (Donati et al., 2013). 

The role of S1P is not limited to the regulation of the myogenic differentiation of myoblast 

into myotubes. This bioactive sphingolipid can also activate a normally quiescent population 

of cells, the satellite cells, participating in the process of muscle repair after injury. During 

muscle regeneration, S1P can activate satellite cells and promote their proliferation and 

migration to the site of the lesion (Calise et al., 2012). Indeed, in satellite cells the pro-

mitogenic action is due to S1P increased levels by SK1 (and SPL activity reduction) and 

S1P2/STAT3 signalling (Loh et al., 2012). While the S1P migratory effect on satellite cells is 

exerted by S1P1 activation (Cordeiro et al., 2019). Once reached the injured fibers, the 

differentiation process takes place: cells stop proliferating and start to form myotubes. 

Interestingly, S1P2 was shown to inhibit myoblast mobility, which is induced by S1P in 

activated satellite cells, revealing a dual role of the sphingolipid on cell migration.  

As already said, during differentiation, a small reservoir of cells remains undifferentiated. S1P 

acting via S1P1 stimulates “reserve cells” proliferation, renewing the cellular pool (Rapizzi et 

al., 2008).   
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1.4 ECS and S1P system functional interaction 
 

S1P receptors and endocannabinoid CB1 and CB2 receptors belong to the lysolipid superfamily 

of GPCRs (G-Protein Coupled Receptors) and phylogenetic analysis indicate   ̴20% of amino 

acid sequence homology (Sanchez & Hla, 2004). These structural similarities open the 

possibility to the ligands to bind to the receptors of both systems. In fact, it has already been 

demonstrated an interaction between FTY720 and sphingosine and CB1 receptor (Paugh et 

al., 2006). FTY720 (Fingolimod) is an analogue of sphingosine and an immunomodulatory drug 

which, following its phosphorylation by SK2, can bind to the S1P receptors, except for S1P2, 

and prevent kidney transplantation development, autoimmune diseases, and multiple 

sclerosis. Both Fingolimod and sphingosine act as competitive CB1 antagonists without 

interfering with CB2 (Paugh et al., 2006).  

Other significant interactions between the two systems have been found in the regulation of 

the vascular tone. In fact, both S1P and endocannabinoids are cardioprotective and have a 

role in the regulation of the cardiovascular system. S1P's impact on vascular tone appears to 

be influenced by the receptor subtypes expressed in that vessel and their distribution (Coussin 

et al., 2002). Indeed, similar concentration of S1P induces different responses in rat 

mesenteric arteries and in rat aorta: while in the first case it constricts the vessels, in the 

second case it dilates the aorta (Hemmings et al., 2004; Roviezzo et al., 2006). In rat coronary 

artery, S1P and AEA induce vascular relaxation involving both CB2 and S1P3 receptors. CB2 

antagonists attenuated AEA-induced relaxation, and S1P3 was required for AEA-mediated 

vasorelaxation. Also, S1P-mediated relaxation was dependent on S1P3 and reduced by CB2 

antagonists. Interestingly, AEA treatment stimulates SK1 phosphorylation and the inhibition 

of SK1 abolished the AEA-mediated relaxation (Mair et al., 2010). Previous studies have shown 

the possibility of CBs to regulate the sphingolipid metabolism: CB1 activation results in an 

accumulation of ceramide in different cell types (Blázquez et al., 1999; Galve-Rophert et al., 

2000).   
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1.5 Calcium 

 

Calcium (Ca2+) is a ubiquitous intracellular signal responsible for controlling a variety of cellular 

processes: ranging from muscle excitability and contraction to gene expression, invasion 

migration and cell apoptosis. This versatility results from the utilization of a wide range of 

molecular signalling elements that together make up a Ca2+ signalling toolkit that may be used 

to produce signals with a wide range of spatial and temporal patterns (Berridge et al., 2000). 

Briefly, a stimulus generates Ca2+ mobilization signal, Ca2+ is released into the cytoplasm and 

acts as a messenger to stimulate Ca2+-sensitive processes. Finally, to restore the resting state, 

a series of pumps and exchangers remove Ca2+ from the cytoplasm. The source of calcium can 

be both external and internal to the cells (i.e., the ER) and the release from the internal storage 

of Ca2+ is controlled by different channels, of which the inositol-1,4,5-trisphosphate receptor 

(InsP3R) and ryanodine receptor (RYR) families are the most studied. Several families of Ca2+ 

entry channels exist and are defined by how they are activated: Voltage-Operated Channels 

(VOCs), Receptor-Operated Channels (ROCs), and Store-Operated Channels (SOCs). Once the 

mechanism of release of calcium is turned on, intracellular concentration of Ca2+ rises from 

100 nM up to 1000 nM, leading to Ca2+-activated processes. Once Ca2+ has exerted its action, 

it is rapidly removed from the cytoplasm by the plasma membrane Ca2+-ATPase (PMCA) 

pumps and Na+/ Ca2+ exchangers, which extrude Ca2+ to the outside, and the sarco-

endoplasmic reticulum ATPase (SERCA), which returns Ca2+ into the ER. The mitochondrion 

can also sequester Ca2+.  

Among other signals that participate in the generation of intracellular Ca2+ spikes, S1P can be 

mentioned. S1P-induced Ca2+ increase mainly couples to the phospholipase C (PLC) pathway, 

through S1P2-3, leading to the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) to 

inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) (Berridge et al., 2000; Rapizzi et al., 

2007; Young & Nahorski, 2002). IP3 binds to the IP3 receptor provoking the calcium release 

from the intracellular stores, while DAG may activate the calcium permeable ion channels in 

the plasma membrane (Berridge et al., 2000). Noteworthy, there are studies suggesting the 

direct activation of Ca2+ release from intracellular stores by intracellular S1P via IP3-
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independent manner (Ghosh et al., 1994; Meyer Zu Heringdorf et al., 2003). However, no 

intracellular S1P-Ca2+ releasing target protein has been identified yet (Pulli et al., 2018).  

 

 

Figure 7. General schematics of sphingosine kinase 1 (SK1), sphingosine 1-phosphate (S1P) and calcium 
signaling (Pulli et al., 2018). 

 

As shown in figure 7, SK1 phosphorylation and its translocation to the plasma membrane 

resulting in S1P production are regulated by ERK 1/2 and by the calcium and integrin binding 

protein (CIB1), which in turn are both regulated by Ca2+. Together, S1P synthesis and transport 

may be positively regulated by intracellular Ca2+, which may then modify calcium signalling 

through the S1PRs in an auto/paracrine manner as well as by unknown intracellular 

mechanisms (Pulli et al., 2018). 

Besides S1P, also endocannabinoids can influence Ca2+ signalling. In fact, CB1 agonists, 

including AEA, acting via Gi and Gq, can induce the hydrolysis of PIP2 into IP3 and therefore 

the Ca2+ mobilization from the ER. TRPV1 activity can be also regulated by GPCRs, including 

CBs, that by activating PLC, induce the release of TRPV1 from the inhibitory effect of PIP2 

(Nilius et al., 2008). At the same time, DAG-induced activation of PKC, and the activation of 

PKA, are two other mechanisms of sensitization of TRPV1. On the other hand, both GPCRs and 

TRPV1-mediated Ca2+ increase can stimulate AEA biosynthesis (De Petrocellis & Di Marzo, 

2009).  
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2 Materials and Methods 

 

2.1 C2C12 cell culture 
 

Murine C2C12 myoblast cell line was obtained from the American Type Culture Collection 

(ATCC® CRL-1772TM Manassas, VA, USA). C2C12 were grown in a complete medium consisting 

of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum 

(FBS), 100 U/mL penicillin/streptomycin, 2 mM L-glutamine, and 0.5% Ciprofloxacin. The cell 

line was maintained in a 5% CO2 atmosphere at 37°C. Thanks to the ability to differentiate in 

myotubes depending on the culture conditions, C2C12 myoblast cell line is the most common 

in vitro model used to study skeletal muscle biology. The myogenic differentiation of C2C12 

myoblast was performed as previously described in (Donati et al., 2005). To induce 

differentiation, confluent cells were washed twice with PBS (Phosphate Buffer Saline) and 

starvation medium was added 30 minutes before treating the cells with different molecules 

depending on the experiment’s conditions. The starvation medium consisted of DMEM with 

0.1% Bovine Serum Albumin (BSA), 100 U/mL penicillin/streptomycin and 2 mM L-glutamine. 

DMEM, FBS, PBS, and BSA were purchased from Sigma-Aldrich (St. Louis, MO, USA).  

 

2.2 Cell treatments and collection 
 

C2C12 cells were pre-treated with endocannabinoids receptors antagonists SR1, SR2 and I-

RTX for 30 minutes in serum free media, before adding 10 µM metanandamide (mAEA, AEA 

stable analogue) or 1 µM S1P, or 1 µM capsaicin (CAP). SR141716A (SR1) and SR144528 (SR2) 

(Sigma-Aldrich St. Louis, MO, USA) are CB1 and CB2 antagonists respectively, while I-RTX 

(Tocris Bio-Techne SRL, Milan, Italy) is a TRPV1 antagonist. mAEA was purchased from Sigma-

Aldrich (St. Louis, MO, USA), S1P from Calbiochem (Darmstadt, Germany) and CAP from Sigma-

Aldrich (St. Louis, MO, USA). Cells were washed twice in cold PBS after 24-48h treatment and 

collected in lysis buffer containing 50 mM Tris-HCl pH 7.5, 1 mM EDTA, 6 mM EGTA, 120 mM 
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NaCl, 20 mM NaF, 1% Nonidet, and proteases and phosphatases inhibitors mix purchased from 

St. Louis, MO, USA. After 30 minutes on ice, the samples were centrifuged at 1x10^4 x g for 

15 minutes at 4 °C. After centrifugation the soluble molecules-containing supernatant was 

collected, while the pellet containing nucleic acids and cell membranes was discarded. 

Supernatants were subjected to protein quantification.  

 

2.3 Protein quantification 
 

Protein concentration quantification of each sample was performed in total cell lysates by 

Bradford protein assay. This quantification method is based on the employment of the dye 

Coomasie brilliant blue G-250, which can form strong non-covalent complexes with proteins, 

causing a shift from 465 nm to 595 nm (wavelength of the absorbance readings taken by the 

spectrophotometer). The absorbance at 595 nm and the amount of bound dye are 

proportional, therefore the absorbance reflects the amount of protein present in each sample. 

To calculate the sample's protein concentration, the spectrophotometer compares the 

absorbance of the samples to a standard curve previously calculated by the instrument by 

using known concentrations of BSA and measuring the corresponding absorbance values. The 

measurements were performed in duplicate using 2 µL of protein sample, 798 µL of deionized 

H2O and 200 µL of Bradford dye. By interpolation of the absorbance of cell lysates with the 

standard curve, the spectrophotometer calculates the exact concentration of each sample in 

µg/µL. Bradford dye was purchased by BioRad (Hercules,CA,USA). 

 

2.4 SDS-PAGE 
 

The volume needed to obtain a certain amount of protein for each sample was estimated, 

then collected and diluted in Laemmli Sample Buffer 4X, which denatures protein and reduces 

disulphide bonds. Samples were then boiled for 5 minutes, to increase the denaturation 

process, and centrifuged 1 minute at 1.6x10^4 xg. SDS-PAGE is an electrophoresis method 
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that allows protein separation by molecular mass. The polyacrylamide gel consists of two 

phases: the Stacking gel, above, and the Separating gel, below. Samples are charged into the 

first gel, where they can alienate and start running all together in the second gel, where the 

proteins are separated by their molecular mass. Different concentrations of acrylamide in the 

Separating gel allow better separation of high (8%) or low (14%) molecular weight proteins. 

The SDS-PAGE was performed in a Running Buffer consisting of 192 mM Glycine, 25 mM Tris 

HCl, and 1% SDS pH 8.3, and a current of 130 V and 400 mA was applied for about 90 minutes. 

 

2.5 Western Blot analysis 
 

After the SDS-PAGE, proteins were transferred from the gel to a PVDF (polyvinylidene fluoride) 

membrane using the Trans-Blot Turbo instrument, purchased from BioRad (Hercules,CA,USA). 

This method consists of placing the electrophoretic gel on top of the PVDF membrane and 

between two filter papers dipped in a buffer containing glycine and 20% methanol. This 

sandwich is located between the two plates of the instrument (the cathode and the anode), 

which, thanks to an electric current, allows the negatively charged protein to be transferred 

from the gel to the membrane. The membrane was then incubated for 5 minutes at room 

temperature with EveryBlot Blocking Buffer (BioRad,Hercules,CA,USA), in order to avoid the 

non-specific interactions between the membrane and the primary antibody. Subsequently, 

the primary antibody, specific for the protein of interest, was diluted in TTBS (20 mM Tris-HCl, 

150 mM NaCl, pH 7.5 with 0.1% Tween 20) and incubated with the membrane at 4°C 

overnight. The morning after, the membrane was washed three times for 5 minutes with TTBS 

and incubated with the secondary antibody, diluted in TTBS, for one hour at room 

temperature. The secondary antibody, conjugated to horseradish peroxidase, recognises and 

specifically binds to the primary antibody. The anti-mouse and anti-rabbit secondary 

antibodies were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). The 

membrane was washed three times for 5 minutes with TTBS and once with TBS. The 

membrane was incubated with ECL chemiluminescence reagent (GE Healthcare Europe 

GmbH, Milano, Italy) containing the horseradish peroxidase’s substrate. The enzyme 

cathalyses the cleavage of the substrate, causing chemiluminescence detected by the 
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Amersham Imager 600 GE Healthcare®. After the detection of the protein band of interest the 

image analysis was performed through Image J software, which allows a quantitative 

densitometric analysis of the bands. The proteins of interest were normalised to a 

housekeeping protein, which does not vary under any experimental condition.  

Antibodies against housekeeping proteins, anti-βactin and anti-GAPDH were purchased from 

(Santa Cruz, CA, USA). To detect proteins of interest, different specific primary antibodies were 

used: anti-Myogenin (Santa Cruz, CA, USA), anti-Caveolin 3 (BD Biosciences, New Jersey, USA), 

anti-MHC (Sigma-Aldrich, St. Louis, MO, USA), anti-SPL (Invitrogen, Life Technologies Corp., 

Carlsbad, CA, USA), and anti-SK1 anti-SK2, anti-PSK1, anti-PSK2 (ECM Biosciences LLC, 

Versailles, KY USA). 

 

2.6 Stripping of PVDF membrane 
 

The PVDF membrane holding the proteins can be probed multiple times by incubating with 

stripping solution that enables the detachment of the antibodies from the membrane. The 

membrane was washed with TTBS, the stripping solution (Termo Scientific, Rockford, IL, USA) 

was warmed to 50°C and applied to the membrane for 20 minutes at room temperature. The 

membrane was then washed three times for 5 minutes with TTBS and incubated with primary 

antibodies to detect new proteins of interest. 

 

2.7 Real-Time PCR 
 

C2C12 cells were washed twice in PBS and collected in Tri Reagent solution (Sigma-Aldrich, St. 

Louis, MO, USA) under a chemical hood. Samples were frozen and maintained at -80°C until 

the RNA extraction procedure. Once RNA was obtained, the concentration of total RNA for 

each sample was determined with a spectrophotometer ND-1000 and 1.5 µg of RNA was 

subjected to retrotranscription with High-Capacity cDNA Reverse Transcription Kit (Thermo 

Fisher Scientific INC, MA, USA). The cDNA formed by the reverse transcriptase was maintained 
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at -20°C. Real-time PCR analysis was then performed to quantify the mRNA expression of 

genes involved in S1P metabolism and in the C2C12 differentiation process. In this study, the 

instrument ABI 7700 SDS (Sequence Detection System Applied Biosystem, Foster city, USA) 

and TaqMan probes were used. TaqMan probes are able to identify and bind one specific 

region of the cDNA strand and consist of a fluorescent reporter and a quencher at the opposite 

site of the probe. The proximity of the quencher prevents the detection of the fluorescence 

emitted by the reporter. The Real-Time PCR method was carried out in a thermal cycler, which 

repeats a series of temperature changes 40 times. Each cycle consists of three phases: the 

first, at 95°C, allows the separation of the nucleic acid’s double chain; the second, at 50-60°C, 

allows the specific binding of the primers with the cDNA; and in the third, at 68-72°C, the 

polymerization is catalysed by DNA polymerase while degrading the probe that binds the 

cDNA. This way, the quencher moves away from the fluorophore, whose fluorescence is 

captured by the instrument after excitation with a laser. The fluorescence increase is 

proportional to the breakdown of the probe and therefore to the amount of cDNA binding the 

probe. The threshold cycle (Ct) is the cycle of the reaction that is above the chosen threshold, 

and it is useful for the quantity analysis carried out with the ΔΔCt comparative method (Livak 

& Schmittgen, 2001). 

The thermal cycler was provided by BioRad (Hercules, CA, USA) the retro-transcription kit, Real 

Time PCR kit and probes were obtained from Life Technologies (Carlsbad, CA, USA). For the 

quantitative analysis, β-Actin was employed as housekeeping gene. 

 

2.8 Immunofluorescence Assay 
 

C2C12 cells were seeded on microscope slides (22 mm x 22 mm) (1x10^5 cells/slide), and let 

them grow, for at least two days, until the 80% confluency was reached. Then, the growth 

medium was removed and replaced with serum-deprived medium in the presence of 0.1% 

BSA, treated or not with 0.1 µM I-RTX for 30 minutes before adding the stimulus. Cells were 

incubated at 37°C for 4 days and then were washed twice with PBS and fixed with 

paraformaldehyde solution 3%. A permeabilization and quenching solution (0.1% Triton X-100 

and ethanolamine (1:165) in PBS) was added for 30 minutes at room temperature, and 3% 
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BSA was then used as a blocking solution. Cells were then incubated with the primary antibody 

anti-MHC, diluted 1:200 in 1% BSA for two hours and another hour with the secondary 

antibody, Texas Red anti-mouse IgG (H+L) (TI-200, Vector Burlingame, CA) diluted 1:200 in 1% 

BSA. A DAPI solution 1000X (#MBD0015, Sigma-Aldrich, MA, USA) was incubated with cells for 

20 minutes in the dark to stain cell nuclei. Fluoromount Aqueous Mounting Medium (Sigma-

Aldrich, MA, USA) was used to mount the slides, and a Leica SP8 laser scanning confocal 

microscope (Leica Microsystems GmbH, Wetzlar, Germany) was used to capture the pictures 

while using a 40X or 63X oil-immersion objective. 

 

2.9 Mitochondrial membrane potential assay 
 

The mitochondrial membrane potential status of C2C12 cells was assessed by Mito-Tracker 

CMXRos (#M7512) probe (Thermo Fisher Scientific INC, MA, USA) and Laser scanning confocal 

microscopy. The amount of dye accumulated in the mitochondria is proportional to its 

membrane potential. Cells were seeded on microscope slides the day after they were shifted 

in starvation medium and treated with 1 µM of SR1, SR2 and I-RTX for 30 minutes before being 

challenged with 5 µM mAEA. After 24h treatment, the probe was diluted in DMEM medium 

without phenol red at a concentration of 50 nM, incubated 30 min at 37°C and 5% CO2 in the 

dark. Then, cells were fixed in 3% paraformaldehyde, washed twice, and incubated with a 

permeabilization and quenching solution. A DAPI solution was used to detect nuclei. 

Fluoromount Aqueous Mounting Medium (Sigma-Aldrich, MA, USA) was used to mount the 

slides, and a Leica SP8 laser scanning confocal microscope (Leica Microsystems GmbH, 

Wetzlar, Germany) was used to capture the pictures while using a 40X or 63X oil immersion 

objective. 
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2.10 High-Resolution Respirometry analysis 
 

The Oroboros oxygraph-2K high-resolution respirometer (Oroboros Instruments, Innsbruck, 

Austria) and substrate, uncoupler, inhibitor, titration (SUIT) protocols were used to measure 

oxygen consumption in 2 mL glass chambers at 37°C as described by Ye & Hoppel (Ye & 

Hoppel, 2013). The oxygen flux normalized on the cell number is calculated as the negative 

time derivative of the oxygen concentration, measured in sealed chambers, and normalised 

on the instrumental background (assessed in a dedicated experiment prior to cell assaying). 

Analyses of respirometry were performed on C2C12 myoblasts treated for 24 hours with 5 µM 

mAEA or the control vehicle (ethanol). 3x10^5 cells resuspended in DMEM with 1 mg/mL BSA 

were added to the chambers after the instrument's air calibration, and the baseline 

respiratory activity was evaluated as routine respiration (R). After the administration of 

oligomycin (5 nM), which inhibits ATP synthase, it was possible to evaluate the LEAK state (L), 

which represents the non-phosphorylating state of uncoupled respiration caused by proton 

leak, proton and electron slip, and cation cycling (Pesta & Gnaiger, 2012). Uncoupler titrations 

were used to determine the capacity of the electron transfer system (ETS) using the uncoupler 

CCCP (1.5 µM/titration steps) as the readout of the maximum oxygen usage capacity (E). 

Antimycin A (2.5 µM) injection was used to measure the residual oxygen consumption (ROX) 

that remained after ETS inhibition. Data collection and analysis were carried out using the 

DatLab software (version 7.4, Oroboros Instrument, Innsbruck, Austria). The oxygen fluxes 

recorded in the individual titration steps were corrected for ROX. 

 

2.11 Calcium Measurement 
 

Calcium influx concentration was measured by the Fura2 fluorescence dual-wavelength 

method. C2C12 cells were seeded in 143 cm2 plates and, when 80% confluent, treated with 

1µM S1P. After 24 hours, cells were washed twice with PBS and detached with Trypsin-EDTA. 

To dilute Trypsin, serum free medium was added, and cells were centrifuged at 1000 x g for 5 

minutes. Pellets were rinsed with HBSS and centrifuged again. Cells were incubated with 1µM 
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Fura-2, AM ester (Biotium, Fremont, CA, USA), diluted in HBSS, for 45 minutes at room 

temperature in the dark. Cells were centrifuged and washed with HBSS twice to remove the 

probe. Cells were diluted 6 x 105/mL in HBSS, 2 mL of cell suspension was added to each 

cuvette, and the excitation-to-emission fluorescence ratio was measured with constant 

stirring using an F-2500 fluorescence spectrophotometer (Hitachi - Science & Technology). The 

use of Fura2-AM allows accurate measurement of the intracellular Ca2+ concentration 

(Moriello & De Petrocellis, 2016). This probe changes its excitation wavelength whether it is 

bound to calcium (340 nm) or not (380 nm), while the emission remains at 510 nm. The ratio 

of fluorescence intensities at 340 and 380 nm is calculated while the agonist/antagonist are 

added to the cell suspension. With the use of the Grykiewicz equation, the intensity data can 

be converted to calcium concentration (Iredale & Dickenson, n.d.). 

 

2.12 siRNA TRPV1 transfection 
 

Small interfering or short interfering RNA (siRNA) are common tools to knock-down specific 

target genes. In order to silence the expression of TRPV1, 1.5 x10^5 C2C12 cells were seeded 

on each well of 6-multiwell plate and the day after cells were transfected using the 

Lipofectamine® RNAiMAX Reagent (Invitrogen, Life Technologies Corp., Carlsbad, CA, USA). 

1.2 µL siTRPV1 (or siSCR used as a control) 50 µM were dissolved in 100 µL of serum free 

medium, meanwhile 3 µL of RNAiMAX Reagent were dissolved in 100 µL of serum free 

medium. Then 100 µL of the RNAiMAX mix were added to the eppendorf containing the siRNA 

mix and left for 20 minutes at room temperature. In the meantime, cells were washed twice 

with PBS and 0.8 mL of complete medium, without antibiotics and ciprofloxacin, were added 

to each well. Shortly afterwards, 200 µL of the mix containing RNAiMAX and siRNA were added 

to the cells for 24h. The next day cells were washed with PBS and shifted in starvation medium. 

After 30 minutes cells were then treated with 5 µM mAEA or1 µM S1P or 1 µM CAP for 24h. 
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2.13 LC/MS Analysis 

 

The lipid fractions from control and S1P-treated C2C12 cells were extracted with 

chloroform/methanol (2:1 v/v) in the presence of internal standards (1 ng mL-1 AEA-d8, 200 

ng mL-1 2-AG-d8). Then, a clean-up step was performed as previously reported (Sergi et al., 

2012). Briefly, the organic phase was dried and then subjected to micro-solid phase extraction 

(µSPE) for a rapid clean-up, by using OMIX C18 tips from Agilent Technologies (Santa Clara, 

CA, USA). All analyses were performed on a Nexera LC 20 AD XR UHPLC system (Shimadzu 

Scientific Instruments, Columbia, MD, USA) with NUCLEODUR® C18 Isis column from 

Macherey-Nagel GmbH and Co. (Neumann, Germany), coupled with a 4500 Qtrap mass 

spectrometer from Sciex (Concord, ON, Canada) equipped with a Turbo V electrospray 

ionization (ESI) source, operating in positive mode. The levels of AEA and 2-AG were then 

calculated on the basis of their area ratios with the internal deuterated standard signal areas, 

and their amounts in pmoles were normalized to the number of cells, as reported (Pucci et al., 

2012). 

 

2.14 Statistical analysis 
 

In order to obtain a statistical analysis of the experimental results, Student’s t-test and one-

way or two-way analysis of variance (ANOVA), followed by Bonferroni post-hoc analysis, were 

performed. A level of p<0.05 was considered statistically significant.  

Densitometry analysis of Western Blot images was carried out with imageJ software and for 

all the graphical images, GraphPad Prism v8.4.3 (GraphPad Software, La Jolla, CA, USA) was 

used.  
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3 Results 

 

Many studies in the literature show the involvement of S1P metabolism and signalling in 

skeletal muscle biology (Bernacchioni et al., 2012, 2021; Cencetti et al., 2010; Donati et al., 

2005a), along with the regulation of skeletal muscle differentiation driven by the eCB system 

(Iannotti et al., 2014). Even if both systems are expressed in skeletal muscle, the literature 

lacks evidence for the interaction between eCBs and S1P systems in the regulation of skeletal 

muscle metabolism and differentiation. Therefore, in collaboration with the University of 

Teramo, we employed C2C12 myoblast cell line as cellular model to elucidate whether the 

hypothesized functional crosstalk occurred and was responsible for the regulation of skeletal 

muscle cell biology. This chapter reports data from a published article entitled “The TRPV1 

Receptor Is Up-Regulated by Sphingosine 1-Phosphate and Is Implicated in the Anandamide-

Dependent Regulation of Mitochondrial Activity in C2C12 Myoblasts”. The candidate of this 

thesis is a co-author of the above-mentioned article (see appendix).  

First of all, we evaluated the mRNA expression of eCB-binding receptors (CB1, CB2, GPR55, 

TRPV1) and AEA and 2-AG metabolic enzymes (NAPE-PLD, FAAH, DAGLα, DAGLβ, and MAGL) 

by qRT-PCR in C2C12 cells treated for 24 and 48 h with 1 μM S1P, a dose that was shown to 

be effective to induce myogenic differentiation (Donati et al., 2005b). Upon exposure to S1P 

for 24 h, GPR55, TRPV1, FAAH, DAGLβ (p < 0.01 vs. control) and DAGLα (p < 0.05 vs. control) 

mRNA levels were significantly enhanced but returned to control levels at 48 h treatment with 

S1P, except for GPR55 which levels of expression decreased significantly (p < 0.01 vs. control). 

Then, the protein expression of eCB-binding receptors, AEA and 2-AG metabolic enzymes was 

evaluated by Western blot in C2C12 cells treated with 1 μM S1P for 24 h. Interestingly, CB2 

protein level was decreased (p < 0.059), while TRPV1 protein level was increased (p < 0.05 vs. 

control), in line with qRT-PCR results. LC/MS analysis was undertaken to further evaluate the 

possible influence of S1P on endogenous levels of AEA and 2-AG. In line with metabolic 

enzyme protein expression, no significant variations in the levels of these two eCBs were 

measured in cells treated with 1 M S1P for 24 h.  

C2C12 cells express FAAH, the main hydrolytic enzyme of AEA, therefore, to avoid the 

interference caused by the enzyme activity on the degradation of AEA, a stable non-
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hydrolizable analogue of AEA that is methanandamide (mAEA) was used. Since AEA was shown 

to play a key role in energy homeostasis (Catanzaro et al., 2009; Gasperi et al., 2007), the 

mitochondrial membrane potential (∆Ym) was evaluated in C2C12 cells treated with mAEA at 

different doses (2.5; 5.0; 10 μM) for 24 h, with different procedures. In collaboration with 

colleagues at the University of Teramo we demonstrated that low doses of mAEA (2.5 and 5 

μM) significantly increased ∆Ym values compared to controls (p < 0.01 and p < 0.05, 

respectively), meanwhile the highest dose (10 μM) induced the opposite effect (p < 0.05), 

which was reverted in the presence of I-RTX, the selective TRPV1 antagonist, but not affected 

by others eCB-receptors antagonists. Since the cytotoxicity assay results indicated a reduction 

in cell viability upon exposure to 10 μM mAEA for 24 h, we decided to carry on the 

investigation using 5 μM concentration of mAEA.  

The Mito-Tracker Red CMX-Ros fluorescent dye, which stains mitochondria proportionally to 

their membrane potential, was used to further analyse the effect of mAEA on mitochondrial 

activity in C2C12 treated for 24h. Laser-scanning confocal microscopy allowed the detection 

of fluorescence intensity, which was normalized to the cell number in each field. As shown in 

figure 8, in 24 h serum starved C2C12 myoblasts ∆Ym significantly increased by 77.7 ± 7.5% 

compared to growing myoblasts (**** p < 0.0001), and it was further increased by 33.5 ± 2.9% 

(*** p < 0.001) upon challenge with 5 μM mAEA. 
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Figure 11. Effect of mAEA on PGC1α (a) and respiratory chain complexes’ (b) expression. C2C12 
myoblasts were treated with mAEA (5 µM) for 24 h. Samples were subjected to SDS-PAGE and Western 
blot analysis using anti-PGC1α, as well as OXPHOS WB Antibody Cocktail specific for respiratory chain 
complexes and anti-β-actin antibody as housekeeping. The data were reported after densitometric 
analysis of the bands as means ± SEM normalized to β-actin of three independent experiments 
performed in duplicate. The data were reported after densitometric analysis of the bands as means ± 
SEM normalized to β-actin of three independent experiments. Statistical analysis was performed by 
analysis of variance using Student t-test [* p < 0.05 vs. control cells (CTRL)]. (Standoli et al., 2022) 

 

Moreover, high-resolution respirometry was used to test the ability of 5 µM mAEA to influence 

oxygen consumption. C2C12 myoblasts were treated with 5 µM mAEA for 24 hours before 

being collected and measured by the Oroboros-O2K system for basal oxygen consumption 

(ROUTINE), proton leak (LEAK), and maximal oxygen consumption (E). mAEA had no effect on 

any of these respiratory measures in C2C12 myoblasts at 5 µM (fig. 12). 
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Figure 12. High-resolution respirometry of C2C12 myoblasts following mAEA treatment. C2C12 cells 
were treated or not with mAEA (5 µM) for 24 h. After detachment, myoblasts were subjected to high-
resolution respirometry analysis by the Oroboros-O2K instrument. (A) Representative graphs of cell-
respirometry analysis in the control (top) and treatment (bottom) conditions. The blue curve 
represents the oxygen concentration, whereas the red slope shows the oxygen consumption before 
and after the serial injections of oligomycin (Oligo), uncoupler CCCP and Antimycin (AA). (B) Bar chart 
graph of basal oxygen consumption (ROUTINE), proton leak (LEAK) and maximal oxygen consumption 
(E) values subtracted from residual oxygen consumption (ROX) in CTRL and mAEA treated cells. (C) ROX 
was also measured after AA administration. Data were reported as means ± SEM of the oxygen flux 
normalized on cell number of three independent experiments; ns= not significant. (Standoli et al., 
2022) 

 

To analyse the possible involvement of TRPV1 in S1P induced myogenic differentiation, C2C12 

myoblasts treated with 1 µM S1P for 18h were subjected to real time PCR and expression 

levels of TRPV1 and Myogenin mRNA were quantified. This specific time interval has been 

chosen in  order to evaluate Myogenin mRNA content, since Myogenin is an early myogenic 

marker, which protein increases during the first 24h of differentiation. Upon S1P stimulus both 

TRPV1 and Myogenin mRNA levels increased compared to untreated cells. 
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4 Discussion 

 

eCBs and S1P are bioactive lipids that play vital roles in the regulation of a variety of key 

biological processes. Intriguingly, these two lipid systems are made up of many enzymes that 

modulate their cellular tone, as well as unique receptor targets that convey their effects via a 

complicated network of signal transduction pathways that are only partially known. Both 

systems are active in skeletal muscle and exert their effect in the various aspects of skeletal 

muscle biology: from the promotion of cell muscle migration, proliferation and differentiation 

to the regulation of insulin responsiveness (Donati et al., 2013; Iannotti et al., 2014). In 

addition, the fact that both signalling systems are dysregulated in a prominent skeletal-muscle 

illness, Duchenne muscular dystrophy, emphasises the importance of the two families of lipid 

mediators in the control of skeletal-muscle cell biology. In this context, CB1 was found to be 

overexpressed in murine dystrophic muscles as well as in dystrophic patient muscle 

biopsies(Iannotti et al., 2018), whereas dystrophic murine muscles exhibited SPL upregulation 

and S1P deficiency. Moreover, pharmacological blockade of SPL in dystrophic murine muscles 

exerted beneficial effects mediated by increased S1P, which binds to and inhibits histone 

deacetylase (Nguyen-Tran et al., 2014). 

For our study we employed the C2C12 myoblast cell line, which is a common and valuable 

model to investigate essential mechanisms in skeletal muscle biology, at the molecular level. 

To explore a possible functional interplay between S1P and eCBs systems in skeletal muscle, 

we started to investigate the role of S1P in the induction of gene expression of eCBs metabolic 

enzymes and the specific receptors. In collaboration with the university of Teramo, after S1P 

stimulus, the expression of eCBs receptors and metabolic enzymes was assessed at mRNA and 

protein level, and AEA and 2-AG content was quantified through Liquid chromatography-mass 

spectrometry analysis. Notably, S1P at 24 h was found responsible of the selective up-

regulation of TRPV1 at both mRNA and protein levels. CB2 protein content, but not the mRNA, 

was reduced by S1P. Whereas mRNA levels of GPR55 receptor, as well as FAAH and DAGLβ 

enzymes were transiently increased by S1P at 24 h, and only GPR55 was found to be decreased 

at 48 h. Discrepancy between gene and protein expression in response to a cue is not novel to 

cell biology, since it has already been reported in other studies (Bari et al., 2005; Colombo et 



64 
 
 

al., 2009; Glanemann et al., 2003; Pasquariello, Oddi, et al., 2009). Although S1P altered the 

expression of some genes involved in the eCBs metabolic and signalling pathway, no changes 

in AEA and 2-AG endogenous contents were detected.  

Emerging studies suggest that the ECS can influence mitochondrial integrity and function. 

Cannabinoid receptor ligands, for example, have been found to have negative effects on 

mitochondrial integrity, oxidative phosphorylation, and ATP generation in cells and/or isolated 

mitochondria (Lipina et al., 2014). In light of this, we wanted to examine if the stable 

anandamide analogue mAEA might affect mitochondrial membrane potential, a critical 

functional parameter of these organelles. Interestingly, our results demonstrate that mAEA at 

the lowest concentration of 5 µM significantly increased ∆Ym, whereas the highest dose of 10 

µM had the opposite effect. Furthermore, the alterations in ∆Ym induced by mAEA were 

discovered to be mediated by TRPV1, as they were abolished in the presence of its specific 

antagonist I-RTX. Similarly, treatment of mitochondria isolated from mice liver with higher 

concentrations (up to 50 µM) of AEA reduced ∆Ym to 70% of untreated controls while 

increasing membrane fluidity. These effects, however, didn’t seem to be mediated by CB1, 

CB2, or TRPV1 (Catanzaro et al., 2009). In rat cortical neurons as well, AEA at 30 µM was able 

to diminish mitochondrial membrane potential, it promoted cytochrome c translocation, and 

activated Caspase 3, ultimately leading to cell death independent of its receptor targets 

(Movsesyan et al., 2004). Instead, AEA dose-dependently, and again in the micromolar range, 

caused mitochondria-dependent apoptosis in human neuroblastoma SH-SY5Y cells, which was 

mediated by CB1 (Pasquariello et al., 2009). Our experiments also showed a reduction in the 

∆Ym of C2C12 myoblasts challenged with 50 µM AEA for 24 h, although the molecular 

mechanism by which AEA exerted this effect wasn’t examined (data not shown). The opposite 

functional changes induced by low and high doses of mAEA on the ∆Ym could rely on the 

different activation of TRPV1. In the first case subtle increases in intracellular calcium 

positively affect mitochondrial membrane potential, whereas the mitochondrial calcium 

overload causes the dysregulation of mitochondrial membrane potential and the subsequent 

mitochondrial dysfunction. However, overall, it appears that AEA can impact mitochondrial 

activity through a variety of methods, depending on cell type and species. 

S1P and its signalling pathway have a role in the control of mitochondrial homeostasis and 

regulation of mitochondrial dynamics (Fugio et al., 2020). Therefore, it doesn’t surprise the 
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ability of S1P to counteract the AEA depolarizing effect, discovered in C2C12. Similarly, in 

cardiomyocytes, S1P stimulation preserved mitochondrial membrane potential under 

oxidative stress (Xiang et al., 2014). It is known that C2C12 cells express four of the S1P 

receptors, but in this study, we didn’t investigate the S1P mechanism of action in the 

modulation of the sensibility of myoblasts to eCBs. Future research will be required to 

determine the precise function played by one or more receptor subtypes in the observed 

effects.  

TRPV1 activation by capsaicin has been shown to increase free cytosolic calcium and improve 

energy metabolism by upregulating PGC1α in C2C12 myotubes and skeletal muscles (Luo et 

al., 2012). PGC1α is a transcription coactivator which stimulates mitochondrial biogenesis and 

promotes the remodelling of muscle tissue to a fiber-type composition that is metabolically 

more oxidative and less glycolytic in nature (Liang & Ward, 2006). In our research we found 

that a low dose of mAEA is responsible for the induction of PGC1α expression, without 

affecting oxygen consumption. Overall, these results reveal a new critical cross-talk between 

S1P and eCB systems in skeletal-muscle cells, identifying the Ca2+ channel TRPV1 as a pivotal 

target.  

On this basis, we proceeded in investigating the effect of mAEA on myogenic differentiation, 

following the expression of myogenic markers by Realtime PCR, western blot and confocal 

immunofluorescence analysis and studied the involvement of TRPV1 in myogenesis using 

pharmacological approaches and RNA interference. We found a time-dependent increase in 

TRPV1 expression, at mRNA level, during myogenic differentiation, consistent with a study on 

primary myoblasts, which reported TRPV1 and MHC increase at both mRNA and protein level 

after 24 and 48 h differentiation (Kurosaka et al., 2016). We also demonstrated a dose-

dependent anti-myogenic action of mAEA, through immunofluorescence technique, in C2C12 

myoblasts treated with 0-0.1-1.0-5.0-10 µM mAEA for 4 days. Only the dose of 1 µM mAEA 

didn’t give a statistically significant response. A similar effect was observed by Zhao and 

colleagues: the highest dose of mAEA (10 µM) decreased C2C12 differentiation, while 1 µM 

mAEA didn’t alter this process (Zhao et al., 2010). To clarify which of the eCBs receptors 

mediated the mAEA negative effect upon myoblast differentiation, C2C12 were exposed to 

SR1, SR2, or I-RTX before mAEA challenge. For the mAEA stimulation we choose the highest 

and most effective dose of mAEA (10 µM). After 4 days of differentiation, we calculated the 
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fusion index, a valuable parameter to evaluate cell differentiation state. Interestingly I-RTX 

alone decreased the fusion index, suggesting a pro-myogenic action of TRPV1 on myoblast 

differentiation. Indeed, some studies showed a progression in the differentiation process 

upon TRPV1 activation: heat induces myogenic transcription factors increasing myotubes 

formation through TRPV1 (Obi et al., 2019); capsaicin, acting on TRPV1, increases protein and 

mRNA levels of myogenic markers in primary myoblasts, and the TRPV1 knockdown by siRNA 

reduces the numbers of nuclei per myotube (Kurosaka et al., 2016); cannabidiol promotes the 

differentiation of murine C2C12 myoblast into myotubes by increasing intracellular Ca2+ 

concentration mostly via TRPV1 activation (Iannotti et al., 2019). On the other hand, CB1 

antagonism reverted the negative effect of mAEA on myogenic differentiation. In this context 

TRPV1 seems to be a pro-myogenic receptor, while CB1 an anti-myogenic one. When TRPV1 

is blocked by its antagonist, mAEA can bind to CB1, exerting its negative effect, which fails in 

the presence of CB1 antagonist. The anti-myogenic action of CB1 has already been suggested: 

CB1-2-AG mediated activation inhibited myotube formation via Kv7 channel inhibition 

(Iannotti et al., 2014); CB1 antagonism blocked the anti-myogenic effect of mAEA (Zhao et al., 

2010); moreover, CB1 antagonism enhanced the expression of myogenic markers (Myogenin 

and MHC) promoting differentiation in human satellite cells (Iannotti et al., 2018). In our study, 

CB2 antagonism alone didn’t affect the differentiation process, since SR2 treatment was not 

able to revert mAEA effect on the fusion index. This data suggests that CB2 is not involved in 

the negative effect of mAEA on myoblast differentiation. On the contrary, it could have a role 

in the progression of the myotube formation since its agonism enhanced myogenic 

differentiation (M. Zhang et al., 2019).  

It is known that capsaicin and S1P are enhancers of cellular differentiation together with the 

experimental evidence that S1P treatment can increase TRPV1 levels of expression both at 

RNA and protein levels. Therefore, we examined the role of TRPV1 in the differentiation 

process induced by S1P and capsaicin. The pro-differentiating effect of both agents on C2C12 

myoblasts was reverted by the presence of I-RTX, highlighting the fundamental role of TRPV1 

during the myogenic differentiation process. 

To confirm pharmacological inhibition of the TRPV1 mediated by I-RTX in the 

immunofluorescent analyses, we perform RNA interference experiments to knock-down 

TRPV1 using a specific siRNA. The use of siRNA specifically designed against a targeted protein 
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is more efficient in the dissection of molecular mechanisms responsible for biological actions, 

avoiding side effects, rather than the use of pharmacological antagonists, which may have 

unspecific interactions with other proteins. Once demonstrated the specific down-regulation 

of TRPV1 induced by siRNA treatment for 24 h by real time PCR, we challenged silenced C2C12 

cells with mAEA, S1P and capsaicin for 4 days. As expected, TRPV1 down-regulation had severe 

effects on myotubes formation, decreasing the fusion index up to 50% with respect to control 

condition. Moreover, TRPV1 silencing reduced the promyogenic effect of S1P and CAP. 

Western blot technique was used to quantify the relative protein expression of Myogenin and 

Caveolin 3, two myogenic markers whose expression is induced during the first days of 

differentiation, respectively 24 and 48 h. C2C12 cells were shifted to starvation medium and 

subjected to the same stimuli employed in the immunofluorescence experiments, collecting 

the cells after 24 and 48 h treatment. Both Myogenin and Caveolin 3 protein content showed 

a reduction upon mAEA challenge, with 10 µM being the most effective dose. C2C12 cells were 

exposed for 24 h to eCBs receptor antagonists in the presence of mAEA, and the change in 

Myogenin protein expression after 24 h treatment was similar to the variation in the fusion 

index at 4 days differentiation, confirming the role of eCBs receptors during the differentiation 

process. Moreover, TRPV1 knockdown induced a huge reduction in Myogenin expression at 

24 h differentiation, and reverted the pro-myogenic action of S1P and CAP, once again 

confirming the importance of TRPV1 channel in the correct progress of the myogenic 

differentiation. 

Among sphingolipids S1P appears to be an evolutionary conserved Ca2+ signalling molecule. 

Extracellular S1P induces intracellular Ca2+ increases in many cell types (Meyer Zu Heringdorf, 

2004) including C2C12 myoblasts (Meacci et al., 2002). Extracellular S1P mainly couples to the 

PLC pathway through S1PR2-3. In HEK-239 cells, it has been reported that intracellular S1P 

causes Ca2+ mobilization from thapsigargin-sensitive stores, which is most likely independent 

of ryanodine receptors, as it was found in cells lacking these Ca2+ channels (Meyer Zu 

Heringdorf et al., 2003). Since our finding showed an increased expression of TRPV1 upon 24 

h-challenge with S1P in C2C12, we investigated whether the S1P-induced Ca2+ increase was 

amplified by the 24 h S1P treatment. Unfortunately, neither capsaicin nor S1P stimulation 

provoked an amplified effect on increasing intracellular Ca2+ concentration in S1P treated cells 

compared to untreated cells. Moreover, capsaicin induced a dose dependent desensitization 
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effect, since incremented concentration of the molecule reduced the S1P Ca2+-induced 

increase. In murine skeletal muscle adult fibers TRPV1 is located at the ER level (Lotteau et al., 

2013). S1P is capable of promoting Ca2+ release from intracellular stores in C2C12, and since 

the TRPV1 agonist capsaicin blocked the S1P effect, we assumed that S1P could indirectly 

activate TRPV1 channel, modulating Ca2+ intracellular concentration. Indeed, an in vitro study 

demonstrated that TRPV1 is involved in S1P-induced Ca2+ responses in mice sensory neurons 

(Kittaka et al., 2020). Therefore, we investigated the role of TRPV1 in the S1P effect 

antagonising the receptor with I-RTX, which was applied to C2C12 myoblasts 10 minutes 

before the Ca2+ measurements. S1P was then applied to cells and the quantification of the 

intracellular Ca2+ concentration revealed no statistically significant differences with control 

cells. Moreover, the pretreatment with increasing concentration of capsaicin inhibited the 

thapsigargin-induced Ca2+ release from the ER, leading to the depletion of Ca2+ store. The 

depletion of intracellular Ca2+ store induced by high doses of capsaicin is a new discovered 

effect, which is not to be underestimated since high doses of capsaicin (200-300 µM) have 

been used in C2C12 cell line (Diao et al., 2021; Ferdowsi et al., 2021). This latter result, 

together with the inability of TRPV1 antagonism to prevent S1P-induced Ca2+ increase, led us 

hypothesised that the S1P effect blockade on Calcium increase by capsaicin at high doses was 

due to the depletion of the ER store rather than to the action of both molecules on TRPV1 as 

first hypothesised. High doses of capsaicin were actually capable of inducing a bigger spike of 

Ca2+ in cells suspended in HBSS containing Ca2+ rather than without Ca2+, revealing that the 

Ca2+ mostly derived from the external milieu rather than from internal stores in myoblasts. 

This result has two possible explanations. In the first TRPV1 has been demonstrated to be 

expressed in the ER in skeletal muscle fibers and therefore in differentiated cells (Lotteau et 

al., 2013). In our experiments we used myoblasts (the undifferentiated form of mice skeletal 

muscle cells). It is then possible that, in our model, TRPV1 could localize also at the cell 

membrane and translocate to the ER  during differentiation into myotubes. The second 

explanation could be researched in the Ca2+-induced Ca2+ increase. Capsaicin, acting on TRPV1, 

could induce a little release of Ca2+ from the ER, which induced a greater influx of Ca2+ from 

outer space. This phenomenon hasn’t been demonstrated before, nor in this study, and 

further researchers are necessary to give an accurate explanation to the ER depletion induced 

by high doses of capsaicin.  
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The involvement of S1P receptors in the S1P-induced Ca2+ increase was investigated with the 

pharmacological inhibition of the receptors before the S1P challenge. From our results S1P2 

doesn’t seem involved, while S1P1-3 antagonism with VPC23019 reverted the S1P-induced 

effect. The S1P3 specific antagonist didn’t mimic the effect of VPC23019, apparently ruling out 

the possibility of S1P3 to mediate the S1P effect. Actually, the effect of VPC23019 reverting 

S1P-induced Ca2+ could imply a synergistic role of S1P1-3 in mediating the S1P effect. Indeed, 

the single antagonism of S1P3 receptor doesn’t exert a significant effect, while the antagonism 

of both the receptor isoforms (S1P1-3) reverts the S1P-induced effect. These results are in 

contrast with another study where the down-regulation of S1P3 and S1P2 by cell transfection 

with antisense oligodeoxyribonucleotides significantly reduced S1P-mediated Ca2+ 

mobilization in C2C12 (Meacci et al., 2002). Moreover, the S1P1 agonist SAR247799 induced a 

spike of Ca2+ although not as much as the greater Ca2+ spike induced by S1P.  

The specific receptors involved in the S1P-induced Ca2+ increase in C2C12 myoblasts are still 

unknown and the molecular mechanism has to be solved. Maybe the use of specific siRNA 

against S1P receptors, eliminating the nonspecific effect of pharmacological inhibitors, could 

be helpful to clarify this issue. 

The crosstalk between S1P and ECBs systems has been studied in vitro and need further 

confirmations in vivo experimental models. Nevertheless S1P-S1PR signalling axis has been 

already demonstrated to be involved in skeletal muscle cell biology also in vivo as reported in 

(Bondì et al., 2024; Germinario, Bondì, et al., 2024; Germinario, Peron, et al., 2024). Future 

perspectives will be to evaluate this lipid system interplay in the physiopathology of skeletal 

muscle and could lead to the discovery of new pharmacological approaches against skeletal 

muscle disorders.  
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Section 2 
 

1 Introduction 

 

1.1 Photodynamic therapy 

 

Sunlight has been used for centuries by ancient civilizations in combination with different 

plants to treat a variety of skin diseases. This concept is the basis of the modern and non-

invasive therapy called Photodynamic Therapy (PDT), which is used in non-oncological 

diseases and cancers of varying types and locations (Kwiatkowski et al., 2018). PDT involves 

the interaction between three ingredients: light, a photosensitive compound (the 

photosensitizer, PS), and oxygen. The importance of this last element was noted about 100 

years ago by Hermann von Tappeiner, who coined the term “photodynamic action” to 

describe an oxygen-dependent reaction after photosensitization (Rkein & Ozog, 2014). 

Indeed, PDT is based on the local or systemic application of PS accumulating in the 

pathological tissue, where, after exposure to light containing its action spectrum, reactive 

oxygen species (ROS), specifically singlet oxygen radicals, are generated, enabling the selective 

destruction of abnormal cells. ROS cause cell apoptosis or necrosis by affecting all intracellular 

components, including DNA and proteins (Babilas et al., 2010). Until its activation by 

irradiation, the PS needs to be nontoxic to protect the tissue and the patient. That is why PDT 

is considered a well-tolerated therapy by patients: selective action, painless protocols, and 

simplicity of application. Moreover, PDT is used in the treatment of chronic inflammation and 

drug-resistant bacterial infections (Kharkwal et al., 2011; Sperandio et al., 2013).  

The PS accumulates in higher concentration in cancer cells rather than in healthy ones. This 

specific biodistribution is due to the tendency of the PS to combine with low density 

lipoproteins(LDL), which can supply the area with the necessary cholesterol to create 

membranes during the amplified cell division. Indeed, it has been demonstrated that highly 

mitotic tissues present an increased expression of LDL receptors on the cell surface, and that 

cancer cells show an increased uptake of LDL lipoproteins. (Kwiatkowski et al., 2018). The 
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affinity of the PS for serum LPS plays a fundamental role in the delivery of the PS to the tumour 

tissue. Besides the local activity of PDT, a systemic anticancer response is known to be 

activated by this therapy. PDT indeed affects the vascular system of the tumour and stimulates 

the immune system. ROS-induced vascular endothelial cell damage leads to tumour vessel 

occlusion, tumour hypoxia, and, eventually, cell death. Concurrently, PDT’s direct destruction 

of tumour tissue results in the activation of phospholipases and cyclooxygenases, causing a 

massive release of inflammatory mediators.  

The ideal PS is characterized by a set of conditions: chemical purity, stability at room 

temperature, minimal cytotoxicity in the dark, solubility in the tissue, inexpensive and simple 

synthesis, and easy availability. To note, the PS should exert a photosensitive effect only in the 

presence of a specific wavelength: maximal light absorption should occur between 600 and 

800 nm. Light absorption at wavelengths above 800 nm does not give enough energy to 

promote oxygen in its singlet state and the generation of other reactive oxygen species. 

Concurrently, it should display the minimum absorption in the 400-600 nm range. This 

eliminates the possibility of increased photosensitivity produced by sunshine. 

In the 1900s, the first dyes applied to the treatment of skin pathology were eosin red and 

erythrosine, which, due to their severe side effects, were abandoned and substituted in the 

late 1970s by the hematoporphyrin derivative Photofrin® (porfimer sodium). The prolonged 

photosensitization and the insufficient penetration of Photofrin® by topical application were 

resolved by the introduction of the porphyrin precursor 5-aminolevulinic acid (ALA) by 

Kennedy and colleagues in 1990, a small and easily penetrating molecule. ALA hydrochloride 

(Levulans®) is approved for PDT of actinic keratoses in combination with blue light in the 

United States (Zeitouni et al., 2003). The methylaminolaevulinate (MAL) is lipophilic and may 

offer some benefits over ALA: greater penetration, more specificity for target cells, and a 

reduction in the time of application. 

Decreasing the concentration while increasing the specific penetration of the PS in the altered 

tissue is critical to improve the PDT quality. Therefore, novel PS-caged nanoparticles for drug 

delivery are currently under investigation.  

A variety of light sources are available for PDT: lasers, mercury and xenon lamps and LEDs. 

Non-laser sources are chosen over lasers for dermatological applications because of their vast 

illumination field, low cost, and simple construction (Chilakamarthi & Giribabu, 2017), while 
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lasers produce a high intensity coherent monochromatic light that, coupled to fibre optic 

devices, can reach inaccessible sites and therefore are more effective for tumours. The use of 

lasers facilitates the calculation of the dose of light, which, in combination with the exposure 

time and the light-fluence rate (total energy of exposed light across a sectional area), 

determines the success of PDT.  

The PS within the cells is irradiated with its specific wavelength and, after the photon 

absorption, is converted from the singlet ground energy state into the excited singlet state 

and eventually reaches the more stable excited triplet state. The excited triplet state can 

undergo two pathways: it can directly transfer protons or an electron to the biomolecules of 

the cancerous tissue; or energy can be transferred to the oxygen molecule, generating excited 

oxygen species. Generally, this second mechanism of photodynamic reaction is the most 

important process involved in PDT, but both mechanisms can contribute to its efficiency 

depending on oxygen concentration, tissue dielectric constant and pH, and PS structure. 

Highly reactive oxygen species cause photodamage to cell organelles and molecules, leading 

to different types of death depending on the location of the PS. Mitochondrial damage causes 

apoptosis, cell membrane alterations can lead to necrosis, while lysosomes or ER damage 

causes autophagy. Apoptosis is the major type of cell death after PDT, which causes 

photodamage to Bcl-2 and other related antiapoptotic proteins, inducing mitochondrial 

disruption and cytochrome c release, resulting in the activation of the caspase cascade (Mroz 

et al., 2011). Interestingly, high light irradiation and/or high PS concentration tends to induce 

cell death by necrosis, while low concentrations of PDT induce a more apoptotic response.  

In the last decades many studies regarding the use of metal complexes as PS agents arise. 

Specifically, from the middle of the 70s, Ruthenium (II) polypyridyl complexes captured the 

attention in PDT scientific application thanks to their interesting photophysical and 

photochemical characteristics and their stability. These compounds have the same 

antitumoral potential of cisplatin with less side effects and a higher penetration rate. 

Moreover, Ruthenium (II) polypyridyl complexes’ photoactivation properties, their DNA 

binding ability and singlet oxygen sensitizing features, make them ideal candidates as 

photosensitizer agents. Their use in PDT is gaining popularity because of the promising results 

gained in the treatment of a wide range of malignancies, including lung, bladder, and skin 

tumours, as well as bacterial infections (Conti et al., 2022). Nonetheless, Ruthenium(II) 
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photosensitizers have been shown to bind to albumin and transferrin in serum, allowing for 

extremely effective receptor-mediated transport into cancer cells (Imberti et al., 2020; Kaspler 

et al., 2016). 

PDT has a very simple procedure of administration and activation: first, patients receive the 

photosensitizer intravenously, by mouth, or spread on the skin. After 24–72 hours, the drug 

will be uptaken by cancer cells, then the tumour will be exposed to light spatially limited to 

the solid tumor lesion. PDT works as well as surgery or radiation therapy and presents some 

advantages: no long-term side effects, less invasive than surgery, often done as an outpatient 

procedure, precisely targeting the area of the tumour, being repeated many times at the same 

site if needed, no scarring after the site heals, and costs less than other cancer treatments. 

Indeed, PDT can only treat areas where light can reach, meaning it can’t be used to treat large 

cancers or cancers that have grown deeply into the skin or other organs, nor it can be used to 

treat cancers that have spread into many places. However, the Food and Drug Administration 

(FDA) has approved PDT to treat several diseases such as: actinic keratosis, cutaneous T-cell 

lymphoma, Barrett esophagus, basal cell and squamous skin cancer, esophageal (throat) 

cancer, and non-small cell lung cancer.  

PDT has been studied intensively as an innovative strategy of therapy for those tumours, such 

as ovarian cancer, that show an acquired resistance to classical platinum-based 

chemotherapy.  

 

1.2 Ruthenium complexes 

 

Ruthenium complexes are part of transition metal complexes, compounds containing a metal 

centre, one or more metal molecules (ruthenium in this case). Originally designed to mimic 

platinum drugs for targeting DNA, they show more advantages: potent efficacy, less drug 

resistance, and low toxicity. Meanwhile, these complexes have been shown to generate ROS 

and can be used in diagnosis as tracers and probes for subcellular localization.  

Ruthenium complexes can be found in three different oxidation states: Ru(IV) the most 

unstable form, which is limiting its development (Duan et al., 2009); Ru(III) which has good 

thermodynamic and kinetic stability and can be employed as prodrugs under biological 
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conditions of hypoxia, acidic pH, and high glutathione levels, demonstrating anticancer activity 

by reducing to corresponding Ru(II) counterparts in vivo (Antonarakis & Emadi, 2010; 

Minchinton & Tannock, 2006); and Ru(II) having the greatest photophysical and chemical 

properties among ruthenium complexes, which can directly suppress tumour cells (Zeng et al., 

2015). Moreover, the lower oxidation state of Ru(II) complexes provides them a higher 

thermodynamic and kinetic stability than Ru(III) and a better antitumoral activity in vivo (Lin 

et al., 2018). Ruthenium(II) compounds can be excited at a specific wavelength (452nm) and 

emit in the red and infrared (maximum peak at 620nm), the same therapeutic window 

characterising PDT’s PSs. At last, thanks to their octahedral geometry, Ru(II) compounds are 

easily accessible to different three-dimensional structures. Ligand structure modifications and 

encapsulation of Ru(II) compounds into nanomaterial systems could be a simple strategy to 

improve their water solubility as well as their targeting capabilities and antitumoral activity.  

Ruthenium complexes show multiple mechanisms of antitumoral effect: they can directly 

interfere with DNA replication and transcription, accumulate in specific organelles, or change 

the permeability of the cell membrane, inducing the tumoral cell death by apoptosis. Specific 

Ru(II) complexes, which can emit in the red and infrared spectrums, produce a large amount 

of singlet oxygen, causing cytotoxicity and cell death.  

Interestingly, heterocyclic ligands with antioxidant activity could represent excellent binders 

for Ruthenium, and their antioxidant properties could be enhanced by their coordination at 

the metal core (Gecibesler et al., 2020). Notably, some Ru(II) complexes have been studied 

for their capability to work as scavengers of ROS (Marmion et al., 2004; Sasahara et al., 

2020) and therefore as new molecular agents in antioxidant therapies of neurodegenerative 

pathologies.  

In conclusion, Ruthenium(II) complexes can make versatile organometallic compounds 

capable of exerting an extensive range of biological activities. 
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1.3 Ovarian Cancer  

 

Ovarian cancer is the 11th most common type of cancer in women, the 5th leading cause of 

cancer-related death in women, and the most fatal gynaecological cancer (Stewart et al., 

2019). Ovarian cancer can develop from the three types of tissue and cells forming the ovary: 

epithelial cells, stromal cells, and germ cells. From the ovary, the tumour first spreads locally, 

then invades the opposite ovary, the uterus, and eventually goes intraperitoneally. Distant 

metastases are rare but can be found in the liver, lungs, pleura, adrenal glands, and spleen 

(Roett & Evans, 2009). Diagnosis of ovarian cancer can be difficult because it lacks specific 

symptoms. The incidence of ovarian cancer increases with age (> 50 years), and the major risk 

factors are related to family history and genetic predisposition. Mutations in BRCA1 and 

BRCA2 (tumour suppressor genes) and the MMR gene MLH1 can increase the risk of the 

tumour from 1.6% to 40%, 18% and 10% respectively (Stewart et al., 2019). Although less 

common, Lynch syndrome is also associated with ovarian cancer. Ovulation itself has been 

linked to a higher risk of developing ovarian cancer, which, therefore, decreases in women 

who use oral contraceptives, have fewer menstrual cycles, have multiple pregnancies, and 

have an early menopause.  

Treatment commonly involves surgery preceded or followed by chemotherapy, depending on 

the characteristics of the tumoral mass. Ovarian cancer’s chemotherapy typically consists of 

platinum-based drugs combined with non-platins. Cisplatin (cis-diamminedichloroplatinum 

(II)) and its analogues interact with DNA forming mono-adducts that evolve in DNA crosslinks, 

which, if not repaired, block the replicative machinery directing cells towards apoptosis 

(Damia & Broggini, 2019). Another mechanism by which Cisplatin activates DNA damage and 

cell death is the induction of oxidative stress. This drug is indeed able to activate, in ovarian 

cancer cells, NF-kB, a transcriptional factor of proinflammatory agents such as Tumour 

Necrosis Factor (TNFα), IL-1, IL-6, and IL-8. Not only Cisplatin leads to the production of 

mitochondrial ROS, but it also decreases the pool of antioxidants such as glutathione (GSH) 

(Mikuła et al., 2019). Unfortunately, these events are not confined to the tumour area, 

opening the possibility of multiple side effects, including nephrotoxicity, neurotoxicity, 

ototoxicity, and bone marrow suppression. Moreover, sooner or later, the platinum-based 

therapy stops working because of the patients’ acquired resistance to chemotherapy, nearly 
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85% of the cases. Therefore, new strategies and new therapeutic agents for the treatment of 

ovarian cancer are needed, and the possibility of a resolution could be found in the study and 

application of Ruthenium complexes.  

PDT has been suggested as a cancer cell sensitizer to platinum-based chemotherapy through 

mitochondrial targeting (Rickard et al., 2023). In ovarian cancer in vivo and in vitro models, 

PDT has been shown to cooperate with platinum-based chemotherapy (Cramer et al., 2020; 

del Carmen et al., 2005; Goff et al., 1996) and target platinum-resistant ovarian cancer cells 

(Nath et al., 2020). Besides, preclinical studies propose PDT as a feasible strategy for 

disseminating ovarian cancer treatment (Duska et al., 1999; Rizvi et al., 2010), however, these 

promising results are counterbalanced by the non-specific localization of the treatment and 

the cutaneous phototoxicity. Nanoparticles, as ideal carriers, could be used for enhancing the 

accumulation of the PS in the tumour, and currently nanoparticle-encapsulated porphyrin 

photosensitizers are studied as novel PDT drugs in ovarian cancer treatment (Liu et al., 2021).  

Given the acquired resistance to traditional platinum medications, PDT could become another 

weapon in the treatment of ovarian cancer, and understanding the necessity for novel and 

more capable photosensitive compounds, this study addresses Ruthenium complexes as 

potential new PS. 

 

1.4 Non-Melanoma Skin Cancer 

 

Non-melanoma skin cancer (NMSC) represents about 95% of all skin cancers and is the most 

common tumour among the Caucasian population, with an incidence rising 3-10% annually 

(Griffin & Lear, 2016). It arises from epidermal-derived cells and includes many cancerous 

types, mainly divided into cutaneous squamous cell carcinoma (SCC) and basal cell carcinoma 

(BCC). The risk of NMSC depends on biological and non-biological factors: sex (higher risk for 

men), immunosuppressive diseases such as AIDS, dysregulation of gene expression (PTCH1 

gene alterations lead to uncontrollable skin cell mitosis and multiple BCC development), high-

fat diet, and UVR exposure, which induces ROS production, alter biomolecule structures, and 

lead to the formation of DNA adducts resulting in DNA break. UVRs are absorbed by epidermal 

keratinocyte cells and promote the mutation of p53, which has a significant role in the 
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maintenance of genome stability and drives the activation of carcinogenesis processes. 

Several treatments against skin cancer exist, however, they are not fully satisfactory, and the 

overall survival rate of cancer patients remains low. Clinically, chemotherapy is the most 

frequent approach, but chemotherapy drugs are toxic, and their systemic application is limited 

by their poor solubility and bioavailability, unsuitable pharmacokinetics, and non-selective 

distribution, resulting in undesirable side effects (Khan et al., 2022). Topical application is a 

valid alternative pathway, it is non-invasive, it can prolong the period of drug maintenance 

within the therapeutic window, avoiding its degradation in the gastrointestinal tract, and the 

easy application improves the patient’s compliance to the therapy. However, topical 

application of drugs is not obstacles-free. Indeed, the upper layer of the skin (stratum 

corneum) represents the main barrier resisting the entry of anticancer compounds. In 

addition, several skin cancers are characterized by a higher presence of keratin, lipids, and the 

formation of keratotic papules and erythematous plaques in malignant cells, providing an 

additional noteworthy barrier to the passive transport of the drug to the target site (Khan et 

al., 2022). Because of their ability to improve the penetration of bioactive chemicals into the 

tumour cells, micro/nanoparticle-based systems have been intensively investigated for topical 

therapy of skin malignancies. These new technologies applied in PDT, which is by itself a non-

invasive selective therapy and doesn’t induce drug resistance, could be the turning point for 

the treatment of skin cancer diseases. PDT standardised protocols have already demonstrated 

their high efficacy in non-hyperkeratotic actinic keratoses, Bowen’s disease, and BCC with 

better cosmetic effects over conventional procedures (Morton et al., 2013).  

 

1.5 Ruthenium complexes in neurological diseases 

 

The chemical integrity of the brain is completely dependent on the normal and proper 

functioning of the central nervous system (CNS). It is generally known that the brain consumes 

a huge quantity of oxygen and has a high lipid content, making it vulnerable to oxidative stress. 

A high intake of oxygen results in an excess of ROS generation. Neuronal membranes have 

been shown to have a high content of polyunsaturated fatty acids, which are extremely 

reactive to ROS (Singh et al., 2019). Low levels of ROS are required for normal cellular 
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signalling, and an exogenously or endogenously induced and regulated increase in ROS 

amount is promptly rebalanced. When the adaptive systems are compromised or the ROS 

production increases excessively over time, it creates a state of oxidative stress where ROS 

induce damage to cellular macromolecules such as DNA, lipids, and proteins, ultimately 

leading to necrosis and apoptotic cell death. The oxidative stress is one of the risk factors for 

the development and progression of chronic neurological diseases such as Parkinson’s disease 

(PD), Alzheimer’s disease (AD), Huntington’s disease (HD), and amyotrophic lateral sclerosis 

(ALS).  

Under normal conditions, an average of 1%-2% of the molecular O2 absorbed by animal cells 

is transformed into ROS via electron loss from the mitochondrial transport chain. When the 

mitochondrial respiratory chain is disrupted by chemical components (respiratory inhibitors) 

or mutations in mitochondrial genes that encode respiratory enzymes, ROS generation and 

accumulation increase. The most important ROS are superoxide anion (O2
-), hydroxyl radical 

(·OH ), hydrogen peroxide (H2O2), singlet oxygen (1O2). ROS subtract an electron (oxidate) to 

the nearest molecule, which becomes itself a reactive species spreading the oxidation to other 

molecules. Antioxidants are stable compounds that can stop this propagational chain by 

donating an electron to the oxidant molecule, preventing damage from oxidative stress. 

Antioxidants are classified based on their mechanism of action. For example, there are 

enzymes that can catalyse the breakdown of O2
- (Superoxide dismutases, SODs) and H2O2 

(Catalases), or molecules that donate hydrogen to peroxide radicals.  

Therapeutic approaches aimed at reducing oxidative stress could be a valid option to slow 

down the clinical evolution of associated pathologies such as neurological diseases. In addition 

to their prospective use as anticancer medicines, ruthenium complexes have demonstrated 

encouraging results as neuroprotective drugs in the field of neurology (Campelo et al., 2012). 

In the brain of chronic induced-cerebral hypoperfusion Swiss mice, Ruthenium red (RR) 

treatment was shown to lower thiobarbituric acid levels, increase glutathione levels, and 

restore superoxide dismutase levels and activity of its reduced isoform. RR also reduced 

acetylcholinesterase activity, perhaps saving cholinergic activity (Singh & Sharma, 2016). The 

antioxidant properties of Ruthenium compounds are added to their ability to be used as 

diagnostic tools for neurodegenerative diseases, based on their capability of forming 

aggregates with b-amyloid peptides generated in the early stages of as Parkinson’s and 
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Alzheimer’s diseases (Cali et al., 2021). Despite accumulating evidence, additional research is 

needed to dissect the protective mechanisms of ruthenium-based drugs on neurologic 

disorders. Therefore, this work presents two new antioxidant Ru(II) complexes and aims to 

evaluate their protective effect on cell damage induced by pro-oxidant species and the 

involved molecular mechanisms.  
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2 Materials and methods 

 

2.1 A2780 cell culture 

 

Human A2780 ovarian cancer cell culture was obtained from the European Collection of 

Authenticated Cell Cultures (ECACC 93112519, Wiltshire, England). A2780 were maintained in 

RPMI-1640 medium containing 10% FBS, 100 U/mL penicillin/streptomycin, 2 mM L-

glutamine, at 37°C in 5% CO2 atmosphere. RPMI was purchased from Sigma-Aldrich (St. Louis, 

MO, USA). A2780 cells were shifted to RPMI without serum supplemented with 1 mg/mL BSA 

and treated with each Ru(II) complex (0.1, 1 and 10 µM) for 24 h. After incubation, cells were 

photoactivated with a 30Wthree-arm LED light lamp (430–470 nm emission, 30 W) for 20 min 

at the distance of 5 cm from the cell culture plate and then kept under dark in the incubator 

at 37°C, 5% CO2. Cells were washed twice with PBS and then collected after photoactivation 

at different times depending on the experiment conditions. 

 

2.2 A-431 cell culture 

 

Human A-431 squamous carcinoma cell line was purchased by ATCC® (CRL-1555TM Manassas, 

VA, USA). A-431 were grown in DMEM supplemented with 10% FBS, 100 U/mL 

penicillin/streptomycin, and 2 mM L-glutamine. The cell line was maintained in a 5% CO2 

atmosphere at 37°C. Cells were treated with ruthenium complexes (Ru1, Ru2, Ru2-cubo) 

solubilized in DMSO and diluted in complete medium (0.025-25 μM). Final concentration of 

DMSO was kept below 0.6% to avoid unspecific toxicity from the solvent. After incubation, 

cells were photoactivated with a 30Wthree-arm LED light lamp (430–470 nm emission, 30 W) 

for 30 min at the distance of 5 cm from the cell culture plate, or incubated in the dark for the 

same time, and then processed following each experiment condition. 
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2.3 SH-SY5Y cell culture 

 

Human SH-SY5Y neuroblastoma cell line was maintained in 1:1 DMEM:F12 HAM nutrient 

mixture (Sigma-Aldrich, St. Louis, MO, USA), supplemented with 10% FBS, 100 U/mL 

penicillin/streptomycin, and 2 mM L-glutamine, at 37°C in 5% CO2 atmosphere. SH-SY5Y cells 

are commonly used in neurosciences as an in vitro model to study molecular mechanisms of 

neurodegenerative diseases such as Alzheimer e Parkinson. They can be used as 

undifferentiated cells, or they can be easily induced to express a neuron like phenotype. The 

differentiation process was induced at 70% of confluency, shifting the cells to 1% FBS media 

and adding 10µM retinoic acid (RA). Cells were maintained in the differentiation media for 7 

days, which was changed every two days.  

 

2.4 MTT Assay 

 

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay is a standard 

colorimetric test for assessing cell viability. Cells were plated in 96-multiwell at least 5 wells 

per condition. After the treatment cells were washed twice with PBS, 200 µL MTT 1X solution 

were added to each well and cells were then incubated at 37°C in the dark. Depending on the 

cell line, the MTT 1X solution was prepared by diluting 1:10 the stock solution in RPMI DMEM 

or DMEM/F12 without phenol red, which can interfere with the incorporation of the dye. 

Living cells can uptake the yellow dye, by endocytosis, and the NAD(P)H-dependent cellular 

oxidoreductase enzyme reduces the tetrazolium dye MTT to its insoluble formazan, which has 

a purple colour. After the incubation time, MTT was removed, and cells were lysate with 

DMSO 100% (150 µL /well). This leads to the solubilisation of the formazan crystals and the 

colour intensity of each well was quantified by a spectrophotometer at 595 nm. The degree 

of cell viability is dependent on the degree of the formazan production and directly 

proportional to the intensity of the purple colour. 
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2.5 Caspase-3 Activity Assay 

 

A2780 or SH-SY5Y  cells were seeded in 6-well plates and after 24 h were subjected to different 

treatments depending on the experimental conditions. After the treatments, cells were 

washed twice with PBS and collected in a buffer containing Tris-HCl 20 mM pH 7.4, NaCl 250 

mM, EDTA 2 mM, Triton X-100 0.1%, DTT 1mM, Na3VO4, PMSF 0.5 mM and protease inhibitor 

cocktail (Sigma-Aldrich, USA). Samples were left in ice for 30 minutes before being lysed by 

two sonication cycles of 20 seconds and centrifugated at 16.000xg, 5 minutes 4°C. Protein 

lysates (30 µg) were resuspended in a buffer containing Hepes-KOH 50 mM pH 7, glycerol 10%, 

EDTA 2 mM, 3-[(3- cholomidopropyl)-dimethylammonio]-1-propanesulfunate 0.1% plus DDT 

10 μM and Ac-DEVD-AFC 50 μM substrate (Cayman Chemical Company, MI, USA). Caspase-3 

activity depends on Asp216 cleavage and the tetrapeptide was used to quantify it. The 

reaction was monitored quantitatively by measuring shift in fluorescence upon cleavage. Ac-

DEVD-CHO (200 nM) specific inhibitor of caspase-3 (Cayman Chemical Company, MI, USA) was 

used as a negative control, incubated with all cell lysates 15 minutes before adding the 

substrate. After 2 hours incubation at 37°C in the dark, samples were measured at 505 nm 

wavelength with 400 nm excited wavelength by fluorescence spectrometer (Cary Eclipse 

Fluorescence Spectrometer, Bio-Rad, CA, USA). 

 

2.6 Laser-Scanning Confocal Microscopy 

 

A2780, A-431 or SH-SY5Y cells were seeded into microscope slides and after 24 h were 

subjected to different treatments depending on the experimental conditions. Mito-Tracker 

Red CMXRos (#M7512; Ex/Em: 579/599 nm) and CM-H2DCFDA (#C6827; Ex/Em:492–495/517–

527 nm) probes (Invitrogen, Thermo Fisher Scientific INC,Waltham, MA, USA) were used to 

detect the mitochondrial membrane potential and ROS production, respectively. After 

diffusing through the cell membrane, DCFH-DA probe is hydrolysed by esterase in DCFH and 

oxidised by radical species forming DCF, a fluorescent compound which indicates the presence 

of cytosolic ROS. The two probes were diluted in RPMI or DMEM medium without phenol red 

or PBS, incubated for 30 min at 37°C in dark and then fixed in 2% paraformaldehyde, as 
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suggested by the manufacturer’s instruction, and slides were processed as described in 2.9 of 

section 1. 

Ru(II) complexes excitation was performed using a 405 nm laser diode, acquiring emission in 

the range of 600/620 nm.  

 

2.7 Western blot analysis 

 

A2780 or SH-SY5Y lysates were quantified for total protein content by the Bradford Protein 

assay, resuspended in Leammli’s sodium dodecyl sulphate (SDS) sample buffer, and subjected 

to SDS-PAGE and transferred to PVDF membranes, as previously described in 2.4, 2.5 and 2.6 

of section 1. Anti-caspase 3 and anti-PARP antibodies were purchased from Cell Signaling 

Technology (Danvers, MA, USA). 

 

2.8 Real-Time PCR 

 

SH-SY5Y cells were plated in 6-well plates (500.000 cells/well), the day after cells were shifted 

to 1% FBS media and treated with 10 µM of the antioxidant S1 for 18 h. Subsequently, 100 µM 

H2O2 or 3 ng/ml LPS were added for 3 and 24 h. Cells were then processed as described in 2.7 

of section 1. TaqMan probes specific for inflammatory cytokines (IL-1β, IL-6, TNFα and COX2) 

were purchased from Thermo Fisher Scientific INC (MA, USA). 

 

2.9 ICP-AES Measurements 

 

In order to study the internalization of Ru(II) complexes in A2780, A-431 or SH-SY5Y cells the 

ICP-AES technique was performed. It is an analytical technique used to determine the 

concentration of a variety of inorganic metallic and non-metallic substances. Cells were 

seeded into p100 petri dishes and after reaching the desired confluence were treated with 

different Ru(II) complexes and incubated at 37°C in dark depending on the experimental 

conditions. Then, cells were washed twice in cold PBS, collected in ice by scraping the surface 
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of the plate with 1 ml of PBS into 15 ml tubes, and centrifuged at 1000xg for 5 minutes. Pellets 

were maintained at -80°C until the ICP analysis was performed. Ru content in the samples was 

determined using an axial Varian 720-ES Inductively Coupled Plasma Atomic Emission 

Spectrometer (ICP-AES). 

Measurements were performed in triplicate.  

 

2.10 Fluorescence-activated cell sorting (FACS) 

 

FACS is a specialised type of flow cytometry, and it is based on the principle that cells can be 

labelled with a fluorescent dye. As cells pass through the laser beam the flow cytometer can 

measure the fluorescence intensity of a single cell. In our study we labelled SH-SY5Y cells with 

the specific probes  in order to quantify the cytosolic or mitochondrial ROS production of cells 

upon H2O2 exposure in the presence/absence of S1. SH-SY5Y were pre-treated with S1 for 18 

h before being exposed to 100-250 µM H2O2 for 2 h. Cells were detached with Trypsin 1X and 

incubated with 1 µM DCFH-DA for 15 minutes in suspension in dark in order to identify 

cytosolic ROS or labelled in adhesion with 2,5 µM MitoSOX Red mitochondrial superoxide 

indicator for 10 minutes in order to quantify mitochondrial ROS production. Fluorescent 

intensity of labelled cells was quantified with the cytofluorimeter BD FACSCanto II. 

 

2.11 Statistical analysis 

 

In order to obtain a statistical analysis of the experimental results, Student’s t-test and one-

way or two-way analysis of variance (ANOVA), followed by Bonferroni post-hoc analysis, were 

performed. A level of p<0.05 was considered statistically significant.  

Densitometry analysis of Western Blot images was carried out with imageJ software and for 

all the graphical images, GraphPad Prism v8.4.3 (GraphPad Software, La Jolla, CA, USA) was 

used.   
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3 Results and discussion 

 

3.1 Ru(II) Complexes in PDT of Epithelial Ovarian Cancer Cells 

 

Ovarian cancer is an aggressive and late diagnosed gynaecologic cancer, and the major cause 

of tumour-associated death in women. The “golden standard” approach relies on platinum- 

and taxane-based chemotherapies, which soon become useless due to the development of 

therapeutic resistance. The employment of Ruthenium(II) polypyridyl complexes (RPCs) in PDT 

has been extensively studied for becoming an alternative therapeutic strategy to overcome 

drug resistance.  

The collaboration with the Department of Chemistry “Ugo Schiff” give us the possibility to 

study the in vitro effect of some Ru(II) complexes as potential agents in the PDT: Ru12+, Ru22+, 

[CuRu1]4+ and [Cu2Ru2]6+. On the one hand our colleagues at the department of Chemistry 

synthesised the molecules and investigated their acid-base properties and redox state, on the 

other hand we evaluated the in vitro anticancer efficacy of Ru(II) complexes and the 

production of ROS on A2780 human ovarian cancer cells as well as the molecular mechanism 

underlying their effect. This chapter reports data from a published article entitled “Highly 

Charged Ru(II) Polypyridyl Complexes as Photosensitizer Agents in Photodynamic Therapy of 

Epithelial Ovarian Cancer Cells”. The candidate of this thesis is a co-author of the above-

mentioned article (see appendix).  

The human ovarian cancer cell line A2780 was established from ovarian endometroid 

adenocarcinoma tissue of an untreated patient, and it is widely used as a model to evaluate 

the anti-cancer potency and drug delivery of various drugs on ovarian cancer. With the 

purpose to set the proper time of incubation before photoactivation, the kinetics of 

internalization of RPCs and their intracellular distribution was checked in A2780. The localized 

distribution of Ru12+ and Ru22+ was barely detectable after 15 minutes incubation, while it 

increased at 6 h, reaching a plateau at 24 h incubation. [CuRu1]4+ and [Cu2Ru2]6+ showed a 

less intense fluorescence emission and a kinetic profile similar to the ones of Ru12+ and Ru22+. 

The fluorometric analysis as well, used to evaluate the kinetics of internalization of Ru (II) 
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to ONE-WAY ANOVA followed by Bonferroni post hoc test [* p < 0.05, ** p < 0.01, *** p < 0.001]. (C) 
Amount of internalized ruthenium after 24 h of incubation of 106 A2780 cells with each Ru(II) 
compound (10 µM). Data represent the mean ± SD of three independent experiments. The ruthenium 
content in the control sample, namely cells not treated with Ru(II) complexes, was not detectable.   

 

The dose-dependent effect of Ru12+, Ru22+, [CuRu1]4+ and [Cu2Ru2]6+ on dark cytotoxicity and 

photoactivity was evaluated through MTT assays in A2780 cells incubated for 24 h with 

different concentrations of RPCs and exposed or not to photoirradiation 24 h before being 

analysed. In the photoirradiation experiments, cells were irradiated with a light-emitting laser 

diode (LED, λmax = 434 nm, 30 W) for 20 minutes at a distance of 5 cm from the bottom of 

the plates. As reported in figure 2, under dark conditions all the compounds showed low 

cytotoxicity, above all Cu-containing compounds, that could be associated with their lower 

capacity to be internalized. Cell viability decreased up to 35% only in 10 µM Ru12+ and Ru22+ 

treated cells. On the contrary, after photoactivation Ru12+ and Ru22+ strongly decreased cell 

viability starting from 100 nM, while Cu-containing compounds were less effective and 

showed significant effects at higher concentrations (from 1 µM). Interestingly, the effect of 

[Cu2Ru2]6+ was considerably less pronounced compared to the one of [CuRu1]4+. This would 

imply that differences in the chemical structures and chemical-physical properties may play a 

role in the biological response of this class of compounds, in addition to the similar cellular 

internalisation and modes of activation of the latter two Ru(II) complexes. Since PDT 

photosensitizers could exert cytotoxic effects on normal cells close to the tumour tissue we 

performed MTT assays in non-cancer cells, C2C12 myoblasts, under the same photoactivation 

conditions. Ru(II) complexes show negligible cytotoxicity and a minor photoactivity in 

myoblasts compared to A2780 cells, in agreement with the negligible internalization capacity 

of the PSs in this non-cancer cell model (data not shown, see Conti et al., 2022, Figure S13 

Supplementary Materials ).  
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Figure 2. Dose-dependent effect of Ru(II) complexes on cell survival of ovarian cancer cells after 
photosensitization. A2780 were incubated for 24 h in the presence of Ru(II) complexes, Ru12+ , Ru22+ , 
[CuRu1]4+ and [Cu2Ru2]6+ at the following concentrations (0, 0.1 µM, 1 µM, 10 µM) in serum-deprived 
culture media (RPMI with BSA 0.1%). Cells were photoactivated for 20 min, as described in the 
Materials and Methods section. MTT reduction tests were performed in triplicate, representative of 
three independent experiments with similar results. Data reported are mean ± SD, fold change of 
absorbance at 570 nm over untreated control. The effect of photoactivation of Ru(II) complexes on the 
inhibition of cell survival was statistically significant according to TWO-WAY ANOVA followed by 
Bonferroni post hoc test [* p < 0.05, ** p < 0.01, *** p < 0.001]. 

 

The involvement of apoptosis as a possible mechanism responsible for the selective anti-

survival effect of RPCs was evaluated by different approaches. As shown in figure 3, the 

treatment with each compound under dark condition didn’t stimulate caspase 3 activity, while 

the photoactivation significantly promoted the protease activity of the pro-apoptotic enzyme. 

Moreover, the proteolytic cleavage of caspase 3, that accompanies its activation, was 

evaluated by Western blot technique. Notably, the cleavage, and therefore the activation, of 

caspase 3 occurred only after the irradiation of cells treated with the Ru(II) complexes, 

suggesting the involvement of caspase 3 in the anti-survival effect induced by photoactivation 

of Ru(II) complexes in A2780 cells.  
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Figure 3. Effect of Ru(II) complexes on caspase 3 activation in ovarian cancer cells after 
photosensitization. A2780 cells were treated with 10 μM of each Ru(II) complex for 24 h. Cells were 
photoactivated (red) or not (blue), collected after 24 h of light irradiation, homogenized, and total 
protein concentration was analysed in each lysate. (A) Caspase 3 activity assay was performed in 30 µg 
of total cell lysates by using a specific fluorogenic substrate Ac-DEVD-ACF (ex/em: 400/505 nm). Data 
are reported as mean ± SD of fluorescence compared to control cells under growth condition (10% FBS 
RPMI), set as 100. The effect of photoactivation was statistically significant for each Ru(II) complex 
tested according to TWO-WAY ANOVA analysis followed by Bonferroni post hoc test [* p < 0.05, ** p 
< 0.01, *** p < 0.001]. (B) Western blot analysis was performed in 30 µg total cell lysates using specific 
anti-caspase 3 antibodies. Densitometric analysis of cleaved caspase 3 was performed in three 
independent experiments performed in duplicate. Data are the mean ± SD and are reported as cleaved 
caspase 3 levels normalized to GAPDH, fold change over FBS control (growth), set as 1. Results are 
statistically significant according to TWO-WAY ANOVA followed by Bonferroni post hoc test [* p < 0.05, 
** p < 0.01, not significant (ns)].  

 

The programmed cell death and its involvement in the photoactivity of Ru(II) complexes was 

confirmed by measuring the cleavage of poly ADP-ribose polymerase (PARP), one of the major 

hallmarks of apoptosis. Under normal circumstances PARP is able to detect single strand DNA 

breaks and activates DNA damage repair responses. The specific inactivation of PARP by 
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proteolytic cleavage induced by caspase cascade pathway emerged only after the 

photoactivation of each Ru(II) complexes, with a higher extent for Ru12+. 

Figure 4. Effect of Ru(II) complexes on PARP cleavage in ovarian cancer cells after photosensitization. 
A2780 cells were treated for 24 h with each Ru(II) complex before being photoactivated and 
collected after 24 h of light irradiation. Western blot analysis was performed in 30 μg total cell 
lysates using specific anti-PARP (46D11) antibody. Densitometric analysis of cleaved form of PARP 
was performed in three independent experiments conducted in duplicate. Data are the mean ± SEM 
and are reported as cleaved protein levels normalized to β-actin, fold change over FBS control. 
Results are statistically significant according to TWO-WAY ANOVA followed by Bonferroni post hoc 
test [* p < 0.05, **** p < 0.0001]. 

 

In mammalian cells, mitochondria are essential for the intrinsic pathway of apoptosis, and in 

some cellular systems, loss of mitochondrial membrane potential (∆Ym) is seen as an early 

sign of the apoptotic process. Therefore, ∆Ym was analysed after Ru(II) complexes 

administration in A2780 cells using a cationic fluorescent probe, which accumulates in the 

negatively charged mitochondrial matrix, by laser-scanning confocal microscopy imaging. 

Under dark conditions the ∆Ym was not affected by the presence of the photosensitizers, as 

reported in figure 5. After photoirradiation Ru12+ and Ru22+ caused a dramatic loss of ∆Ym in 

almost all the cells that acquired a morphological feature of pyknotic nuclei, representing an 

initial phase of chromatin condensation prior to DNA fragmentation. [CuRu1]4+ and [Cu2Ru2]6+ 

didn’t affect the ∆Ym nor the cell morphology. Given the cationic nature of Ru(II) complexes, 
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to assess the possible localization of RPCs into mitochondria after photoirradiation, we 

performed a colocalization test employing a mitochondria-specific probe. The random 

distribution of Ru(II) complexes compared to mitochondria (data not shown, see Conti et al., 

2022, figure S9 Supplementary Materials) showed by the confocal microscopy images ruled 

out the possibility that mitochondrial depolarization induced by photoactivation depended on 

Ru(II) complexes’ localization in these organelles. Finally, in order to clarify if the Ru(II) 

complexes were internalized through endosomes vesicles reaching the ER, we performed 

animmunofluorescence analysis using the anti-Rab5 antibody, marker of early endosomes. 

Results  didn’t show a colocalization of Rab5 withthe Ru(II) complexes, rulling out the possible 

involvement of a Rab5 dependent-pathway in the internalization pathway of Ru(II) complexes. 

(data not shown, see Conti et al., 2022, figure S11 Supplementary Materials) . 

Figure 5. Effect of Ru(II) complexes on mitochondrial membrane potential after photoactivation. 
Mitochondrial membrane potential of A2780 cells was detected using cationic fluorescent dye Mito-
Tracker Red CMXRos, which proportionally accumulates in the negatively charged mitochondrial 
matrix. (A) A2780 cells were plated in microscope slides and challenged or not (CTRL) with 10 µM of 
each Ru(II)-complex. After 24 h of incubation, A2780 were subjected to photoactivation or not (dark) 
for 20 min, 2 h before being labeled with Mitotraker Red CMXRos and fixed in paraformaldehyde, as 
described in the Materials and Methods section. Confocal analysis was performed using 63X oil 
immersion objective. Images were representative of six fields of each condition in three independent 
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experiments with analogous results. (B) Data are reported as mean ± SD of Mito-Tracker Red CMXRos 
fluorescence intensity normalized to the number of nuclei in six fields for each condition in three 
independent experiments by using Leica Application Software. Results are statistically significant 
according to two-way ANOVA followed by Bonferroni post hoc test [**** p < 0.0001, not significant 
(ns)]. 

 

With the purpose of dissecting the possible involvement of ROS production in the biological 

effect induced by Ru12+ and Ru22+ photosensitizers, confocal analysis was performed in A2780 

cells employing the CM-H2DCFDA probe to detect cytosolic ROS after Ru(II) complexes 

administration upon photoactivation compared to the dark conditions. Under dark conditions 

cytosolic ROS were almost completely undetectable, whereas, after 2 h photoactivation 

cytosolic ROS were detected in  both Ru12+ and Ru22+ treaded cells (fig. 6). ROS could therefore 

play a role in the proapoptotic induction exerted by  Ru12+ and Ru22+ photosensitizers. 

 

Figure 6. Effect of Ru(II) complexes, Ru12+ and Ru22+, on ROS production after photoactivation. ROS 
production in A2780 cells was detected using CM-H2DCFDA. A2780 cells were plated on microscope 
slides and challenged with 10 µM of each Ru complex. After 24 h of incubation, A2780 were exposed 
to photoactivation or not (dark) for 20 min, 2 h before being labeled with CM-H2DCFDA (DCF) and fixed 
in paraformaldehyde, as described in the Materials and Methods section. Confocal analysis was 
performed using 63X oil immersion objective. The fluorescence of Ru(II) complexes is shown in red 
(λexc/λem: 405/600–640 nm) and DCF in green (λexc/λem: ∼492–495/517–527 nm). Images were 
representative of six fields of each condition in three independent experiments with analogous results. 

 

Platinum-based anti-cancer drugs have severe side effects and, in some cases, such as in 

ovarian cancer, patients acquire a resistance to the platinum based therapy which leads to a 

poor prognosis. Therefore, efforts are needed in this research field to develop other potential 

anti-cancer drugs. Ru(II) polypyridyl complexes have shown remarkable anti-tumour activity 
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coupled with advantages over platinum drugs, such as higher potency, lower toxicity, minor 

drug resistance, and they are expected to become a new generation of clinical metal anti-

cancer drugs. 

 

In collaboration with the Department of Chemistry “Ugo Schiff”, we investigated the biological 

potential of some RPCs, new possible photosensitizers for PDT application, in an in vitro model 

of ovarian cancer. The Ru(II) compounds examined in this study were reported to have low 

cytotoxicity in non-cancer and cancer cells under dark conditions, which changed into a strict 

dose-dependent and strong anti-tumour effect after photoactivation. Ru12+ and Ru22+ showed 

a substantial increase in activity upon light activation, which is consistent with the strong 

singlet oxygen sensitising capabilities of these molecules. Among the mixed heteronuclear 

complex, [CuRu1]4+ displayed the sharpest photoactivity, showing that, in addition to singlet 

oxygen sensitization, heteronuclear compounds must have access to additional oxidative 

pathways in order to have photoinduced efficacy comparable to that of copper-free 

complexes. Indeed, in a cell free in vitro system [CuRu]4+ shows the highest activity, while in a 

cell system it shows the lowest photoactivity, probably due to the lowest capability to be 

internalized by the cells. Moreover, Ru12+ and Ru22+ above all, showed better internalization 

capacity by A2780 compared to non-cancer cells. This efficient cellular uptake could be the 

result of a specific portion of the Ru(II) compounds which could offer better chemical-physical 

features for cellular internalization, compared to similar compounds. Although the 

mechanism of internalization of RPCs wasn’t investigated in detail, it seems to be independent 

of the Rab5-associated early endosome pathway. However, the hydrophilic nature of RPCs 

and their observed localized cellular distribution suggest the occurrence of alternative 

endocytotic pathway rather than a passive transport. The cell death mediated by the 

apoptotic process is quite advantageous for the organism since it prevents the release of 

intracellular content and the subsequent activation of the inflammatory response. The 

photoactivation of the Ru(II) complexes led to a potent activation of caspase 3 and to the 

cleavage of both caspase 3 and PARP, pointing out a crucial role for apoptosis in the anti-

tumoral effect of the photosensitisers. Moreover, we demonstrated that Ru12+ and Ru2+, but 

not [CuRu1]4+ nor [Cu2Ru]6+, caused a dramatic loss of ∆Ym after photoactivation, concomitant 



94 
 
 

to a ROS cytosolic production as soon as 2 h after irradiation, representing an upstream event 

that trigger the apoptotic process. Indeed, one of the functions of mitochondria during 

apoptosis is the release of pro-apoptotic proteins in the cytosol, and disruption of 

mitocondrial membrane integrity, that is associated with a collapse of ∆Ym, can represent an 

early event of the apoptotic process. As previously mentioned, it has been reported that 

Ru(II)complexes can directly interfere with DNA replication and transcription. However, in this 

work, we didn’t detect the Ru(II) complexes within the nucleus but rather localized into 

segregated areas of the cytosol, suggesting that the programmed cell death is likely 

independent of their interaction with DNA.  

In conclusion this work demonstrates that all the four Ru(II) complexes are internalized 

selectively into the ovarian cancer cell line A2780, have a low cytotoxicity under dark 

conditions, and display specific photoactivation-induced programmed cell death. Apoptosis 

was found to be the main mechanism of cell death, and in Ru12+ and Ru22+ treated cells it was 

associated with mitochondrial ∆Ym loss and ROS production. 
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3.2 Cubosome encapsulated Ru(II) Complexes in PTD of Non-

Melanoma Skin Cancer 

 

RPCs have been largely employed in the research of suitable PSs in PDT and, over the past few 

years, much interest has been devoted to the use of the π-expansive benzo[i]dipyrido[3,2-

a:2′,3′ c]phenazine (dppn) ligand in the rational design of RPCs. Although this peculiar ligand 

can improve the photobiological activity of the resulting compounds, Ru(II) compounds 

featuring two ddpn ligands have been only sparingly explored. Additionally, these systems' 

typical hydrophobic nature may restrict their anticancer action, resulting in poor absorption 

and poor therapeutic results. In order to overcome these limitations, nanocarriers have been 

extensively researched as a developmental strategy to raise the water solubility of insoluble 

drug candidates, avoid drug degradation, and improve their distribution. Among the 

innovative exploited nano-systems, there are cubosomes: bicontinuous cubic liquid crystalline 

nanoparticles with a three-dimensional arrangement of the lipid bilayer forming a 

honeycomb-like inner structure. Cubosomes are characterized by an inner portion completely 

filled with the lipid matrix, providing a greater hydrophobic volume and thus a higher loading 

efficiency than single-bilayer liposomes. Recent studies have proven their useful biomedical 

applications for diagnostic purposes, anticancer activity, and PDT. 

In this contest, thanks to a new collaboration with the Department of Chemistry “Ugo Schiff”, 

we explored the potential as PSs of two Ru(II) compounds featuring two dppn ligands 

simultaneously coordinated to the Ru(II) centers; [Ru (dppn)2(dmbpy)]2+ (Ru1) and 

[Ru(dppn)2(dcbpy2−)] (Ru2) (dmbpy = 4,4′-dimethyl-2,2′-bipyridine, dcbpy2− = 2,2′-bipyridine- 

4,4′-dicarboxylate). To further ascertain their potential as PSs, Ru1 and Ru2 were also 

encapsulated in monoolein-based cubosomes stabilized with Pluronic F108. Our colleagues of 

the chemistry department synthesised and characterized the molecules, investigated the 

singlet oxygen sensitizing properties of Ru(II)-complexes and their DNA interaction. On the 

other hand, we took care to test their in vitro phototoxicity and biocompatibility on non-

melanoma skin cancer cells, a model tumour selected for the feasibility of its treatment by 

photodynamic therapy. Data are reported in a published article entitled “Ruthenium(II) 

polypyridyl complexes with π-expansive ligands: synthesis and Cubosome encapsulation for 
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photodynamic therapy of non-melanoma skin cancer”, of which the candidate of this thesis is 

a co-author (see appendix). 

.  
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3.3 Antioxidant effect new Ruthenium Complexes in human 

neuroblasts (Manuscript in preparation) 

 

Two new potential antioxidant Ruthenium(II) complexes were synthetised by colleagues of 

the Chemistry Department “Ugo Schiff”: S1 ([Ru(2,6-bis(4-metil-2-benzossazoil)(2,3-

diamminonaftalene)Cl]PF6) and its analogue S2 ([Ru(2,2’,6’,2’’-terpiridina 2,3-

diamminonaftalene)Cl]PF6). The specific aim of our research group in this study was to 

evaluate their protective effect on the induced cellular damage in a neuroblastoma cell line. 

As pro-oxidant/pro-apoptotic species able to increase oxidative stress in cells we used H2O2, 

promoter of cellular oxidative damage in several experimental models of neurodegenerative 

processes (de Oliveira et al., 2017), as well as Cisplatin (CDDP), a chemotherapeutic drug that 

induces neurotoxicity, and  Lipopolysaccharides (LPS), a component of the outer membrane 

of Gram-negative bacteria. In both glial cells and neurons LPS leads to the production of 

inflammatory cytokines like TNFα, IL-1β and IL-6 (Pandur et al., 2019).  

S1 and S2 are two non-photoactive complexes, whose antioxidant activity was first evaluated 

by chemical assays showing S1 to have a higher antioxidant efficiency than S2. The antioxidant 

activity of the complexes was then evaluated in cells. 

SH-SY5H neuroblast cell viability was analysed by MTT assay upon H2O2, CDDP and LPS 

treatment for 24 h (fig. 7). H2O2 challenge reduced cell viability at high concentrations (100-

250 µM), CDDP showed a dose-dependent cytotoxic effect, which was completely lethal at 

high doses, while LPS didn’t significantly alter cell survival. Therefore, for the following 

experiments we decided to continue with 100 µM H2O2, and the lower concentrations for 

CDDP treatments. 
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Figure 8. S1 internalization in SH-SY5Y. SH-SY5Y (1.600.000 cellule/p60), were treated with 1-10 μM S1 
for 6 and 24 h and analysed by ICP-MS to evaluate the concentration of Ru(II) internalised by cells. 
Data are reported as the mean ± SEM of three samples for each condition. Statistical analysis was 
performed by two-way ANOVA followed by Bonferroni post-hoc test [**** p < 0.0001]. 

 

Once verified the internalization of S1 inside SH-SY5Y cells, we confirmed its negligible 

cytotoxicity with MTT assay as it is shown in figure 9, and we further tested its efficiency in 

preventing H2O2 and CDDP-induced cell death. Results indicated that incubation with 10 µM 

S1 for 18 h significantly reverted H2O2 negative effect on cell viability, while it didn’t show any 

effect on CDDP-induced cell death. CDDP was therefore excluded in the following 

experiments.  
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To test the S1 antioxidant activity upon H2O2-mediated ROS generation we used the probe 

DCFH-DA in confocal microscope imaging to reveal the cytosolic ROS production. SH-SY5Y 

challenged with 100 µM H2O2 for 6 h showed an enhancement in ROS levels, while S1 pre-

treatment for 18 h was efficient in preventing the H2O2-induced ROS increase (fig. 13).  

Figure 13. S1 antioxidant activity on H2O2-mediated ROS production. SH-SY5Y were seeded on 
microscope slides and pre-treated with 10 μM S1 for 18 h, before being challenged with 100 µM H2O2 
for 6 h. Then slides were labelled with CM-H2DCFDA (DCF) and fixed in paraformaldehyde, as described 
in the Materials and Methods section. Confocal analysis was performed using 63X oil immersion 
objective. 

 

We further quantified ROS production induced by H2O2 by Fluorescence Activated Cell Sorting 

(FACS) using DCFH-DA to detect cytosolic ROS. Flow cytometry data confirmed the confocal 

images: S1 pre-treatment was able to attenuate the production of ROS mediated by H2O2 at 

both concentrations of the pro-oxidant stimulus (100 and 250 µM, fig. 14). 
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Figure 15. S1 effect on mitochondrial function. SH-SY5Y cells were seeded on microscope slides and 
pre-treated with 10 μM S1 for 18 h (C and D), before being challenged with 100 µM H2O2 for 6 h (B and 
D). Then slides were labelled with Mito-Tracker Red CMXRos 100 nM per 30min and fixed in 
paraformaldehyde, as described in the Materials and Methods section. Confocal analysis was 
performed using 63X oil immersion objective. 

 

Mitochondrial ROS production was also quantified by FACS upon H2O2 exposure using a 

mitochondrial superoxide indicator. H2O2 induced mitochondrial ROS production, which was 

not attenuated in the presence of S1 (data not shown). S1 antioxidant activity is therefore 

efficient in reducing cytosolic but not mitochondrial ROS.  

Recent studies suggest inflammation as a crucial role in the progression of neurodegeneration 

(Kwon & Koh, 2020; W. Zhang et al., 2023). Activated microglia as well as other cells residing 

in the tissue can express pro-inflammatory cytokines, which have negative effects during 

neurodegenerative diseases. Therefore, we evaluated the expression of inflammatory 

markers upon H2O2 or LPS challenge at RNA levels to reveal a possible anti-inflammatory effect 

of S1 (fig. 16). Specifically, we analysed the gene expression of TNFα, COX2, IL-1β and IL-6 

upon H2O2 or LPS challenge for 3 or 24 h in the presence or absence of S1. Our data showed 

an enhanced expression of COX2 upon LPS treatment for 3 h, which was reduced by the pre-

treatment with S1, in a not statistically significant manner. IL-1 β expression was also 
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some of the investigated inflammatory markers upon LPS or H2O2 challenge in differentiated 

neuroblasts.  

In conclusion, these original results show that antioxidant Ru(II) complex, S1, or parent 

Ruthenium complexes could be potentially useful as new pharmacological tools in 

neurodegenerative diseases associated with a high oxidative stress.  
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Abstract: The sphingosine 1-phosphate (S1P) and endocannabinoid (ECS) systems comprehend bioactive lipids widely involved in the regulation of similar biological processes. Interactions between S1P and ECS have not been so far investigated in skeletal muscle, where both systems are active. Here, we used murine C2C12 myoblasts to investigate the effects of S1P on ECS elements by qRT-PCR, Western blotting and UHPLC-MS. In addition, the modulation of the mitochondrial membrane potential (∆Ψm), by JC-1 and Mitotracker Red CMX-Ros fluorescent dyes, as well as levels of protein controlling mitochondrial function, along with the oxygen consumption were assessed, by Western blotting and respirometry, respectively, after cell treatment with methanandamide (mAEA) and in the presence of S1P or antagonists to endocannabinoid-binding receptors. S1P induced a significant increase in TRPV1 expression both at mRNA and protein level, while it reduced the protein content of CB2. A dose-dependent effect of mAEA on ∆Ψm, mediated by TRPV1, was evidenced; in particular, low doses were responsible for increased ∆Ψm, whereas a high dose negatively modulated ∆Ψm and cell survival. Moreover, mAEA-induced hyperpolarization was counteracted by S1P. These findings open new dimension to S1P and endocannabinoids cross-talk in skeletal muscle, identifying TRPV1 as a pivotal target.  
Keywords: transient receptor potential vanilloid type 1; methanandamide; sphingosine 1-phosphate; mitochondrial membrane potential; C2C12 myoblasts   
1. Introduction Sphingosine-1-phosphate (S1P) is a lysosphingolipid that derives from the hydrolysis of ceramide and the subsequent phosphorylation of sphingosine, catalyzed, respectively, by multiple ceramidases and sphingosine kinase 1 (SphK1) and 2 (SphK2) [1,2]. Once generated, S1P can be degraded by S1P lyase (SPL) [3,4], or alternatively recy- cled into ceramide through S1P phosphatases (SPP) and ceramide synthases. In addition, S1P can be released outside the cell via unspecific transporters, such as ATP-binding cas- sette transporters and the specific Spinster homolog 2 [5], and MFSD2B [6] carriers. All these metabolic pathways are necessary to maintain the sphingolipid biostat, crucial for a wide range of physiological processes, including determination of cell fate [7]. Once exported outside the cell, S1P can bind to five different G-protein coupled receptors, called     
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Int. J. Mol. Sci. 2022, 23, 11103 2 of 20    S1P1-5 [8]. These S1P receptor subtypes are coupled to multiple G proteins and are differ- ently expressed in the various cell types; thus, they can activate distinct signaling pathways, which, in turn, drive specific biological processes [9]. Consequently, S1P receptors impact on biological processes such as angiogenesis, immune response, tumorigenesis, embryonic development and skeletal muscle properties [8,10]. Of note, most of the biological processes under S1P control are also regulated by the endocannabinoid system (ECS) [11,12], which comprises the bioactive lipids family of endocannabinoids (eCBs) and a complex array of their receptor targets and metabolic enzymes necessary for their biosynthesis and degradation [13,14]. The first eCBs that were discovered, and that remain the most widely studied to date, are N-arachidonoyl ethanolamine (AEA) and 2-arachidonoyl glycerol (2-AG) [15]. AEA is the ethanolamide of arachidonic acid, produced mainly through the catalytic activity of N-acylphosphatidylethanolamine-specific phospholipase D (NAPE-PLD), and degraded principally by fatty acid amide hydrolase (FAAH) [16]. 2-AG is often the most abundant eCB in human cells, tissues and fluids, and is produced by diacylglycerol-lipases 
α and β (DAGL α and β), to be then hydrolyzed principally by monoacylglycerol lipase (MAGL) [13,17]. Both AEA and 2-AG bind primarily to G protein-coupled type 1 and 2 cannabinoid receptors (CB1 and CB2), which are expressed throughout the human body [18]. It is now apparent that eCBs can also bind to non-CB1/non-CB2 receptors, such as the orphan G-protein-coupled receptor GPR55 [19–21], and the transient receptor potential vanilloid 1 (TRPV1) channel [22]. Each receptor triggers a distinct signal transduction cascade, as detailed elsewhere [12,18,20–23]. Interestingly, S1P and eCB signaling pathways could interact with each other [24]. Not only S1P receptors and CB1/CB2 share 20% sequence identity [25], but also the activation of CB1 regulates sphingolipid metabolism with ceramide accumulation [26]. For instance, (i) both AEA and S1P act synergistically to regulate rat coronary artery reactivity [27], (ii) AEA treatment increases the phosphorylation of SphK1, and (iii) AEA-mediated va- sorelaxation is attenuated by inhibition of SphK1 and SphK2; notably, the latter effect of AEA engages S1P3 [27]. More recently, it has been demonstrated that AEA can modulate SphK1 to increase the generation of S1P, thus mediating changes in blood pressure through S1P1 [24]. Of interest, the non-selective S1P receptor modulator FTY720 (2-amino-2-(2-[4- octylphenyl]ethyl)-1,3-propanediol), as well as endogenous sphingosine, have been shown to dose-dependently inhibit in vitro binding of selective CB1 antagonists and agonists to ectopically expressed mouse CB1 in CHO-K1 cells [28]. Yet, clear evidence of a possible cross-talk between S1P and eCB systems remains elusive. Here, we sought to fill this knowl- edge gap by interrogating the effect of S1P on eCB signaling in murine C2C12 myoblasts that express both systems [29–31]. In this context, it should be recalled that metabolism and signaling of S1P were found to be involved in skeletal-muscle biology [31–34], and that metabolism and signaling of eCBs have been shown to control skeletal muscle cell differentiation [35] along with myometrium contractility [36]. Thus, here we ascertained the possible modulation of the main ECS elements at gene and protein expression levels, along with the content of AEA and 2-AG in C2C12 myoblasts challenged with S1P. Moreover, due to the effect of AEA on energy homeostasis [37–39], mitochondrial membrane potential (∆Ψm) was measured in C2C12 cells treated with the non-hydrolyzable AEA analogue methanandamide (mAEA) [40], in the presence of S1P, as well as of agonists and antagonists to eCB-binding receptors. We provide unprecedented evidence that S1P selectively increases TRPV1 expression in skeletal muscle C2C12 cells, and that TRPV1 transmits a dual action of mAEA depending on its concentration:  at high dose (10 µM) mAEA decreases cell survival and inhibits mitochondrial activity, whereas at low doses (<5 µM) it increases mitochondrial membrane potential and induces the expression of peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC1α), a transcriptional coactivator of genes implicated in the regulation of mitochondrial biogenesis and function [41]. Overall, this study discloses a new modula- 



Int. J. Mol. Sci. 2022, 23, 11103 3 of 20    tory role of S1P in skeletal-muscle cells, which engages a distinct ECS element and supports the concept that different bioactive lipids can indeed cross-talk with each other. 
2. Results 
2.1. Effect of S1P on the Expression of ECS Elements The mRNA expression of eCB-binding receptors (CB1, CB2, GPR55, TRPV1) and AEA and 2-AG metabolic enzymes (NAPE-PLD, FAAH, DAGLα, DAGLβ, and MAGL) was evaluated by qRT-PCR in C2C12 cells treated for 24 and 48 h with S1P at 1 µM, a dose that was shown to be effective to induce myogenic differentiation [32]. Upon exposure to S1P for 24 h, CB1 and CB2 mRNA expression showed a trend towards increase, yet not statistically significant, whereas GPR55 and TRPV1 mRNA levels were significantly enhanced (p < 0.01 vs. control) (Figure 1a). FAAH, DAGLα and DAGLβ were also significantly increased (p < 0.01 vs. control, for FAAH and DAGLβ; p < 0.05 vs. control, for DAGLα), unlike NAPE-PLD and MAGL that remained unaffected (Figure 1b).  

Figure 1. Effect of S1P on mRNA expression of endocannabinoid (eCB)-binding receptors (a) and metabolic enzymes (b) at 24 h. C2C12 cells were left untreated (in white) or were treated for 24 h with 1 µM of S1P (in black). The values are expressed as 2(−∆∆Ct) and normalized to β-Actin and GAPDH. Data are presented as means ± SEM (n = 5). Statistical analysis was performed by TWO-WAY ANOVA test followed by Bonferroni post hoc test. [* p < 0.05, ** p < 0.01 vs. control cells (CTRL)].  Such an increase in selected elements of the ECS returned to control levels when S1P exposure was prolonged for additional 24 h (Figure 2a,b), with the exception of GPR55 gene expression, which was significantly reduced (p < 0.01 vs. control) (Figure 2a).  

Figure 2. Effect of S1P on mRNA expression of endocannabinoid (eCB)-binding receptors (a) and metabolic enzymes (b) at 48 h. C2C12 cells were left untreated (in white) or were treated for 48 h with 1 µM of S1P (in black). The values are expressed as 2(−∆∆Ct) and normalized to β-Actin and GAPDH. Data are presented as means ± SEM (n = 5). Statistical analysis was performed by TWO- WAY ANOVA test followed by Bonferroni post hoc test. [** p < 0.01 vs. control cells (CTRL)]. 



Int. J. Mol. Sci. 2022, 23, 11103 4 of 20    Then, the protein expression of eCB-binding receptors, AEA and 2-AG metabolic enzymes was evaluated by Western blot in C2C12 cells treated with 1 µM S1P for 24 h. In treated cells CB2 protein level was significantly decreased (p < 0.059) compared to controls (Figure 3a), whereas TRPV1 protein level was significantly increased (p < 0.05 vs. control), in keeping with qRT-PCR data (Figure 1a). Remarkably, protein expression of any other ECS element was unaffected (Figure 3b–g), while CB1 and DAGLα were below the detection limit.  

Figure 3. Effect of S1P on protein expression of endocannabinoid (eCB)-binding receptors and metabolic enzymes: C2C12 cells were left untreated (in white) or were treated for 24 h with 1 µM S1P (in black). Samples were subjected to Western blotting analysis using specific antibodies against the following proteins:  (a) CB2;  (b) GPR55;  (c) TRPV1;  (d) NAPE-PLD; (e) FAAH; (f) DAGLβ; (g) MAGL. Densitometric analysis values are expressed as relative optical density and normalized to 
β-Actin. The values represent the mean ± SEM of three independent experiments (n = 3). Statistical analysis was performed by ONE-WAY ANOVA test followed by Bonferroni post hoc test. [* p < 0.05 vs. control cells (CTRL)]. “+” with S1P, “−” without S1P. 



Int. J. Mol. Sci. 2022, 23, 11103 5 of 20    To further investigate the possible effect of S1P on the endogenous levels of AEA and 2-AG, LC/MS analysis was performed. In keeping with protein expression of metabolic enzymes, no significant differences in the levels of these two eCBs were observed in cells treated with 1 µM S1P for 24 h (Figure 4). 

Figure 4. Effect of 1µM S1P on endogenous levels of AEA (a) and 2-AG (b), measured by using liquid chromatographic–mass spectrometry (LC-MS) analysis. The values represent the means ± SEM of three independent experiments (n = 3). Statistical analysis was performed by ONE-WAY ANOVA test, followed by Bonferroni post hoc test. 
2.2. Effect of Methanandamide on Mitochondrial Membrane potential As shown by gene and protein expression data, C2C12 cells did express FAAH, the main hydrolytic enzyme of AEA (Figures 1–3). Therefore, to rule out any interference of this enzyme activity, for subsequent cell treatments the non-hydrolysable, stable analogue of AEA methanandamide (mAEA) [40] was used. In particular, the mitochondrial membrane potential (∆Ψm) was evaluated in C2C12 cells treated with mAEA at different doses (2.5–5.0–10 µM) for 24 h, because of the key role of AEA on energy homeostasis [42,43]. 
∆Ψm values were measured with JC-1, a fluorescent dye that forms aggregates in the mitochondria with a red emission (~590 nm) but reverts to monomers with a green emission (~526 nm) when the mitochondrial membrane starts to depolarize [44]. Treatment for 24 h at lower doses of mAEA (2.5 µM and 5.0 µM) significantly (p < 0.01 and p < 0.05, respectively) increased ∆Ψm values compared to controls (Figure 5). Yet, at the highest dose of 10 µM mAEA significantly (p < 0.05) decreased the ratio of aggregated to monomeric form of JC-1, by 48 ± 5.9%, compared to untreated controls (Figure 5).  

Figure 5. The polarization state of mitochondrial membrane was assessed after the cells were exposed to mAEA, at different doses (2.5, 5.0 and 10 µM) for 24 h, or to the oxidative phosphorylation inhibitor CCCP (50 µM) used as a positive control for (∆ψm) decrease. Values are expressed as ratio of red (~590 nm)/ green (~529 nm) fluorescent intensity. Ratio are presented as mean ± SEM of three independent experiments (n = 3). [* p < 0.05, ** p < 0.01 vs. control cells (CTRL)]. 



Int. J. Mol. Sci. 2022, 23, 11103 6 of 20    The depolarization induced by 10 µM mAEA was further investigated in the presence of S1P, and interestingly mAEA failed to affect ∆Ψm when cells were incubated in the presence of S1P, and vice versa S1P was unable to alter ∆Ψm in the absence of mAEA (Figure 6). Taken together, these data suggested a possible crosstalk between the two lipid signaling systems. Moreover, to interrogate whether the mAEA depolarizing effect was mediated by eCB-binding receptors, the analysis was performed also in the presence of their selective antagonists: 0.1 µM SR1 for CB1 [45], 0.1 µM SR2 for CB2 [45], 0.1 µM ML193 for GPR55 [46], and 0.1 µM I-RTX for TRPV1 [47,48]. None of the antagonists affected 
∆Ψm when applied alone, yet pre-treatment with the specific antagonists of eCB-binding receptors prevented the depolarizing activity of 10 µM mAEA, whereas in the presence of I-RTX, selective TRPV1 antagonist, mAEA increased ∆Ψm (#### p < 0.0001 vs mAEA alone) (Figure 6).  

Figure 6. The polarization state of the mitochondrial membrane was assessed after the cells were exposed to mAEA (10 µM), and mAEA + S1P (1 µM) and in the presence of selective antagonists to eCB-binding receptors (SR1, SR2, ML193 and I-RTX) for 24 h. Values are expressed as ratio of red (~590 nm)/green (~529 nm) fluorescent intensity. Ratio are presented as mean ± SEM of three independent experiments (n = 3). Statistical analysis was performed by ONE-WAY ANOVA followed by Bonferroni post-hoc test [* p < 0.05, **** p < 0.0001 vs. control cells (CTRL); #### p < 0.0001 vs. mAEA]. Since 10 µM mAEA markedly depolarized the mitochondrial membrane, we checked whether it could impair C2C12 cell viability.  When added for 24 h,  mAEA showed a dose-dependent cytotoxicity, and at 10 µM, it significantly reduced cell viability by 30 ± 3.0% (Figure 7).  

Figure 7. Assessment of cell viability using MTT assay on C2C12 myoblasts treated with mAEA at different doses (2.5, 5.0 and 10 µM) for 24 h. Values are expressed as % of control cells and presented as mean ± SEM of three independent experiment (n = 3). Statistical analysis was performed by ONE-WAY ANOVA followed by Bonferroni post-hoc test [** p < 0.01 vs. control cells (CTRL)]. 



Int. J. Mol. Sci. 2022, 23, 11103 7 of 20   In order to further analyze the effect of different concentrations of mAEA on mitochon- drial activity, ∆Ψm was measured in growing and serum-starved C2C12 myoblasts upon treatment for 24 h with mAEA at 5 µM, the dose immediately below the toxic one. For these assays, the Mitotracker Red CMX-Ros fluorescent dye was used, which stains mitochondria proportionally to their membrane potential. Laser-scanning confocal microscopy allowed the detection of fluorescence intensity, which was normalized to the cell number in each field. As shown in Figure 8, in 24 h serum starved C2C12 myoblasts ∆Ψm significantly increased by 77.7 ± 7.5% compared to growing myoblasts (**** p < 0.0001), and it was further increased by 33.5 ± 2.9% (*** p < 0.001) upon challenge with 5 µM mAEA.  

Figure 8. Effect of 5 µM mAEA on mitochondrial membrane potential. Confluent serum-starved C2C12 myoblasts were treated, or not, with 5 µM mAEA for 24 h and compared to growing (CTRL growth) myoblasts. Fluorescence intensity of Mitotracker Red CMX-Ros (Ex/Em: 579/599) was normalized to cell number and data are reported as mean ± SEM of six field per condition in each of the three independent experiments. Statistical analysis was performed by ONE-WAY ANOVA followed by Bonferroni post-hoc test [*** p < 0.001, **** p < 0.0001]. 



Int. J. Mol. Sci. 2022, 23, 11103 8 of 20    With the aim of interrogating whether S1P might affect mAEA activity on ∆Ψm, the 5 µM mAEA challenge was performed also in the presence of 1 µM S1P for 24 h. Under these conditions, the mAEA-dependent increase in ∆Ψm was fully reverted by S1P (Figure 9).  

           
Figure 9. Effect of S1P on mAEA-induced mitochondrial membrane potential in C2C12 myoblasts. Confluent serum-starved cells were treated with 5 µM mAEA in the presence or absence of 1 µM S1P for 24 h. Fluorescence intensity of Mitotracker Red CMX-Ros (Ex/Em: 579/599) was normalized to cell number and data are reported as mean ± SEM of six field per condition in three independent experiments. Statistical analysis was performed by TWO-WAY ANOVA followed by Bonferroni post-hoc test [* p < 0.05 mAEA vs CTRL, # p < 0.05 S1P+mAEA vs mAEA].  Moreover, based on the protein expression data, the role of eCB-binding receptors in 5 µM mAEA-induced increase in ∆Ψm was studied. The specific blockade of TRPV1 by I-RTX abrogated the activity of 5 µM mAEA on ∆Ψm, whereas SR1 and SR2 were ineffective (Figure 10). 
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Figure 10. Role of eCB receptors on mitochondrial activity induced by 5 µM mAEA in C2C12 myoblasts. Confluent serum-starved C2C12 myoblasts were treated with 5 µM mAEA for 24 h in the presence of eCB receptor antagonists (SR1, SR2 or I-RTX). The fluorescence intensity of Mitotracker Red CMX-Ros (Ex/Em: 579/599) was normalized to cell number, and data are reported as mean 
± SEM of six field per condition in each of the three independent experiments. Statistical analysis was performed by ONE-WAY ANOVA [* p < 0.05] and TWO-WAY ANOVA [# p < 0.05] followed by Bonferroni post-hoc test. 
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2.3. Effect of Methanandamide on PGC1α, Respiratory Chain Complex Expression and 
Oxygen Consumption With the goal to analyze the molecular mechanism involved in the effects of 5 µM mAEA on mitochondrial function, the expression of PGC1α and respiratory chain com- plexes was measured by Western blot analysis upon treatment for 24 h. As shown in Figure 11, the protein content of PGC1α was significantly enhanced, whereas that of the respiratory chain complexes were not affected by 5 µM mAEA challenge.  

 
Figure 11. Effect of mAEA on PGC1α (a) and respiratory chain complexes’ (b) expression. C2C12 myoblasts were treated with mAEA (5 µM) for 24 h. Samples were subjected to SDS-PAGE and Western blot analysis using anti-PGC1α, as well as OXPHOS WB Antibody Cocktail specific for respiratory chain complexes and anti-β-actin antibody as housekeeping. The data were reported after densitometric analysis of the bands as means ± SEM normalized to β-actin of three independent experiments performed in duplicate. The data were reported after densitometric analysis of the bands as means ± SEM normalized to β-actin of three independent experiments. Statistical analysis was performed by analysis of variance using Student t-test [* p < 0.05 vs. control cells (CTRL)].  Moreover, the ability of 5 µM mAEA to affect oxygen consumption was examined by high-resolution respirometry. To this end, C2C12 myoblasts were treated with 5 µM mAEA for 24 h, then were collected and subjected to basal oxygen consumption (ROUTINE), proton leak (LEAK) and maximal oxygen consumption (E) measurement by the Oroboros- O2K system. At 5 µM, mAEA was unable to affect any of these respiratory parameters in C2C12 myoblasts (Figure 12). 
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Figure 12. High-resolution respirometry of C2C12 myoblasts following mAEA treatment. C2C12 cells were treated or not with mAEA (5 µM) for 24 h. After detachment, myoblasts were subjected to high-resolution respirometry analysis by the Oroboros-O2K instrument. (A) Representative graphs of cell-respirometry analysis in the control (top) and treatment (bottom) conditions. The blue curve represents the oxygen concentration, whereas the red slope shows the oxygen consumption before and after the serial injections of oligomycin (Oligo), uncoupler CCCP and Antimycin (AA). (B) Bar chart graph of basal oxygen consumption (ROUTINE), proton leak (LEAK) and maximal oxygen consumption (E) values subtracted from residual oxygen consumption (ROX) in CTRL and mAEA treated cells. (C) ROX was also measured after AA administration. Data were reported as means ± SEM of the oxygen flux normalized on cell number of three independent experiments; ns= not significant. 
3. Discussion eCBs and S1P are bioactive lipids, which are critically important for the regulation of a plethora of key biological processes [8,13]. Intriguingly, these two lipid systems are composed by multiple enzymes that regulate their cellular tone, and specific receptor targets that transmit their effects, via a complex array of signal transduction pathways that remain only partly understood [8,13]. Here, unprecedented evidence is provided for a modulatory role of S1P on selected el- ements of ECS in cultured murine skeletal-muscle C2C12 cells, which are are widely used as a valuable model for interrogating, at the molecular level, key processes in skeletal muscle. Importantly, S1P and eCB systems regulate fundamental biological events in skeletal muscle cell biology [10,35]. Indeed, S1P is known to activate muscle resident stem cells, fa- voring tissue repair by promoting also their proliferation and differentiation [49–51]. More- over, it regulates tissue mechanical properties and responsiveness to insulin [10,52]. Myoge- nesis is also modulated by ECS, since CB1 expression has been reported to be up-regulated during myoblast differentiation and 2-AG was found to act via CB1 as endogenous repres- sor of myoblast differentiation, while mAEA treatment inhibited myogenesis [29,35]. The key role of the two families of lipid mediators in the control of skeletal-muscle cell biology is further underscored by the evidence that both signaling systems are dysregulated in a major skeletal-muscle disease, namely Duchenne muscular dystrophy [53,54]. In this context, CB1 was found to be overexpressed in murine dystrophic muscles, as well as in 



Int. J. Mol. Sci. 2022, 23, 11103 12 of 20    muscle biopsies of dystrophic patients [53], while muscles of dystrophic mice exhibited S1P lyase (SPL) upregulation and S1P deficiency, and accordingly pharmacological blockade of SPL in dystrophic mouse muscles exerted beneficial effects mediated by enhanced S1P, which in turn binds to and inhibits histone deacetylase [54]. In the present study, the possible functional interplay between the S1P and eCB systems has been explored in murine myoblasts by examining, as a first approach whether S1P treatment can modify receptor-mediated responsiveness to eCBs or the endogenous metabolism of these lipids. To this end, the expression of individual receptors and eCB- metabolic enzymes upon S1P challenge has been investigated both at mRNA and protein levels, and AEA and 2-AG cell content has been quantified. Notably, S1P at 24 h was found responsible of the selective up-regulation of TRPV1. Conversely, the protein content of CB2  was reduced by S1P, even though this variation was not mirrored by mRNA levels. In addition, mRNA levels of GPR55 receptor, as well as FAAH and DAGLβ enzymes in S1P-treated myoblasts were transiently increased by S1P at 24 h, and only GPR55 was found to be decreased at 48 h.  It seems noteworthy that the present gene expression data on DAGL isozymes are consistent with the notion that non-neuronal cells (such as myoblasts) predominantly express DAGLβ, whereas DAGLα is more abundant within the brain [55]. In this context, it should also be noted that discrepancies between mRNA and protein expression of a specific target in treated cells are not quite unprecedented. Indeed, similar disparities between changes in mRNA abundance and protein content have been already reported [56], also within the ECS, by others [57] and by us [58,59]. Interestingly, an interaction between GPR55 and S1P5 receptor has already been demonstrated in a colon cancer cell line [60]. In particular, S1P5 strongly and specifically interacts with GPR55, and the activation of each receptor led to increased cell proliferation, ERK phosphorylation and cancer-associated gene expression. Conversely, co-activation of both receptors inhibited the above mentioned events, supporting the occurrence of a functional crosstalk [60]. In the herein-investigated model of murine myoblasts, S1P significantly rearranges cell sensitivity to eCBs without changing their endogenous content, suggesting a potential impact on the signal transduction driven by these lipid mediators. Although important molecular effects of eCBs in skeletal muscle have been identi- fied [53], so far it is not known if they engage the regulation of mitochondrial activity, which is essential for skeletal muscle metabolism and proper tissue plasticity. It should be recalled that AEA is known to play a key role in energy homeostasis [37–39], and in- deed it can affect the shape and function of isolated mitochondria [42]. In line with this, some reports have even suggested a mitochondrial localization of CB1, supporting the view that AEA-dependent effects on energy production are triggered by these particular CB1 receptors [61,62]. Against this background, here we sought to ascertain whether the stable anandamide analogue mAEA could affect mitochondrial membrane potential, a key functional parameter of these organelles. Interestingly, our findings show that mAEA at the lowest concentration of 5 µM markedly enhanced ∆Ψm, whereas the highest dose of 10 µM exerted an opposite effect. Moreover, in both cases the changes of ∆Ψm elicited by mAEA were found to be mediated by TRPV1, since they were abrogated in the presence of its selective antagonist I-RTX. Likewise, treatment of mitochondria isolated from mice liver with higher concentrations (up to 50 µM) of AEA significantly decreased ∆Ψm, down to ~70% of untreated controls, and they also increased membrane fluidity [42]. However, these effects were independent of CB1, CB2 or TRPV1 [42]. Similarly, in rat cortical neurons AEA, at the dose of 30 µM, was able to reduce mitochondrial membrane potential, induce the translocation of cytochrome c and activate caspase-3, overall leading to cell death indepen- dently of its receptor targets [63]. Instead, in human neuroblastoma SH-SY5Y cells, AEA dose-dependently, and again in the micromolar range, induced a mitochondria-dependent apoptosis, which in these cells was mediated by CB1 [38]. Overall, there seem to be different mechanisms by which AEA can affect mitochondrial function, possibly also in relation to cell type and species-specificity. 



Int. J. Mol. Sci. 2022, 23, 11103 13 of 20    Moreover, the ability of S1P to counteract the depolarizing effect of mAEA in C2C12 cells appears to be noteworthy. Yet, S1P alone did not affect the mitochondrial membrane potential, which is in agreement with its ability to act as pro-survival factor and to control mitophagy and mitochondria dynamics [64–66]. Altogether, these results add a new dimen- sion to the signaling pathways triggered by S1P and eCBs, and identify the Ca2+ channel TRPV1 as a pivotal target crucially involved in their crosstalk. The latter observation is quite remarkable, because so far most of the effects of eCBs in murine myoblasts have been ascribed to CB1/CB2 receptors with one exception describing TRPV1 as responsible for Ca2+ increase and subsequent promyogenic effect induced by cannabidiol [67]. The molecular mechanism by which S1P modulates responsiveness of myoblasts to eCBs has not been here investigated, paying special attention to the biochemical effects transmitted by S1P via eCB system, rather than its mechanistic action. C2C12 myoblasts are known to express four out of five S1P receptor subtypes, namely S1P1, S1P2, S1P3 and S1P4 [68], hence future studies will be necessarily addressed to dissect the exact role exerted by one or more receptor subtypes in the observed effects, even if it is conceivable to hypothesize that S1P2 is implicated. Indeed, this receptor subtype, although less represented than other isoforms, at least at mRNA level, [68], is regarded as the dominant receptor subtype in this cell type, being capable of transmitting key biological effects such as cell differentiation, inhibition of cell motility and cell proliferation [32,69]. Another relevant issue is the possibility that, instead of a cross-talk, mAEA and S1P may interact directly with TRPV1. Indeed, recent evidence supports the direct activation of TRPV1 by S1P in the context of pain and itch [70]. However, the hypothetic agonism of S1P at TRPV1 could not account for the observed up-regulation of TRPV1 at protein and mRNA level elicited by S1P at 24 h. Unfortunately, the analysis of the elevation of intracellular Ca2+ in transfected cells does not appear a suitable read-out to clarify this issue, because extracellular S1P itself, acting via its specific receptors, may potently induce such an elevation in many cell types, C2C12 myoblasts included [71]. More sophisticated approaches, such as silencing S1P receptor subtypes in C2C12 myoblasts, would be more informative, and should be the subject of independent investigations. It is tempting to speculate that the herein-observed up-regulation of TRPV1 induced by S1P can counteract the increase in mitochondrial membrane potential induced by low mAEA, causing calcium overload that impairs mitochondrial function, thus mimicking the effect elicited by high dose of mAEA. In this context, it is well known that the large calcium gradient maintained across the mitochondrial inner membrane represents a critical signaling potential for this cation [72]. It is noteworthy that TRPV1 activation by capsaicin has been proven to increase free cytosolic calcium and improve energy metabolism by upregulating PGC1α in C2C12 myotubes, as well as in skeletal muscles [73]. Furthermore, it has been demonstrated that TRPV1 ligands decrease mitochondrial membrane potential and oxygen consumption in isolated mitochondria from rat cardiomyocytes [74]. Notably, in the present study, we found that low doses of mAEA are responsible for the increase in mitochondrial membrane potential and induction of PGC1α expression, without affecting oxygen consumption, whereas the highest dose of mAEA turns the TRPV1 action to neg- atively modulate mitochondrial membrane polarization and cell survival. The opposite functional changes mediated by TRPV1 may rely on concentration-dependent responses that via subtle increases in intracellular calcium positively affect mitochondrial membrane potential, whereas through mitochondrial calcium overload cause dysregulation of mi- tochondrial membrane potential and subsequent mitochondrial dysfunction. On a final note, markedly different consequences of low or high doses of AEA are not unprecedented. Indeed, in primary human melanocytes low (<1 µM) AEA leads to melanogenesis, whereas high (>5 µM) AEA causes development of melanoma tumors [75]. Overall,  this study reveals a new critical cross-talk between S1P and eCB systems in skeletal-muscle cells, identifying the Ca2+ channel TRPV1 as a pivotal target and thus opening the avenue to new molecular approaches to control skeletal-muscle disorders characterized by calcium dyshomeostasis. 
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4. Materials and Methods 
4.1. Materials and Reagents Dulbecco’s modified Eagle’s medium, foetal calf serum and penicillin/streptomycin were from Corning (Corning, NY, USA). Bovine serum albumin (BSA) was purchased from Sigma-Aldrich (St.   Louis, MO, USA). Sphingosine-1-phosphate (S1P, cod.62570) and methanandamide (N-(2-hydroxy-1R-methylethyl)-5Z,8Z,11Z,14Z-eicosatetraenamide, cod.157182-49-5) were from Cayman Chemicals (Ann Arbor, MI, USA); N-arachidonoyl- ethanolamine (anandamide (AEA), cod. A0580) and 2-arachidonoil-glycerol (2-AG, cod. A8973) were from Sigma-Aldrich (St. Louis, MO, USA). AEA-d8 and 2-AG-d8 were pur- chased from Cayman Chemicals (Ann Arbor, MI, USA) and were used as internal standards. The selective antagonists of CB1 SR141716A (SR1, cod. SML0800), of CB2 SR144528 (SR2, cod. SML1899) and of GPR55 ML193 trifluoroacetate (ML193, cod. SML1340) were from Sigma-Aldrich (St. Louis, MO, USA). The TRPV1 selective antagonist 5′-iodoresiniferatoxin (I-RTX, cod. 1362) was from TOCRIS (Bristol, UK). For molecular biology studies RevertAid H Minus First Strand cDNA Synthesis Kit, from Thermo Scientific (Waltham, MA, USA), and SensiFASTTM SYBR Lo-ROX kit, from Bioline (London, UK) were used. 
4.2. Cell Culture and Treatment Murine C2C12 myoblasts cell line (ATCC® CRL-1772™) was grown in Dulbecco’s modified Eagle’s medium supplemented with 10% foetal bovine serum, 100 U/mL peni- cillin/streptomycin and 2 mM L-glutamine at 37 ◦C in a humidified 5% CO2 atmo- sphere [68]. When 90% confluent, myogenic differentiation was reached by substituting the proliferation medium with DMEM supplemented with 1 mg/mL BSA [68]. Then, cells were treated with 1 µM S1P [32] and/or with different concentrations (2.5, 5.0 and 10 µM) of mAEA for 24 or 48 h. 
4.3. Quantitative Real Time-Reverse Transcriptase-Polymerase Chain Reaction (qRT-PCR) Analyses For the quantification of gene-expression levels of receptors and metabolizing enzymes of eCBs, mRNA was extracted from control and S1P-treated C2C12 cells by using TRIzol, according to the manufacturer’s instructions (Life Technologies, Grand Island, NY, USA), and was quantified by using Thermo Scientific NanoDrop 2000 c UV-Vis spectrophotometer at 260 nm (Waltham, MA, USA). Subsequently, 1 µg of total mRNA was retrotranscribed in cDNA by using the RevertAid H Minus First Strand cDNA Synthesis Kit (Life Technologies, Grand Island, NY, USA). SensiFASTTM SYBR Lo-ROX kit was used to assess the relative abundance of CB1, CB2, GPR55, TRPV1, FAAH, DAGLα, DAGLβ, NAPE-PLD and MAGL on a 7500 Fast Real-time PCR System (Life Technologies, Grand Island, NY, USA), as described previously [31,76]. Primer sequences are reported in Table 1. The relative expression of different amplicons was calculated by the ∆∆Ct method and converted to relative expression ratio 2(−∆∆Ct) for statistical analysis [77]. All data were normalized to the endogenous reference genes GAPDH and β-Actin. 
4.4. Western Blotting Control and S1P- or mAEA-treated cells were lysed in RIPA buffer in the presence of a protease inhibitors cocktail (Sigma-Aldrich, St. Louis, MO). Then, they were sonicated three times and centrifuged at 9500 g for 15 min at 4 ◦C; supernatants were collected and protein content was determined by the Bio-Rad Protein assay (Bio-Rad Laboratories, Hemel Hempstead, UK). Cell lysates were mixed with Laemli sample buffer (heated for 10 min at 60 ◦C) so that an equal amount of protein per lane (20–70 µg) were subjected to a 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). Gels were then electroblotted onto polyvinylidene difluoride (PVDF) membrane (Amersham Hybond, GE Healthcare Life Science, Piscataway, NJ, USA). Subsequently, PVDF membranes were blocked with 5% milk, incubated overnight with the primary antibodies in cold room and then with the appropriate horseradish peroxidase-conjugated secondary antibody (cod.31461, Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at room temperature. 
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  Primary antibodies specific for the following proteins were used: β-actin (cod.4970, Cell Signaling, Danvers, MA, USA), CB1 C-Terminal (cod. 10006590, Cayman Chemical, Ann Arbor, MI, USA), CB2 (cod.101550, Cayman Chemical), GPR55 (cod. 10224, Cayman Chemical), TRPV1 (cod. TA336871, OriGene, Rockville, MD, USA), FAAH (cod.101600, Cayman chemical), DAGLα (cod.PA5-23765, Invitrogen, Waltham, MA, USA), DAGLβ (cod.12574, Cell Signaling), MAGL (cod.10212, Cayman Chemical), NAPE-PLD (cod.10305, Cayman Chemical) and PGC1α (cod. SAB1411922, Sigma-Aldrich, St. Louis, MO, USA). 
Table 1. List of the primers used to assess the relative abundance of eCB-binding receptors and metabolic enzymes.  
 Forward Primer (5′->3′) Reverse Primer (5′->3′) 

β-ACTIN TGTTACCAACTGGGACGA GTCTCAAACATGATCTGGGTC GAPDH AACGGGAAGCTCACTGGCAT GCTTCACCACCTTCTTGATG CB1 CCAAGAAAAGATGACGGCAG AGGATGACACATAGCACCAG CB2 TCGCTTACATCCTTCAGACAG TCTTCCCTCCCAACTCCTTC GPR55 ATTCGATTCCGTGGATAAGC ATGCTGATGAAGTAGAGGC TRPV1 TGAACTGGACTACCTGGAAC TCCTTGAAGACCTCAGCATC NAPE-PLD AAGTGTGTCTTCTAGGTTCTCC TTGTCAAGTTCCTCTTTGGAACC FAAH AGATTGAGATGTATCGCCAG CTTCAGAATGTTGTCCCAC DAGLα AATGGCTATCATCTGGCTGAGC TTCCGAGGGTGACATTCTTAGC DAGLβ TGTCAGCATGAGAGGAACCAT CGCCAGGCGGATATAGAGC MAGL TTGTAGATACTGGAAGCCC ATGGTGTCCACGTGTTGCAGC  Total OXPHOS WB Antibody Cocktail (Abcam) was used to analyze complex II, III, IV and ATP synthase. Detection was performed by Clarity Western ECL substrate (Bio-Rad, Hercules, CA, USA) as developed by Azure Biosystems c400 (Sierra Ct, Dublin, CA, USA). Immunoreac- tive band intensities was quantified by densitometric analysis through the ImageJ software (NIH, Bethesda, MD, USA), as reported [45]. 
4.5. LC/MS Analysis The lipid fractions from control and S1P-treated C2C12 cells were extracted with chloroform/methanol (2:1 v/v) in the presence of internal standards (1 ng mL 1 AEA-d8, 200 ng mL 1 2-AG-d8). Then, a clean-up step was performed as previously reported [78]. Briefly, the organic phase was dried and then subjected to micro-solid phase extraction (µSPE) for a rapid clean-up, by using OMIX C18 tips from Agilent Technologies (Santa Clara, CA, USA). All analyses were performed on a Nexera LC 20 AD XR UHPLC system (Shimadzu Scientific Instruments, Columbia, MD, USA) with NUCLEODUR® C18 Isis column from Macherey-Nagel GmbH and Co.  (Neumann,  Germany),  coupled with a 4500 Qtrap mass spectrometer from Sciex (Concord, ON, Canada) equipped with a Turbo V electrospray ionization (ESI) source, operating in positive mode. The levels of AEA and 2-AG were then calculated on the basis of their area ratios with the internal deuterated standard signal areas, and their amounts in pmoles were normalized to the number of cells, as reported [75]. 
4.6. Mitochondrial Membrane Potential Assays Mitochondrial membrane potential (∆Ψm) status of C2C12 cells, untreated or treated with mAEA at different concentrations (2.5 µM, 5.0 µM and 10 µM) for 24 h, was assessed with the lipophilic cation JC-1 [48]. Briefly, cells were plated onto a 96 well/plate at a density of 15 104. Specific and selective eCB-binding receptor antagonists SR1 (CB1), SR2 (CB2), ML193 (GPR55) and 5′-IRTX (TRPV1) were administered to cells at a concentration of 0.1 µM [46–48,79–82], 15 min before the incubation with mAEA, alone or in combination with 1 µM S1P for 24 h. As positive control, the potent mitochondrial uncoupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was used at 50 µM. Then, cells were washed with PBS and stained with 2 µM JC-1 dye for 15 min, and then were analyzed by Enspire 
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  multimode plate reader (Perkin Elmer, MA, USA). Fluorescence intensities were calculated as red (590 nm) on green (526 nm) ratios, and were expressed as percentage (%) of controls as described [83]. The ∆Ψm of C2C12 myoblasts was also assessed by Mito Tracker Red CMXRos (#M7512) probe (Thermo Fisher Scientific INC, MA, USA) and Laser scanning confocal microscopy after the treatment with mAEA (5 µM), in the presence of selective eCB-binding receptor antagonists, and/or 1 µM S1P for 24 h. Briefly, cells were seeded on microscope slides and grown for 24 h before being shifted in serum-free 0.1% BSA-containing medium in the presence or absence of mAEA. Specific and selective eCB-binding receptor antago- nists were used as above described. The probe was diluted in DMEM medium without phenol red at a concentration of 50 nM, incubated for 30 min at 37 ◦C and 5% CO2 in the dark, and then slides were fixed in 2% paraformaldehyde. Subsequently, cells were washed twice and incubated with a permeabilization and quenching solution (0.1% Triton X-100 and ethanolamine (1:165) in PBS). A DAPI solution (#MBD0015, Sigma-Aldrich, MA, USA) was used to detect nuclei. Slides were mounted by using Fluoromount Aqueous Mounting Medium (Sigma-Aldrich, MA, USA), and images were obtained in a Leica SP8 laser scanning confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany) using a 40× oil immersion objective. 
4.7. MTT Assay Cells were seeded into 96-well plates, at density of 1.5 104 per well, and incubated overnight. The day after, cells were incubated with different concentrations of mAEA (2.5–5.0–10 µM) for 24 h. Cell viability was assessed by the mitochondrial-dependent reduction of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT; Sigma, St. Louis, MO, USA) to purple formazan. After 3 h, the MTT solution was discarded and 100 µL of DMSO were added to dissolve the formazan crystals. Cells were analyzed by Enspire multimode plate reader (Perkin Elmer, MA, USA). The cell viability was calculated by subtracting the 630 nm OD background from the 570 nm OD total signal of cell-free blank of each sample, and was expressed as percentage of controls set to 100%. 
4.8. Intact Myoblast Respiration Using High-Resolution Respirometry Oxygen consumption was analyzed in 2 mL glass chambers at 37 ◦C  using the Oroboros oxygraph-2K high-resolution respirometer (Oroboros Instruments, Innsbruck, Austria) and substrate, uncoupler, inhibitor, titration (SUIT) protocols, as reported [84]. The oxygen flux normalized on the cell number is calculated as the negative time deriva- tive of the oxygen concentration, measured in sealed chambers, and normalized on the instrumental background (measured in a dedicated experiment before assaying the cells). C2C12 myoblasts treated with 5 µM mAEA or vehicle (ethanol) for 24 h were subjected to respirometry analysis. After instrumental air calibration, 300.000 cells resuspended in DMEM with 1 mg/mL BSA were introduced into the chambers and the basal respiratory activity was measured as routine respiration (R). The LEAK state (L) represents the non- phosphorylating state of uncoupled respiration due to proton leak, proton and electron slip, and cation cycling [85] after the inhibition of ATP synthase by oligomycin administration (5 nM). The capability of the electron transfer system (ETS) was measured by uncoupler titrations using the uncoupler CCCP (1.5 µM/titration steps) as the readout of the maximal capacity of oxygen utilization (E). The residual oxygen consumption (ROX) that remains after the inhibition of ETS was determined by antimycin A (2.5 µM) injection. Data acquisi- tion and analysis were performed using DatLab software (version 7.4, Oroboros Instrument, Innsbruck, Austria), and the oxygen fluxes recorded in the individual titration steps were corrected for ROX. 
4.9. Statistical Analysis Data were analysed by the GraphPad Prism 9.3.1 (471) program (GraphPad Software, La Jolla, CA, USA), and were reported as means ± S.E.M of 3 to 5 independent experiments. 
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p < 0.05 was considered statistically significant.  
Author Contributions: Conceptualization, C.R., F.C., M.M. and P.B.; methodology, S.S., S.P., D.T., F.F., M.B., I.S., C.B. and C.D.; validation, S.S. and S.P.; formal analysis, S.S. and S.P.; investigation, S.S., S.P., D.T., C.D.M., F.F., M.S., M.B., I.S., C.B. and C.D.; resources, S.S. and S.P.; data curation, S.S. and S.P.; writing—original draft preparation, S.S. and S.P.; writing—review and editing, C.R., F.C., M.M. and P.B.; visualization, S.S. and S.P.; supervision, M.M. and P.B.; project administration, M.M.; funding acquisition, M.M., C.R., F.C., P.B., C.D. and C.B. All authors have read and agreed to the published version of the manuscript. 
Funding: This research was supported by the Italian Ministry for Instruction, University and Research (MIUR) under the National Operative Program (PON): Programma Operativo Nazionale Ricerca e Innovazione 2014-2020 (CCI 2014IT16M2OP005), Fondo Sociale Europeo (FSE), Azione I.1 “Dottorati Innovativi con caratterizzazione Industriale, by the Fondo di Finanziamento di Ricerca FARDIB, University of Teramo, and under competitive PRIN2017 grant (no. 2017BTHJ4R_001) to M.M. The work was supported by University of Florence (Fondi Ateneo to P.B., C.B., C.D. and F.C.). M.B. is a Fondazione Pezcoller/SIC De Gasperi Ronc fellow. 
Institutional Review Board Statement: Not applicable. 
Informed Consent Statement: Not applicable. 
Data Availability Statement: All experimental data are presented in the article. 
Acknowledgments: We thank Andrea Morandi (University of Florence) for the fruitful discussion and for providing feedback on the respirometry data analysis. 
Conflicts of Interest: The authors declare no conflict of interest.  

References 1. Hannun, Y.A.; Obeid, L.M. Principles of bioactive lipid signalling: Lessons from sphingolipids. Nat. Rev. Mol. Cell Biol. 2008, 9, 139–150. [CrossRef] [PubMed] 2. Bryan, L.; Kordula, T.; Spiegel, S.; Milstien, S. Regulation and functions of sphingosine kinases in the brain. Biochim. Biophys. Acta 
Mol. Cell Biol. Lipids 2008, 1781, 459–466. [CrossRef] [PubMed] 3. Spiegel, S.; Milstien, S. Sphingosine-1-phosphate: An enigmatic signalling lipid. Nat. Rev. Mol. Cell Biol. 2003, 4, 397–407. [CrossRef] [PubMed] 4. Peest, U.; Sensken, S.C.; Andréani, P.; Hänel, P.; van Veldhoven, P.P.; Gräler, M.H. S1P-lyase independent clearance of extracellular sphingosine 1-phosphate after dephosphorylation and cellular uptake. J. Cell Biochem. 2008, 104, 756–772. [CrossRef] [PubMed] 5. Takabe, K.; Paugh, S.W.; Milstien, S.; Spiegel, S. Inside-out signaling of sphingosine-1-phosphate: Therapeutic targets. Pharmacol. 
Rev. 2008, 60, 181–195. [CrossRef] 6. Kobayashi, N.; Kawasaki-Nishi, S.; Otsuka, M.; Hisano, Y.; Yamaguchi, A.; Nishi, T. MFSD2B is a sphingosine 1-phosphate transporter in erythroid cells. Sci. Rep. 2018, 8, 4969. [CrossRef] 7. Cuvillier, O.; Pirianov, G.; Kleuser, B.; Vanek, P.G.; Cosot, O.A.; Gutkind, J.S.; Spiegel, S. Suppression of ceramide-mediated programmed cell death by sphingosine-1-phosphate. Nature 1996, 381, 800–803. [CrossRef] 8. Rosen, H.; Goetzl, E.J. Sphingosine 1-phosphate and its receptors: An autocrine and paracrine network. Nat. Rev. Immunol. 2005, 
5, 560–570. [CrossRef] 9. Cartier, A.; Hla, T. Sphingosine 1-phosphate: Lipid signaling in pathology and therapy. Science 2019, 366, eaar5551. [CrossRef] 10. Donati, C.; Cencetti, F.; Bruni, P. Sphingosine 1-phosphate axis: A new leader actor in skeletal muscle biology. Front. Physiol. 2013, 
4, 338. [CrossRef] 11. Friedman, D.; French, J.A.; Maccarrone, M. Safety, efficacy, and mechanisms of action of cannabinoids in neurological disorders. 
Lancet Neurol. 2019, 18, 504–512. [CrossRef] 12. Maccarrone, M.; Guzmán, M.; Mackie, K.; Doherty, P.; Harkany, T. Programming of neural cells by (endo)cannabinoids: From physiological rules to emerging therapies. Nat. Rev. Neurosci. 2014, 15, 786–801. [CrossRef] [PubMed] 13. Maccarrone, M.; Rapino, C.; Francavilla, F.; Barbonetti, A. Cannabinoid signalling and effects of cannabis on the male reproductive system. Nat. Rev. Urol. 2020, 18, 19–32. [CrossRef] [PubMed] 14. Cristino, L.; Bisogno, T.; di Marzo, V. Cannabinoids and the expanded endocannabinoid system in neurological disorders. Nat 
Rev. Neurol. 2020, 16, 9–29. [CrossRef] 15. Luchicchi, A.; Pistis, M. Anandamide and 2-arachidonoylglycerol: Pharmacological properties, functional features, and emerging specificities of the two major endocannabinoids. Mol. Neurobiol. 2012, 46, 374–392. [CrossRef] 



Int. J. Mol. Sci. 2022, 23, 11103 18 of 20    
16. Maccarrone, M.; Dainese, E.; Oddi, S. Intracellular trafficking of anandamide: New concepts for signaling. Trends Biochem. Sci. 

2010, 35, 601–608. [CrossRef] 17. Murataeva, N.; Straiker, A.; MacKie, K. Parsing the players: 2-arachidonoylglycerol synthesis and degradation in the CNS. Br. J. 
Pharmacol. 2014, 171, 1379–1391. [CrossRef] 18. Lu, H.C.; MacKie, K. An introduction to the endogenous cannabinoid system. Biol. Psychiatry 2016, 79, 516–525. [CrossRef] 19. Ryberg, E.; Larsson, N.; Sjögren, S.; Hjorth, S.; Hermansson, N.O.; Leonova, J.; Elebring, T.; Nilsson, K.; Drmota, T.; Greasley, P.J. The orphan receptor gpr55 is a novel cannabinoid receptor. Br. J. Pharmacol. 2007, 152, 1092–1101. [CrossRef] 20. Gasperi, V.; Dainese, E.; Oddi, S.; Sabatucci, A.; Maccarrone, M. GPR55 and its interaction with membrane lipids: Comparison with other endocannabinoid-binding receptors. Curr. Med. Chem. 2012, 20, 64–78. [CrossRef] 21. Ross, R.A. The enigmatic pharmacology of GPR55. Trends Pharmacol. Sci. 2009, 30, 156–163. [CrossRef] [PubMed] 22. Rosenbaum, T.; Sydney, A.S. TRPV1 receptors and signal transduction. In TRP Ion Channel Function in Sensory Transduction and 
Cellular Signaling Cascades; CRC Press: Boca Raton, FL, USA, 2007. [CrossRef] 23. Howlett, A.C.; Shim, J. Cannabinoid Receptors and Signal Transduction; Landes Bioscience: Austin, TX, USA, 2011. 24. Greig, F.H.;  Nather, K.;  Ballantyne, M.D.;  Kazi, Z.H.;  Alganga, H.;  Ewart, M.A.; Zaborska, K.E.;  Fertig, B.;  Pyne, N.J.;  Pyne, S.; et al. Requirement for sphingosine kinase 1 in mediating phase 1 of the hypotensive response to anandamide in the anaesthetised mouse. Eur. J. Pharmacol. 2019, 842, 1–9. [CrossRef] [PubMed] 25. Sanchez, T.; Hla, T. Structural and functional characteristics of S1P receptors. J. Cell Biochem. 2004, 92, 913–922. [CrossRef] [PubMed] 26. Galve-Roperh, I.; Sánchez, C.; Cortés, M.L.; del Pulgar, T.G.; Izquierdo, M.; Guzmán, M. Anti-tumoral action of cannabinoids: Involvement of sustained ceramide accumulation and extracellular signal-regulated kinase activation. Nat. Med. 2000, 6, 313–319. [CrossRef] 27. Mair, K.M.; Robinson, E.; Kane, K.A.; Pyne, S.; Brett, R.R.; Pyne, N.J.; Kennedy, S. Interaction between anandamide and sphingosine-1-phosphate in mediating vasorelaxation in rat coronary artery. Br. J. Pharmacol. 2010, 161, 176–192. [CrossRef] 28. Paugh, S.W.; Cassidy, M.P.; He, H.; Milstien, S.; Sim-Selley, L.J.; Spiegel, S.; Selley, D.E. Sphingosine and its analog, the immunosuppressant 2-amino-2-(2-[4-octylphenyl] ethyl)-1,3-propanediol, interact with the CB1 cannabinoid receptor. Mol. 
Pharmacol. 2006, 70, 41–50. [CrossRef] 29. Zhao, D.; Pond, A.; Watkins, B.; Gerrard, D.; Wen, Y.; Kuang, S.; Hannon, K. Peripheral endocannabinoids regulate skeletal muscle development and maintenance. Eur. J. Transl. Myol. 2010, 20, 167–180. [CrossRef] 30. Kim, J.; Carlson, M.E.; Watkins, B.A. Docosahexaenoyl ethanolamide improves glucose uptake and alters endocannabinoid system gene expression in proliferating and differentiating C2C12 myoblasts. Front. Physiol. 2014, 5, 100. [CrossRef] 31. Bernacchioni, C.; Ghini, V.; Squecco, R.; Idrizaj, E.; Garella, R.; Puliti, E.; Cencetti, F.; Bruni, P.; Donati, C. Role of sphingosine 1-phosphate signalling axis in muscle atrophy induced by Tnfα in C2c12 myotubes. Int. J. Mol. Sci. 2021, 22, 1280. [CrossRef] 32. Donati, C.; Meacci, E.; Nuti, F.; Becciolini, L.; Farnararo, M.; Bruni, P. Sphingosine 1-phosphate regulates myogenic differentiation: A major role for S1P2 receptor. FASEB J. 2005, 19, 1–22. [CrossRef] 33. Cencetti, F.; Bernacchioni, C.; Nincheri, P.; Donati, C.; Bruni, P. Transforming growth factor-1 induces transdifferentiation of myoblasts into myofibroblasts via up-regulation of sphingosine kinase-1/S1P 3 axis. Mol. Biol. Cell 2010, 21, 1111–1124. [CrossRef] 34. Bernacchioni, C.; Cencetti, F.; Blescia, S.; Donati, C.; Bruni, P. Sphingosine kinase/sphingosine 1-phosphate axis: A new player for insulin-like growth factor-1-induced myoblast differentiation. Skelet. Muscle 2012, 2, 15. [CrossRef] 35. Iannotti, F.A.; Silvestri, C.; Mazzarella, E.; Martella, A.; Calvigioni, D.; Piscitelli, F.; Ambrosino, P.; Petrosino, S.; Czifra, G.; Bír´o, T.; et al. The endocannabinoid 2-AG controls skeletal muscle cell differentiation via CB1 receptor-dependent inhibition of Kv7 channels. Proc. Natl. Acad. Sci. USA 2014, 111, E2472–E2481. [CrossRef] [PubMed] 36. Pagano, E.; Orlando, P.; Finizio, S.; Rossi, A.; Buono, L.; Iannotti, F.A.; Piscitelli, F.; Izzo, A.A.; di Marzo, V.; Borrelli, F. Role of the endocannabinoid system in the control of mouse myometrium contractility during the menstrual cycle. Biochem. Pharmacol. 2017, 
124, 83–93. [CrossRef] [PubMed] 37. Kunos, G.; Osei-Hyiaman, D.; Liu, J.; Godlewski, G.; Bátkai, S. Endocannabinoids and the control of energy homeostasis. J. Biol. 
Chem. 2008, 283, 33021–33025. [CrossRef] [PubMed] 38. Pasquariello, N.; Catanzaro, G.; Marzano, V.; Amadio, D.; Barcaroli, D.; Oddi, S.; Federici, G.; Urbani, A.; Agrò, A.F.; Maccarrone, M. Characterization of the endocannabinoid system in human neuronal cells and proteomic analysis of anandamide-induced apoptosis. J. Biol. Chem. 2009, 284, 29413–29426. [CrossRef] 39. Silvestri, C.; di Marzo, V. The Endocannabinoid system in energy homeostasis and the etiopathology of metabolic disorders. Cell 
Metab. 2013, 17, 475–490. [CrossRef] 40. Abadji, V.; Lin, S.; Taha, G.; Griffin, G.; Stevenson, L.A.; Pertwee, R.G.; Makriyannis, A. (R)-methanandamide: A chiral novel anandamide possessing higher potency and metabolic stability. J. Med. Chem. 1994, 37, 1889–1893. [CrossRef] 41. Huang, T.Y.; Zheng, D.; Houmard, J.A.; Brault, J.J.; Hickner, R.C.; Cortright, R.N. Overexpression of PGC-1α increases peroxisomal activity and mitochondrial fatty acid oxidation in human primary myotubes. Am. J. Physiol. Endocrinol. Metab. 2017, 312, E253–E263. [CrossRef] 42. Catanzaro, G.; Rapino, C.; Oddi, S.; Maccarrone, M. Anandamide increases swelling and reduces calcium sensitivity of mitochon- dria. Biochem. Biophys. Res. Commun. 2009, 388, 439–442. [CrossRef] 



Int. J. Mol. Sci. 2022, 23, 11103 19 of 20    43. Gasperi, V.; Fezza, F.; Pasquariello, N.; Bari, M.; Oddi, S.; Finazzi Agrò, A.; Maccarrone, M. Endocannabinoids in adipocytes during differentiation and their role in glucose uptake. Cell. Mol. Life Sci. 2007, 64, 219–229. [CrossRef] [PubMed] 44. Sivandzade, F.; Bhalerao, A.; Cucullo, L. Analysis of the mitochondrial membrane potential using the cationic JC-1 dye as a sensitive fluorescent probe. Bio-Protocol 2019, 9, e3128. [CrossRef] [PubMed] 
45. Pertwee, R.G. Receptors and channels targeted by synthetic cannabinoid receptor agonists and antagonists. Curr. Med. Chem. 

2010, 17, 1360–1381. [CrossRef] 46. Kotsikorou, E.; Sharir, H.; Shore, D.M.; Hurst, D.P.; Lynch, D.L.; Madrigal, K.E.; Heynen-Genel, S.; Milan, L.B.; Chung, T.D.Y.; Seltzman, H.H.; et al. Identification of the GPR55 antagonist binding site using a novel set of high-potency GPR55 selective ligands. Biochemistry 2013, 52, 9456–9469. [CrossRef] [PubMed] 47. van der Stelt, M.; Trevisani, M.; Vellani, V.; de Petrocellis, L.; Moriello, A.S.; Campi, B.; McNaughton, P.; Geppetti, P.; di Marzo, V. Anandamide acts as an intracellular messenger amplifying Ca2+ influx via TRPV1 channels. EMBO J. 2005, 24, 3026–3037. [CrossRef] 48. Rigoni, M.; Trevisani, M.; Gazzieri, D.; Nadaletto, R.; Tognetto, M.; Creminon, C.; Davis, J.B.; Campi, B.; Amadesi, S.; Geppetti, P.; et al. Neurogenic responses mediated by vanilloid receptor-1 (TRPV1) are blocked by the high affnity antagonist, iodo- resiniferatoxin. Br. J. Pharmacol. 2003, 138, 977–985. [CrossRef] 49. Calise, S.; Blescia, S.; Cencetti, F.; Bernacchioni, C.; Donati, C.; Bruni, P. Sphingosine 1-phosphate stimulates proliferation and migration of satellite cells. role of s1p receptors. Biochim. Biophys. Acta Mol. Cell Res. 2012, 1823, 439–450. [CrossRef] 50. Loh, K.C.; Leong, W.I.; Carlson, M.E.; Oskouian, B.; Kumar, A.; Fyrst, H.; Zhang, M.; Proia, R.L.; Hoffman, E.P.; Saba, J.D. Sphingosine-1-phosphate enhances satellite cell activation in dystrophic muscles through a S1PR2/STAT3 signaling pathway. 
PLoS ONE 2012, 7, e37218. [CrossRef] 51. Nagata, Y.; Partridge, T.A.; Matsuda, R.; Zammit, P.S. Entry of muscle satellite cells into the cell cycle requires sphingolipid signaling. J. Cell Biol. 2006, 174, 245–253. [CrossRef] 52. Rapizzi, E.; Taddei, M.L.; Fiaschi, T.; Donati, C.; Bruni, P.; Chiarugi, P. Sphingosine 1-phosphate increases glucose uptake through trans-activation of insulin receptor. Cell. Mol. Life Sci. 2009, 66, 3207–3218. [CrossRef] 53. Iannotti, F.A.; Pagano, E.; Guardiola, O.; Adinolfi, S.; Saccone, V.; Consalvi, S.; Piscitelli, F.; Gazzerro, E.; Busetto, G.; Carrella, D.; et al. Genetic and pharmacological regulation of the endocannabinoid CB1 receptor in duchenne muscular dystrophy. Nat. 
Commun. 2018, 9, 3950. [CrossRef] 54. Nguyen-Tran, D.H.; Hait, N.C.; Sperber, H.; Qi, J.; Fischer, K.; Ieronimakis, N.; Pantoja, M.; Hays, A.; Allegood, J.; Reyes, M.; et al. Molecular mechanism of sphingosine-1-phosphate action in duchenne muscular dystrophy. DMM Dis. Models Mech. 2014, 7, 41–54. [CrossRef] [PubMed] 55. Bisogno, T.; Howell, F.; Williams, G.; Minassi, A.; Cascio, M.G.; Ligresti, A.; Matias, I.; Schiano-Moriello, A.; Paul, P.; Williams, E.J.; et al. Cloning of the first Sn1-DAG lipases points to the spatial and temporal regulation of endocannabinoid signaling in the brain. J. Cell Biol. 2003, 163, 463–468. [CrossRef] [PubMed] 56. Glanemann, C.; Loos, A.; Gorret, N.; Willis, L.B.; O’brien, X.M.; Lessard, P.A.; Sinskey, A.J. Disparity between changes in MRNA abundance and enzyme activity in corynebacterium glutamicum: Implications for dna microarray analysis. Appl. Microbiol. 
Biotechnol. 2003, 61, 61–68. [CrossRef] [PubMed] 57. Colombo, G.; Rusconi, F.; Rubino, T.; Cattaneo, A.; Martegani, E.; Parolaro, D.; Bachi, A.; Zippel, R.; Rubino, T.; Parolaro, D.; et al. Transcriptomic and proteomic analyses of mouse cerebellum reveals alterations in RasGRF1 expression following in vivo chronic treatment with delta 9-tetrahydrocannabinol. J. Mol. Neurosci. 2009, 37, 111–122. [CrossRef] 58. Bari, M.; Paradisi, A.; Pasquariello, N.; Maccarrone, M. Cholesterol-dependent modulation of type 1 cannabinoid receptors in nerve cells. J. Neurosci. Res. 2005, 81, 275–283. [CrossRef] 59. Pasquariello, N.; Oddi, S.; Malaponti, M.; Maccarrone, M. Chapter 17 regulation of gene transcription and keratinocyte differenti- ation by anandamide. Vitam. Horm. 2009, 81, 441–467. [CrossRef] 60. Hong, H.; Yoon, B.; Ghil, S. Interactions between lysophosphatidylinositol receptor GPR55 and sphingosine-1-phosphate receptor S1P5 in live cells. Biochem. Biophys. Res. Commun. 2021, 570, 53–59. [CrossRef] 61. Bénard, G.; Massa, F.; Puente, N.; Lourenço, J.; Bellocchio, L.; Soria-Gómez, E.; Matias, I.; Delamarre, A.; Metna-Laurent, M.; Cannich, A.; et al. Mitochondrial CB1 receptors regulate neuronal energy metabolism. Nat. Neurosci. 2012, 15, 558–564. [CrossRef] 62. Melser, S.; Zottola, A.C.P.; Serrat, R.; Puente, N.; Grandes, P.; Marsicano, G.; Hebert-Chatelain, E. Functional analysis of mitochondrial CB1 cannabinoid receptors (MtCB1) in the brain. Methods Enzymol. 2017, 593, 143–174. [CrossRef] 63. Movsesyan, V.A.; Stoica, B.A.; Yakovlev, A.G.; Knoblach, S.M.; Lea, P.M.; Cernak, I.; Vink, R.; Faden, A.I. Anandamide-induced cell death in primary neuronal cultures: Role of calpain and caspase pathways. Cell Death Differ. 2004, 11, 1121–1132. [CrossRef] [PubMed] 64. Bartke, N.; Hannun, Y.A. Bioactive sphingolipids: Metabolism and function. J. Lipid Res. 2009, 50, S91–S96. [CrossRef] [PubMed] 65. Hait, N.C.; Oskeritzian, C.A.; Paugh, S.W.; Milstien, S.; Spiegel, S. Sphingosine kinases, sphingosine 1-phosphate, apoptosis and diseases. Biochim. Biophys. Acta Biomembr. 2006, 1758, 2016–2026. [CrossRef] [PubMed] 66. Fugio, L.B.; Coeli-Lacchini, F.B.; Leopoldino, A.M. Sphingolipids and mitochondrial dynamic. Cells 2020, 9, 581. [CrossRef] 67. di Marzo, V.; Iannotti, F.A.; Pagano, E.; Schiano Moriello, A.; Grazia Alvino, F.; Sorrentino, N.C.; Gazzerro, E.; Capasso, R.; de Leonibus, E.; de Petrocellis, L.; et al. Effects of non-euphoric plant cannabinoids on muscle quality and performance of dystrophic mdx mice. Cannabinoid Res. Br. J. Pharmacol. Br. J. Pharmacol. 2019, 176, 1568–1584. [CrossRef] 



Int. J. Mol. Sci. 2022, 23, 11103 20 of 20    68. Rapizzi, E.; Donati, C.; Cencetti, F.; Nincheri, P.; Bruni, P. Sphingosine 1-phosphate differentially regulates proliferation of C2C12 reserve cells and myoblasts. Mol. Cell Biochem. 2008, 314, 193–199. [CrossRef] 69. Becciolini, L.; Meacci, E.; Donati, C.; Cencetti, F.; Rapizzi, E.; Bruni, P. Sphingosine 1-phosphate inhibits cell migration in C2C12 myoblasts. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2006, 1761, 43–51. [CrossRef] 70. Kittaka, H.; DeBrecht, J.; Mishra, S.K. Differential contribution of sensory transient receptor potential channels in response to the bioactive lipid sphingosine-1-phosphate. Mol. Pain 2020, 16, 1744806920903515. [CrossRef] 71. Meacci, E.; Cencetti, F.; Formigli, L.; Squecco, R.; Donati, C.; Tiribilli, B.; Quercioli, F.; Zecchi Orlandini, S.; Francini, F.; Bruni, P. Sphingosine 1-phosphate evokes calcium signals in C2C12 myoblasts via Edg3 and Edg5 receptors. Biochem. J. 2002, 362, 349–357. [CrossRef] 72. Duchen, M.R. Mitochondria and calcium: From cell signalling to cell death. J. Physiol. 2000, 529, 57–68. [CrossRef] 73. Luo, Z.; Ma, L.; Zhao, Z.; He, H.; Yang, D.; Feng, X.; Ma, S.; Chen, X.; Zhu, T.; Cao, T.; et al. TRPV1 activation improves exercise endurance and energy metabolism through PGC-1α upregulation in mice. Cell Res. 2012, 22, 551–564. [CrossRef] [PubMed] 74. Athanasiou, A.; Clarke, A.B.; Turner, A.E.; Kumaran, N.M.; Vakilpour, S.; Smith, P.A.; Bagiokou, D.; Bradshaw, T.D.; Westwell, A.D.; Fang, L.; et al. Cannabinoid receptor agonists are mitochondrial inhibitors: A unified hypothesis of how cannabinoids modulate mitochondrial function and induce cell death. Biochem. Biophys. Res. Commun. 2007, 364, 131–137. [CrossRef] [PubMed] 75. Pucci, M.; Pasquariello, N.;  Battista, N.;  di Tommaso, M.;  Rapino, C.;  Fezza, F.;  Zuccolo, M.;  Jourdain, R.;  Agrò, A.F.;  Breton, L.; et al. Endocannabinoids stimulate human melanogenesis via type-1 cannabinoid receptor. J. Biol. Chem. 2012, 287, 15466–15478. [CrossRef] 76. Bruno, G.; Cencetti, F.; Bernacchioni, C.; Donati, C.; Blankenbach, K.V.; Thomas, D.; Meyer zu Heringdorf, D.; Bruni, P. Bradykinin mediates myogenic differentiation in murine myoblasts through the involvement of SK1/Spns2/S1P 2 axis. Cell Signal. 2018, 45, 110–121. [CrossRef] 77. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−∆∆CT method. 
Methods 2001, 25, 402–408. [CrossRef] 78. Sergi, M.; Montesano, C.; Napoletano, S.; Pizzoni, D.; Manetti, C.; Colistro, F.; Curini, R.; Compagnone, D. Analysis of bile acids profile in human serum by ultrafiltration clean-up and LC-MS/MS. Chromatographia 2012, 75, 479–489. [CrossRef] 79. Gervasi, M.G.; Osycka-Salut, C.; Caballero, J.; Vazquez-Levin, M.; Pereyra, E.; Billi, S.; Franchi, A.; Perez-Martinez, S. Anandamide capacitates bull spermatozoa through CB1 and TRPV1 activation. PLoS ONE 2011, 6, e16993. [CrossRef] [PubMed] 80. Maccarone, R.; Rapino, C.; Zerti, D.; di Tommaso, M.; Battista, N.; di Marco, S.; Bisti, S.; Maccarrone, M. Modulation of type-1 and type-2 cannabinoid receptors by saffron in a rat model of retinal neurodegeneration. PLoS ONE 2016, 11, e0166827. [CrossRef] 81. Pertwee, R.G. Pharmacology of cannabinoid CB1 and CB2 receptors. Pharmacol. Ther. 1997, 74, 129–180. [CrossRef] 82. Heynen-Genel, S.; Dahl, R.; Shi, S.; Milan, L.; Hariharan, S.; Sergienko, E.; Hedrick, M.; Dad, S.; Stonich, D.; Su, Y.; et al. Probe report title: Screening for selective ligands for GPR55-agonists. In Probe Reports from the NIH Molecular Libraries Program; National Center for Biotechnology Information: Bethesda, MD, USA, 2011. 83. Liao, C.; Xu, D.; Liu, X.; Fang, Y.; Yi, J.; Li, X.; Guo, B. Iridium (III) complex-loaded liposomes as a drug delivery system for lung cancer through mitochondrial dysfunction. Int. J. Nanomed. 2018, 13, 4417–4431. [CrossRef] 84. Ye, F.; Hoppel, C.L. Measuring oxidative phosphorylation in human skin fibroblasts. Anal. Biochem. 2013, 437, 52–58. [CrossRef] [PubMed] 85. Pesta Dominik, G.E. High-resolution respirometry: OXPHOS protocols for human cells and permeabilized fibers from small biopsies of human muscle. Methods Mol. Biol. 2012, 810, 25–58. [CrossRef] 



1 

International Journal of 

Molecular Sciences 
 

 

Article 

Highly Charged Ru(II) Polypyridyl Complexes as 
Photosensitizer Agents in Photodynamic Therapy of Epithelial 
Ovarian Cancer Cells 
Luca Conti 1 , Gina Elena Giacomazzo 1 , Barbara Valtancoli 1, Mauro Perfetti 1 , Alberto Privitera , 
Claudia Giorgi 1,* , Patrick Severin Sfragano 1 , Ilaria Palchetti 1 , Sara Pecchioli 2 , Paola Bruni 2 

and Francesca Cencetti 2,*  

 1 Department of Chemistry “Ugo Schiff”, University of Florence, 50019 Sesto Fiorentino, Italy 2 Department of Experimental and Clinical Biomedical Sciences “Mario Serio”, University of Florence, 50134 Florence, Italy 
* Correspondence: claudia.giorgi@unifi.it (C.G.); francesca.cencetti@unifi.it (F.C.); Tel.: +39-0554573365 (C.G.); +39-0552751243 (F.C.)          

Citation: Conti, L.; Giacomazzo, G.E.; Valtancoli, B.; Perfetti, M.; Privitera, A.; Giorgi, C.; Sfragano, P.S.; Palchetti, I.; Pecchioli, S.; Bruni, P.; et al. Highly Charged Ru(II) Polypyridyl Complexes as Photosensitizer Agents in Photodynamic Therapy of Epithelial Ovarian Cancer Cells. Int. 

J. Mol. Sci. 2022, 23, 13302. https:// doi.org/10.3390/ijms232113302 

Abstract: Ovarian cancer recurrence is frequent and associated with chemoresistance, leading to extremely poor prognosis. Herein, we explored the potential anti-cancer effect of a series of highly charged Ru(II)-polypyridyl complexes as photosensitizers in photodynamic therapy (PDT), which were able to efficiently sensitize the formation of singlet oxygen upon irradiation (Ru12+ and Ru22+) and to produce reactive oxygen species (ROS) in their corresponding dinuclear metal complexes with the Fenton active Cu(II) ion/s ([CuRu1]4+ and [Cu2Ru2]6+). Their cytotoxic and anti-tumor effects were evaluated on human ovarian cancer A2780 cells both in the absence or presence of photoirradiation, respectively. All the compounds tested were well tolerated under dark conditions, whereas they switched to exert anti-tumor activity following photoirradiation. The specific effect was mediated by the onset of programed cell death, but only in the case of Ru12+ and Ru22+ was preceded by the loss of mitochondrial membrane potential soon after photoactivation and ROS production, thus supporting the occurrence of apoptosis via type II photochemical reactions. Thus, Ru(II)-polypyridyl- based photosensitizers represent challenging tools to be further investigated in the identification of new therapeutic approaches to overcome the innate chemoresistance to platinum derivatives of some ovarian epithelial cancers and to find innovative drugs for recurrent ovarian cancer.  
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1. Introduction Ovarian cancer is one of the most common among gynecologic cancers and is the major cause of tumor-associated death in reproductive women [1,2]. Aggressive but asymptomatic progression frequently occurs followed by late diagnosis of advanced and metastatic stage in more than 70% of patients [3]. Surgery and chemotherapy are the major therapeutic choices, nevertheless with limited benefits, since the majority of ovarian cancer patients are initially sensitive to platinum- and taxane-based chemotherapies, which are the “golden standard” approach in ovarian cancer treatment, whereas almost half unfortunately suffer from recurrence, developing therapeutic resistance [4] in response to platinum-based chemotherapy. Therefore, innovative therapeutic strategies to overcome drug resistance are urgently needed. Ruthenium polypyridyl complexes (RPCs) have been extensively studied and analyzed for their possibility of becoming alternative drugs in place of cisplatin [5–7]. Recently, their rich chemical–physical repertoire, which includes a wide range of photoluminescence characteristics, DNA binding abilities, tunable absorption properties and good singlet oxygen sensitizing features, made them ideal candidates as photosensitizer agents (PSs)   
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Int. J. Mol. Sci. 2022, 23, 13302 2 of 19    in the “so-called” photodynamic therapy (PDT). Their employment in this therapeutic approach continues to attract increasing attention due to the encouraging results obtained in the treatment of a wide variety of cancers, such as lung, bladder, skin tumors [8–11], and also bacterial infections [12–14]. In PDT, the PS is activated through irradiation with low-energy light to sensitize the generation of highly reactive species, namely reactive oxygen species (ROS), capable of ultimately leading to cytotoxic effects. This peculiar mechanism of action guarantees a complete spatial and temporal control over drug activation and thus offers the crucial advantage of potentially lowering the severe dose-limiting side effects normally occurring with standard therapeutics. In general, ROS can be produced through distinct pathways. According to Type I reactions, the deactivation of the excited PS can occur via a direct electron or proton transfer to the surrounding biological substrates, leading to radical species that further interact with molecular oxygen to form ROS, such as superoxide, peroxides and hydroxyl radicals. 
Type II mechanisms are instead based on the direct interaction between the excited PS and ground-state molecular oxygen (3O2) to produce singlet oxygen (1O2), a highly cytotoxic species that is capable of rapidly reacting with biological targets (estimated half-life < 40 ns and radius of action of the order of 20 nm, in a biological environment) [15], leading to topical oxidative damages and, ultimately, to cellular death. We have previously reported on the potential as PS agents of two highly charged Ru(II)-polypyridyl complexes [Ru(phen)2L’]2+ (Ru12+) and [Ru(phen)2L”]2+ (Ru22+), featur- ing the peculiar polyazamacrocyclic units L’ and L” (L’ = 4,4′-(2,5,8,11,14-pentaaza [15])-2,2′- bipyridilophane, L” = 4,4′-bis-[methylen-(1,4,7,10-tetraazacyclododecane)]-2,2′ bipyridine) and their corresponding copper(II) complexes [CuRu1]4+ and [Cu2Ru2]6+ (see Scheme 1) [16,17]. Compared to the majority of RPCs used in PDT, the high number of easily protonable nitrogen groups gathered on the unique polyazamacrocyclic ligand of Ru12+, or on the two distinct cyclen (1,4,7,10-tetraazacyclododecane) moieties of Ru22+, confers to the resulting compounds the possibility to form highly charged species in aqueous media. This ensures excellent water solubility, a key requisite for biological application, but it also strengthens the capacity of ruthenium complexes to interact with possible biological targets, such as DNA. Importantly, the polyamine-based frameworks do not alter the good 1O2 sensitizing properties of Ru12+ and Ru22+, making them appealing PSs for the generation of 1O2 directly in aqueous matrices.  

Scheme 1. Schematic representation of the ruthenium compounds studied in this work. 



Int. J. Mol. Sci. 2022, 23, 13302 3 of 19    Furthermore, L’ and L” allow stably binding up to two Fenton-active copper(II) ion/s, leading to the generation of mixed Ru(II)/Cu(II) complexed species, namely [CuRu(phen)2L’]4+ ([CuRu1]4+) and [Cu2Ru(phen)2L”]6+ ([Cu2Ru2]6+). These heteronuclear forms are able to generate other types of ROS, such as hydroxyl radicals, and thus may represent versatile tools in the research of alternative cytotoxic pathways to the singlet oxygen sensitization. Prompted by the encouraging results previously displayed by Ru12+ and [CuRu1]4+ in a human melanoma cell line [16], in this work, we explored the potential as photore- sponsive anti-cancer compounds of all the Ru12+, [CuRu1]4+, Ru22+ and [Cu2Ru2]6+ com- plexes in a unique and comparative study, where, in addition to the first comparison between the in-solution properties of these compounds, their in vitro anti-tumor efficacies were evaluated on A2780 human ovarian cancer cells. Moreover, a particular emphasis was placed on the study of the molecular mechanisms responsible for the observed anti- cancer effects by investigating the occurrence of apoptotic cell death, ROS production and mitochondrial function. Our results show that ovarian cancer cells were capable of internalizing the ruthenium complexes at 6–24 h of incubation. Moreover, under dark conditions, these compounds exhibited extremely low cellular toxicity, which was particularly evident in non-cancer cells, whereas after photosensitization, they exerted a significant anti-tumor effect. The results provided by this study can represent an important step forward in the research of alternative therapeutic approaches to platinum-based chemotherapy by em- ploying ruthenium-based photoresponsive compounds. 
2. Results 
2.1. Protonation, Metal Binding of Ruthenium Compounds and Stability of the Mixed 
Ruthenium/Copper Complexed Species The acid-base properties of Ru12+ and Ru22+ were investigated by means of potentio- metric measurements in NMe4Cl 0.1 M at 298 ± 0.1 K. The LogK values for the protonation constants and the corresponding distribution diagrams of the species present in solution are, respectively, reported in Table S1 and Figures S1 and S2 of SI. As shown, the presence of polyazamacrocycles L’ and L” confers to the corresponding ruthenium compounds the ability to bind up to five ([H5Ru1]7+) or six ([H6Ru2]8+) protons in the overall range of pH investigated (between 2.5 and 10.5). Among the different protonated forms, the di- and tetra-protonated species [H2Ru1]4+ and [H3Ru2]5+ are the most abundant around neutral pH values (Figures S1 and S2, Supplementary Materials), including at the physiological pH value employed in biological experiments (vide infra). Nevertheless, for the sake of clarity, these species are simply referred to as Ru12+ and Ru22+ throughout the manuscript. In addition to the ability to easily protonate in aqueous solution, the nitrogen donors gathered on the polyamine L’ and L” frameworks can also act as suitable anchoring sites to host additional metal ions. Herein, we exploited this property to afford the formation of mixed heteronuclear Ru(II)/Cu(II) complexed species to evaluate whether the presence of Fenton-active Cu(II) center/s within the polyamine pockets of ruthenium compounds may have an influence on the biological potential of such hybrid, heteronuclear systems. Analogously to the acid-base study, the formation of Ru(II)/Cu(II) complexes in solu- tion was followed via potentiometric measurements; the LogK values for Cu(II) complexa- tion by Ru12+ and Ru22+ and the corresponding distribution diagrams are, respectively, reported in Table 1 and Figures S3 and S4 of Supplementary Materials. As shown in Table 1, 
Ru12+ and Ru22+ form stable mono- and dinuclear complexes with Cu(II), with LogK values of 15.34 and 27.6 for the coordination of one (Ru12+) and two (Ru22+) Cu(II) ions. The coordination of copper is maintained in a wide range of pH, and, at the pH of the biological tests (7.4), these complexes are mainly present in their mononuclear [CuRu1]4+ and binuclear [Cu2Ru2]6+ forms (Figures S3 and S4, Supplementary Materials). 
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Table 1. Stability constants of Cu(II), Zn(II), Ca(II) and Mg(II) complexes formed by Ru12+ and Ru22+ determined by means of potentiometric measurements in NMe4Cl 0.1 M, at 298.1 ± 0.1 K.  

Reaction  LogK  

 L = Ru1  L = Ru2 
L2+ + Cu2+ = CuL4+ 15.34 (6) a  16.72 (8) CuL4+ + H+ = CuHL5+ 5.60 (6)  7.58 (7) CuHL5+ + H+ = CuH2L6+ 3.91 (4)  5.89 (5) CuL4+ + OH− = CuL(OH)3+ 6.06 (4)   

L2+ + 2Cu2+ + OH− = Cu2L(OH)5+ CuL4+ + Cu2+ = Cu2L6+ 12.95 (5)   10.88 (7) Cu2L6+ + 2OH− = Cu2L(OH)24+   9.48 (6) 
L2+ + Zn2+ = ZnL4+ 8.90 (7)  14.91 (5) 

ZnL4+ + H+ = ZnHL5+ 6.36 (7)  8.65 (4) ZnHL5+ + H+ = ZnH2L6+ 5.56 (6)  7.16 (5) ZnH2L6+ + H+ = ZnH3L7+ 4.75 (8)   ZnL4+ + 2OH− = ZnL(OH)22+ ZnL4+ + Zn2+ = Zn2L6+ 11.55 (4)   5.42 (7) Zn2L6+ + 3OH- = Zn2L(OH)33+   15.48 (6) 
L2+ + Ca2+ = CaL4+ 2.62 (5)  2.55 (6) 

L2+ + Mg2+ = MgL4+ 2.23 (5)  2.06 (6) a Values in parentheses are standard deviations in the standard deviations on the last significant figure.  Since different cations are naturally present in the biological environment, the metal- binding properties of ruthenium compounds toward other relevant metal ions were also considered. In particular, we focused on K+, Na+, Ca2+, Mg2+ and Zn2+, taken as the most abundant alkaline, alkaline-earth and transition cations in the cellular and extracellular matrices. As shown in Table 1, the most stable complexes among these cations were formed by Zn(II), with LogK values of 8.90 and 20.33, respectively, for the addition of one Zn(II) to 
Ru12+ and two Zn(II) ions to Ru22+. However, these values are considerably lower (up to ca. 1.7-fold) compared to Cu(II), thus highlighting the higher stability of the Ru(II)-Cu(II) complexed species compared to the ones formed by all the other cations tested. On the other hand, the affinity toward K+ and Na+ emerged to be too weak to permit an accurate determination of the relative LogK values via potentiometric analysis (LogK < 1.5). The higher affinity of Ru(II) compounds for Cu(II) ion/s is further underlined by the selectivity diagrams reported in Figure S5 and determined as previously described [18]. As shown, the presence of Zn(II), Ca(II) and Mg(II), even in high concentrations, does not affect the formation of the Cu(II) complexes by both Ru12+ and Ru22+, and no Cu(II) release due to displacement by other metals takes place in the investigated range of pH. Metal decomplexation can only occur in low percentage (c.ca. 10%) at more acidic pH values, as expected, considering the protonation of polyamine residues of ruthenium compounds, which competes with metal binding in strong acidic conditions. Therefore, taken together, these data underline the high stability of [CuRu1]4+ and [Cu2Ru2]6+  in the adopted experimental conditions, suitable for the subsequent biological studies. Lastly, it should also be mentioned that the coordination of Cu(II) markedly affects the fluorescence emission of the “metal-free” forms of ruthenium compounds. Indeed, Ru12+ and Ru22+ are highly luminescent and display an almost identical emission profile with a maximum centered at around 600 nm. Conversely, the presence of one ([CuRu1]4+) or two ([Cu2Ru2]6+) Cu(II) ions within their polyamine pockets causes a tight decrease in the fluorescence emission (Figure S6, Supplementary Materials), an effect that can be naturally attributed to the paramagnetic nature of Cu(II) ion/s. 
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2.2. Reactive Oxygen Species (ROS) Production by Ruthenium Compounds A key requisite for a candidate PS for PDT relies on its capacity to effectively produce ROS upon irradiation, such as the highly oxidant singlet oxygen 1O2 species, which is produced according to type-II-based processes [19]. However, type I pathways can elicit severe damages as well [20]. Moreover, type I and II mechanisms can occur simultaneously, and recent studies underlined that radical species generated from type I processes can cooperate with 1O2 to amplify the resulting PDT response, even under hypoxic conditions [21,22]. Therefore, the knowledge of the accessible pathways to PS agents is of paramount importance for their application in PDT. As previously reported, Ru12+ and Ru22+ possess good singlet oxygen sensitiz- ing properties, with comparable quantum yields (ϕ∆), respectively, of 0.29 ± 0.06 and 0.38 ± 0.08 (λirr = 400 nm, CH3CN air-saturated solutions) [16,17]. On the contrary, the sensitization of 1O2 becomes almost completely lost when Cu(II) is bound within the polyamine pockets of compounds. This effect can be easily rationalized with the fast de- activation of the excited states of [CuRu1]4+ and [Cu2Ru2]6+ through internal conversion, which competes with the energy transfer to molecular oxygen. For this reason, herein, we investigated the ability of [CuRu1]4+ and [Cu2Ru2]6+ to elicit the formation of different typologies of ROS. This was performed through electron paramagnetic resonance (EPR), employing 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as the spin trap agent for free radicals (see Supplementary Materials for further details). Figure 1 reports a background experiment collected for a solution containing only H2O2 as co-reagent and DMPO, showing essentially no signal for ROS generation (blue trace in Figure 1). However, when [CuRu1]4+ or [Cu2Ru2]6+ were added to the mixture, an EPR signal appeared (green and red traces for [Cu2Ru2]6+ and [CuRu1]4+, respectively), clearly indicating ROS production by the mixed Ru(II)/Cu(II) complexes. The spectra recorded in the presence of [CuRu1]4+ and [Cu2Ru2]6+ were strikingly similar, suggesting a comparable efficiency of the two systems in producing ROS.  

Figure 1. EPR spectra registered at 298 K of solutions containing DMPO and H2O2 (blue line), together with [CuRu1]4+ (red line) or [Cu2Ru2]6+ (green line). The black trace is the best simulation (see text) obtained as a 50:50 mixture of hydroxide and peroxide radicals. Molecular structures of the corresponding adducts formed with DMPO are shown in the right part of the figure. The EPR lines referring to hydroxide and peroxide radicals are, respectively, labeled with symbols * and #. ([DMPO] = 750 mM, [H2O2] = 100 mM, [[CuRu1]4+] = [[Cu2Ru2]6+] = 5 mM). 



Int. J. Mol. Sci. 2022, 23, 13302 6 of 19    The analysis of the narrow EPR signals can also provide useful information regarding the nature of the produced radical species. As shown by the black trace in Figure 1, the best simulation of the experimental spectra was obtained by considering the production of a 50:50 mixture of hydroxide (OH•) and perhydroxyl (HOO•) radicals (EPR lines referring to the two radical species are labeled with symbols in Figure 1, and a simulation of the single contributions is reported in Figure S7, Supplementary Materials). In analogy to other studies [23,24], these species might be the result of Fenton/Fenton-like processes mediated by the presence of reducing agents and involving the Cu(II)/Cu(I) redox cycle/s. This would be of great relevance for the biological behavior of these compounds. In fact, the cellular environment typically contains high concentrations of common reducing agents, such as glutathione, ascorbic acid and NADH, just to cite a few, which can reduce the coordinated Cu(II) ions and therefore facilitate the occurrence of Fenton/Fenton-like pathways (e.g., Cu(I) + H2O2 → Cu(II) + OH− + OH•) [23]. On the other hand, oxidation- reduction potential (ORP) measurements and cyclic voltammetry (CV) analysis of aqueous solutions of [CuRu1]4+ and [Cu2Ru2]6+ confirmed that the copper centers of the two heteronuclear compounds might be reduced under these conditions (see paragraph 5 of Supplementary Materials for further details). 
2.3. Internalization of Ru(II) Complexes The human ovarian cancer cell line A2780 has been established from an untreated patient bearing an ovarian adenocarcinoma, and it is commonly used as a model for ovarian cancer in particular to test the anti-cancer potency and delivery of various drugs [25]. Preliminarily, the analysis of Ru(II) complexes’ uptake in cancer versus non-cancer cells showed that, after 24 h of incubation, Ru12+, Ru22+, [CuRu1]4+ and [Cu2Ru2]6+ complexes were finely localized in discrete areas of A2780 cells, whereas they were undetectable in C2C12 myoblasts (Figure S10, Supplementary Materials), thus demonstrating that ovarian cancer cells, but not untransformed myoblasts, efficiently internalize Ru(II) complexes. The kinetics of internalization of Ru(II) complexes in A2780 cells as well as their intra- cellular distribution was therefore checked, employing laser-scanning confocal microscopy, with the purpose to set the proper time of incubation before photoactivation by exploit- ing the intrinsic fluorescence properties of Ru(II) compounds. As shown in Figure 2A, a localized distribution of Ru12+ and Ru22+ complexes was barely detectable in cells after 15 min, whereas the internalization increased at 6 h of incubation, showing a plateau at 24 h. Notwithstanding, the Ru(II)-Cu(II) complexes featured a considerably less intense fluorescence emission than Ru12+ and Ru22+ (Figure S6, Supplementary Materials). Their residual emission was sufficient to monitor their cellular uptake over time, which occurs with a kinetic profile similar to the ones of Ru12+ and Ru22+. In parallel with confocal microscopy, fluorometric analysis was used to evaluate the kinetics of internalization of Ru(II) compounds. A2780 cells were treated with Ru(II) complexes at 10 µM for the indicated time of incubation. The results, shown in Figure 2B, are comparable with those obtained by confocal microscopy; the fluorescence signal at 600 nm increased from 6 to 18 h, reaching a plateau at 24 h of incubation. Notwithstanding, Ru12+ and Ru22+, almost equally emissive when administered at the same concentration, differed with regard to the intensity of fluorescence, being higher in the latter, thus suggesting an enhanced cellular internalization of Ru22+. 
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Figure 2. Internalization of Ru(II) complexes in A2780 cells. (A) Laser-scanning confocal microscopy was performed in A2780 cells incubated with each Ru(II) complex (10 µM) for the indicated time. DAPI (λexc = 405 nm, λem = 461 nm) was used to stain nuclei (blue spots), while the fluorescence emis- sion in green represents that of Ru(II) complexes (λexc = 405 nm, λem = 600–640 nm). (B) Fluorometric analysis was performed in A2780 incubated with Ru(II) complexes (10 µM each) for 6–18–24 h. Data are reported as mean ± SD of fluorescence emission at 600 nm after subtraction of the background (untreated A2780 cells). The internalization of Ru(II) complexes was statistically significant accord- ing to one-way ANOVA followed by Bonferroni post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001. (C) Amount of internalized ruthenium after 24 h of incubation of 106 A2780 cells with each Ru(II) compound (10 µM). Data represent the mean ± SD of three independent experiments. The ruthenium content in the control sample, namely cells not treated with Ru(II) complexes, was not detectable.  Although the intrinsic fluorescence emission of compounds made it possible to follow their respective kinetics of internalization, it did not allow any quantitative estimation due to the different emissive properties, mainly between Cu(II)-free and Cu(II)-containing complexes. To this aim, the uptake of Ru(II) complexes in A2780 cells was also evaluated by measuring the content of ruthenium in cell lysates by ICP analysis, following 24 h incubation with a 10 µM dose of each compound (Figure 2C). As shown, Ru12+ and Ru22+ 
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Ru22+ compound being one with the highest cellular uptake, in good agreement with confocal microscopy and fluorometric analysis. Moreover, with the purpose of obtaining a hint on the possible internalization path- way of photosensitizers in A2780 cells, we performed immunofluorescence analysis using antibodies against Rab5, a crucial regulator of endocytosis, employed as a marker of early endosomes. Ru(II) complexes were differently localized compared to Rab5 (Figure S11A,B, Supplementary Materials), ruling out the possible involvement of a Rab5-dependent path- way in the internalization pathway of Ru(II) complexes. Finally, based on these results, we chose to set the time of incubation with Ru(II) complexes before photoactivation at 24 h. 
2.4. Effect of Ru(II) Complexes on A2780 Cell Survival after Photosensitization The dose-dependent effect of Ru12+, Ru22+, [CuRu1]4+ and [Cu2Ru2]6+ on dark cyto- toxicity and photoactivity was evaluated through MTT assays in A2780 cells incubated for 24 h with different concentrations of Ru(II) complexes and exposed or not to photoirradia- tion 48 h before being analyzed. In the photoirradiation experiments, cells were irradiated with a light-emitting diode (LED, λmax = 434 nm, 30 W) by employing the experimental set-up sketched in Figure S12 of Supplementary Materials. As shown in Figure 3, under dark conditions, cell survival was only slightly affected by Ru12+ and Ru22+, at least up to a 1 µM dose of compounds. Then, beyond this value, cell viability underwent an approx. 35% decrease. An even lower cytotoxicity was displayed by the [CuRu1]4+ and [Cu2Ru2]6+ complexes, being almost ineffective within the 0–10 µM range of concentration tested. In this respect, it can be tentatively speculated that the inferior activity of the mixed Ru(II)-Cu(II) complexed species would be associated with their lower capacity to be internalized by A2780 cells, as suggested by the internalization experiments described above. Strikingly, the irradiation of complexes triggered a significant anti-cancer effect. Marked differences between the activities in dark and upon irradiation were indeed dis- played by the good singlet oxygen sensitizers Ru12+ and Ru22+, starting from 100 nM. Among the mixed heteronuclear complexes, [CuRu1]4+ exhibited a sharper increase in phototoxicity when dosed at 10 µM, resulting in an approximatively 75% decrease of cell viability. Given the scarce ability of [CuRu1]4+ and [Cu2Ru2]6+ to sensitize the formation of singlet oxygen, the anti-survival data suggest that alternative light-mediated pathways are made accessible by these systems in the cellular environment. Considering the redox activity of heteronuclear compounds (see Section 2.2), and in analogy to our previous study [16], a synergetic action between the Fenton-active copper center/s and light to generate harmful ROS species can be envisaged. Interestingly, the effect of [Cu2Ru2]6+ was considerably less pronounced compared to the one of [CuRu1]4+. This would suggest that, in addition to the similar cellular inter- nalization and modes of activation of these latter two compounds, other less predictable features (such as differences in the chemical structures, chemical–physical properties, etc.) may play a role in the biological response of this typology of compounds. Although PDT is a minimally invasive procedure, which effectively kills tumor cells, photosensitizers may have cytotoxic effects on normal cells. To study the effect of Ru(II) complexes on non-cancer cells, we performed MTT analysis in C2C12 myoblasts under dark and photoactivation conditions to assess Ru(II) complex cytotoxicity and photoactivity, respectively. As reported in Figure S13 of Supplementary Materials, Ru(II) complexes show negligible cytotoxicity and a minor photoactivity in myoblasts compared to A2780 cells, in agreement with the negligible internalization capacity of the PSs in this non-cancer cell model (Figure S10, Supplementary Materials). 
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Figure 3. Dose-dependent effect of Ru(II) complexes on cell survival of ovarian cancer cells after photosensitization. A2780 were incubated for 24 h in the presence of Ru(II) complexes, Ru12+, Ru22+, [CuRu1]4+ and [Cu2Ru2]6+ at the following concentrations (0, 0.1 µM, 1 µM, 10 µM) in serum- deprived culture media (RPMI with BSA 0.1%). Photoactivation for 20 min, as described in the Materials and Methods section. MTT reduction tests were performed in triplicate, representative of three independent experiments with similar results. Data reported are mean ± SD, fold change of absorbance at 570 nm over untreated control. The effect of photoactivation of Ru(II) complexes on the inhibition of cell survival was statistically significant according to two-way ANOVA followed by Bonferroni post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001. 
2.5. Effect of Ru(II) Complexes on Apoptosis of A2780 Cells after Photoactivation To dissect the molecular mechanism responsible for the selective anti-survival effect exerted by Ru(II) complexes, the involvement of apoptosis was studied by using different approaches in A2780 cells. As shown in Figure 4A, the treatment with each photosensitizer was completely ineffective on caspase 3 activity under dark conditions, whereas light irra- diation of Ru(II) complexes after 24 h incubation caused a significant and potent activation of the pro-apoptotic enzyme. Moreover, the involvement of caspase 3 in the mechanisms of action of Ru(II) photo- sensitizers was further investigated in dark conditions and after photoactivation employing Western blot analysis by measuring the proteolytic cleavage of the enzyme (Figure 4B). Although each Ru(II) complex was not able to induce caspase 3 cleavage under dark conditions, the cleaved form significantly increased after photoactivation, suggesting the involvement of caspase 3 in the anti-survival effect induced by photoactivation of Ru(II) complexes in A2780 cells. 
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Figure 4. Effect of Ru(II) complexes on caspase 3 activation in ovarian cancer cells after photo- sensitization. A2780 cells were treated with each Ru(II) complex, Ru12+, Ru22+, [CuRu1]4+ and [Cu2Ru2]6+, at 10 µM. After 24 h of incubation, cells were photoactivated (red) or not (blue), collected after 24 h of light irradiation, homogenized, and total protein concentration was analyzed in each lysate. (A) Caspase 3 activity assay was performed in 30 µg of total cell lysates by using a specific fluorogenic substrate Ac-DEVD-ACF (ex/em: 400/505 nm). Data are reported as mean ± SD of fluorescence compared to control cells under growth condition (10% FBS RPMI), set as 100. The effect of photoactivation was statistically significant for each Ru(II) complex tested according to two-way ANOVA analysis followed by Bonferroni post hoc test: * p < 0.05, ** p < 0.01, *** p < 0.001. (B) Western blot analysis was performed in 30 µg total cell lysates using specific anti-caspase 3 antibody. Densito- metric analysis of cleaved caspase 3 was performed in three independent experiments performed in duplicate. Data are the mean ± SD and are reported as cleaved caspase 3 levels normalized to GAPDH, fold change over FBS control (growth), set as 1. Results are statistically significant according to two-way ANOVA followed by Bonferroni post hoc test: * p < 0.05, ** p < 0.01, not significant (ns).  Finally, programed cell death and its involvement in the photoactivity of Ru(II) complexes was confirmed by measuring the cleavage of poly ADP-ribose polymerase (PARP), which is one of the major hallmarks of apoptosis (Figure 5). The specific inacti- vation of PARP by proteolytic cleavage was undetectable under dark conditions, while it was significantly appreciable after photoactivation of each Ru(II) complex, although to a different extent. 
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Figure 5. Effect of Ru(II) complexes on PARP cleavage in ovarian cancer cells after photosensitization. A2780 cells were treated for 24 h with each Ru(II) complex before being photoactivated and collected after 24 h of light irradiation. Western blot analysis was performed in 30 µg total cell lysates using specific anti-PARP (46D11) antibody. Densitometric analysis of cleaved form of PARP was performed in three independent experiments conducted in duplicate. Data are the mean ± SEM and are reported as cleaved protein levels normalized to β-actin, fold change over FBS control. Results are statistically significant according to two-way ANOVA followed by Bonferroni post hoc test: * p < 0.05, **** p < 0.0001. 
2.6. Mitochondrial Membrane Potential Is Lost after Photosensitization of Ru(II) Complexes Mitochondria play a key role in the intrinsic pathway of apoptosis in mammalian cells, and mitochondrial membrane potential (∆ψm) loss is considered an early event of the apoptotic process in some cellular systems [26]. For this reason, ∆ψm was analyzed after photosensitizer administration in A2780 cells using a cationic fluorescent probe, which accumulates in the negatively charged mitochondrial matrix, by laser-scanning confocal microscopy imaging. Figure 6 illustrates the distribution of functional mitochondria in A2780 cells in the presence of Ru(II) complexes under dark conditions or after photoacti- vation. The administration of photosensitizers under dark conditions did not affect ∆ψm or cell morphology. However, photoactivation of Ru12+ and Ru22+ caused a dramatic loss of ∆ψm in almost all the cells. Remarkably, this was accompanied by the appearance of a pyknotic morphology of the nuclei, possibly representing an initial phase of chromatin condensation prior to DNA fragmentation [27]. Nonetheless, A2780 cells treated with [CuRu1]4+ and [Cu2Ru2]6+ did not exhibit any mitochondrial change or decrease in ∆ψm in the presence or in the absence of photoactivation, thus ruling out the possible involve- ment of early loss of mitochondrial membrane potential in the pro-apoptotic effect of mixed Ru(II)-Cu(II) complexes. Given the cationic nature of Ru(II) complexes, mitochondrial localization subsequent to light-induced mitochondrial depolarization might occur. To analyze this possibility, we performed laser-scanning confocal microscopy employing a mitochondria-specific probe in A2780 cells incubated with Ru12+, Ru22+, [CuRu1]4+ or [Cu2Ru2]6+, followed by a colocalization test, to assess the possible localization of Ru(II) complexes into mitochondria. Confocal microscopy images showed a random distribution of Ru(II) complexes compared to mitochondria (Figure S9, Supplementary Materials), thus ruling out the possibility that mitochondrial depolarization induced by photoactivation depends on Ru(II) complexes’ localization in these organelles. 
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Figure 6. Effect of Ru(II) complexes on mitochondrial membrane potential after photoactivation. Mitochondrial membrane potential of A2780 cells was detected using cationic fluorescent dye Mito- Tracker Red CMXRos, which proportionally accumulates in the negatively charged mitochondrial matrix. (A) A2780 cells were plated in microscope slides and challenged or not (CTRL) with 10 µM of each Ru(II)-complex (Ru12+, Ru22+, [CuRu1]4+ and [Cu2Ru2]6+). After 24 h of incubation, A2780 were subjected to photoactivation or not (dark) for 20 min, 2 h before being labeled with Mitotraker Red CMXRos and fixed in paraformaldehyde, as described in the Materials and Methods section. Confocal analysis was performed using 63X oil immersion objective. Images were representative of six fields of each condition in three independent experiments with analogous results. (B) Data are reported as mean ± SD of MitoTracker Red CMXRos fluorescence intensity normalized to the number of nuclei in six fields for each condition in three independent experiments by using Leica Application Software. Results are statistically significant according to two-way ANOVA followed by Bonferroni post hoc test: **** p < 0.0001, not significant (ns). 
2.7. Cytosolic ROS Production after Photosensitization of Ru(II) Complexes Ru12+ and Ru22+ With the purpose of dissecting the possible involvement of reactive oxygen species (ROS) production in the biological effect induced by Ru12+ and Ru22+ photosensitizers, confocal analysis was performed in A2780 cells employing the CM-H2DCFDA probe to detect cytosolic ROS after Ru12+ and Ru22+ administration upon photoactivation compared to the dark conditions. As shown in Figure 7, cytosolic ROS were almost completely undetectable after each Ru12+ or Ru22+administration in A2780 under dark conditions, even if Ru(II) complexes were efficiently internalized (red fluorescence). However, as early as 2 h after photoactivation, cytosolic ROS were detected in the majority of cell populations, notwithstanding at different degrees of intensity, thus suggesting a critical role of ROS in the proapoptotic action exerted by Ru12+ and Ru22+ photosensitizers. 



Int. J. Mol. Sci. 2022, 23, 13302 13 of 19                  
. 

Figure 7. Effect of Ru(II) complexes, Ru12+ and Ru22+, on ROS production after photoactivation. ROS production in A2780 cells was detected using CM-H2DCFDA. A2780 cells were plated on microscope slides and challenged with 10 µM of each Ru complex, Ru12+ and Ru22+. After 24 h of incubation, A2780 were exposed to photoactivation or not (dark) for 20 min, 2 h before being labeled with CM-H2DCFDA (DCF) and fixed in paraformaldehyde, as described in the Materials and Methods section. Confocal analysis was performed using 63X oil immersion objective. The fluorescence of Ru(II) complexes is shown in red (λexc/λem: 405/600–640 nm) and DCF in green (λexc/λem: ∼492–495/517–527 nm). Images were representative of six fields of each condition in three independent experiments with analogous results. 
3. Discussion Increasing evidence reports that platinum-based anti-cancer drugs have severe side effects, such as myelotoxicity and peripheral neuropathy [28]. Moreover, ovarian cancer recurrence less than six months after the completion of platinum-based therapy is frequent, and prognosis is extremely poor [29]. The main reason for the dramatic failure of ovarian cancer treatments [30,31] relies on the intrinsic and acquired resistance to platinum-based chemotherapy. Therefore, efforts are needed in this research field to develop other potential anti-cancer drugs. Ru(II) polypyridyl complexes have shown remarkable anti-tumor activ- ity coupled with advantages over platinum drugs, such as higher potency, lower toxicity, minor drug resistance, and they are expected to become a new generation of clinical metal anti-cancer drugs [11,32,33]. In our study, a series of RPCs-based photosensitizers for PDT application were inves- tigated for the capability of inducing anti-tumor effects following photoactivation with low-energy light. Their biological potential was evaluated in the A2780 ovarian cell line, which was taken as a model of ovarian cancer [25]. Since PDT activity may result from different pathways, such as the production of ROS through type I and II mechanisms, four different Ru(II) polypyridyl complexes, namely Ru12+, Ru22+, [CuRu1]4+ and [Cu2Ru2]6+, featuring different modalities of activation, were evaluated in this study. Among these metal complexes, Ru12+ and Ru22+ are highly luminescent and possess good (and comparable) abilities to sensitize the formation of singlet oxygen through 
type II reactions. On the other hand, the insertion of one or two Fenton-active Cu(II) ion/s in their corresponding heteronuclear Ru(II)-Cu(II) complexed species ([CuRu1]4+ and [Cu2Ru2]6+) results in less luminescent compounds, which can mainly promote the generation of perhydroxyl and hydroxyl radicals via type I reactions. The coordination of Cu(II) ion/s in these latter two compounds is remarkably strong (LogK values between 15.34 and 27.6), making any transmetalation process unfavorable in conditions mimicking the cellular environment. Importantly, the peculiar polyamine frameworks confer to all these compounds excellent solubilities in water, a key requisite for their application in the biomedical field. 



Int. J. Mol. Sci. 2022, 23, 13302 14 of 19    In a previous report, the Ru(II)-arene complex [Ru(η6-p-cymene)Cl2] (RAPTA-C) was tested for efficacy in combination with the epidermal growth factor receptor inhibitor erlotinib, demonstrating an efficient anti-angiogenic and anti-tumor activity [34]. The therapeutic potential of these compounds and their combination was further confirmed in preclinical in vivo models of chicken chorioallantoic membrane grafted with A2780 tumors and in mice bearing A2780 tumors, highlighting the tumor growth inhibition and anti-angiogenic effect [34]. In line with the literature data, the RPCs investigated herein were found to possess negligible cytotoxicity without light irradiation in non-cancer and cancer cells, respec- tively, converted in turn in a tight dose-dependent and significant anti-tumor action upon photoactivation. In particular, a marked increase in the activity was observed upon light activation of Ru12+ and Ru22+, in agreement with the good singlet oxygen sensitizing properties of these compounds. Among the mixed heteronuclear complexes, [CuRu1]4+ displayed the sharpest photoactivity. Interestingly, this suggests that, beyond the singlet oxygen sensitization, alternative oxidative pathways must be accessible to heteronuclear compounds, leading to similar photoinduced effectiveness compared to the one of copper- free complexes. However, further efforts will be needed to obtain further insights into these processes, which likely occur under biological conditions and appear to be hard to mimic in cell-free experiments. Moreover, the significant differences in activity observed between [CuRu1]4+ and [Cu2Ru2]6+ suggest that other less predictable features, such as differences in the chemical structures, may play a critical role in the biological behavior of such compounds. The investigated RPCs also displayed good capacities to be internalized by A2780 cancer compared to non-cancer cells, with Ru12+ and Ru22+ being the most effective. This result is of great interest, especially considering that similar RPCs-based PSs were shown to poorly penetrate the cell membrane, and additional expedients, such as ion pairing with suitable lipophilic counter-anions, were necessary to augment the cellular uptake [35]. In the present study, it is reasonable to assume that the significant cellular uptake by cancer cells is associated with the presence of the polyamino macrocyclic frameworks L’ and L” of the Ru(II) compounds, which may impart optimal chemical–physical features for cellular internalization, such as hydrophilicity and total charge of the compounds. Even if the precise mechanism by which the Ru(II) compounds are internalized in A2780 cells was not investigated in detail, their uptake appears to be independent of the Rab5-dependent early endosome pathway. Nonetheless, taking into consideration the hydrophilic chemical nature of RPCs and their observed localized cellular distribution, the occurrence of an efficacious passive transport can be excluded, rather pointing at alternative endocytotic events accounting for RPC uptake. Indeed, this is in line with the literature data showing the occurrence of specific cellular transport of cytotoxic metallodrugs [36]. Apoptosis is clearly advantageous for the organism, since, during apoptosis, the cell membrane remains intact, thus preventing the release of intracellular content. Hence, the elucidation of the mechanisms that triggered cell death after the light activation of Ru(II) complexes appears to be crucial. In A2780 cells, the photoactivation of all the tested RPCs caused a potent caspase 3 activation, as well as both caspase 3 and PARP cleavage, while the RPCs were ineffective in the absence of photosensitization, pointing at a crucial role for programed cell death in the anti-tumor activity of these systems. Mitochondria might be seen as a gatekeeper to entrap pro-apoptotic proteins and prevent the release and activation of these proteins in the cytosol [37]. In particular, the exit of pro-apoptotic proteins from the mitochondria activates caspase proteases. Of note, the opening of the mitochondrial permeability transition pore has been demonstrated to induce 
∆ψm depolarization, loss of oxidative phosphorylation and release of apoptogenic factors. Thus, a distinctive feature of apoptosis can be represented by the disruption of the normal mitochondrial function, especially changes that affect the ∆ψm. In some apoptotic systems, the loss of ∆ψm may be an early event in the apoptotic process [38]. Here, using confocal microscopy, it was demonstrated that Ru12+ and Ru22+, but not [CuRu1]4+ or [Cu2Ru2]6+, 
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 caused a dramatic loss of ∆ψm depending on photoactivation and that this effect was accompanied by ROS production in the cytosol as soon as 2 h after light irradiation, thus upstream to the pro-apoptotic stimuli. Lastly, although previous in vitro studies underlined the capacity of RPCs to effectively interact and damage plasmid DNA upon irradiation [16], in this work, we did not detect RPCs in the nucleus, at least within 24 h of incubation, since these compounds were found distributed into segregated areas of the cytosol. This finding suggests that the induced programed cell death is likely independent of the PSs–DNA interaction. In summary, the present study demonstrates that all four synthesized Ru(II) complexes are effectively internalized into the ovarian cancer A2780 cells, and their administration, regardless of the low dark cytotoxicity, induces a specific photoactivation-dependent cell death, with the extent of cytotoxicity that varies slightly depending on the chemical structures of RPCs. Apoptosis emerged as the main mechanism of light-mediated cellular death. In particular, among the four compounds, Ru12+ and Ru22+ profoundly altered mitochondrial activity after photoactivation, accompanied by cytosolic ROS production. 

4. Materials and Methods 
4.1. Materials All materials used for the preparation of ruthenium compounds were of reagent grade and used as received, unless otherwise specified. 
4.2. Synthesis of Ru(II)-Complexes Ruthenium compounds Ru12+, Ru22+, [CuRu1]4+ and [Cu2Ru2]6+ were synthesized according to the procedures previously described [16,39]. Briefly, Ru12+ and Ru22+ were prepared by direct reaction of the intermediate (phen)2RuCl2 with the bidentate L’ o L” ligands, in ethylene glycol and under microwave irradiation. The resulting complexes were then dissolved in concentrated HCl and precipitated as their respective hydrochloride salts [Ru1]Cl2·5HCl·2H2O and [Ru2]Cl2·6HCl·2H2O, following the addition of ethanol. The mixed Ru(II)/Cu(II) complexes were obtained as the perchlorate salts [CuRu1](ClO4)4 
·4H2O and [Cu2Ru2](ClO4)6·3H2O, by adding equimolar amounts of Cu(ClO4)2 to aqueous solutions of Ru12+ or Ru22+ at pH 6.5 and following the slow evaporation of the solvent at r.t. 
4.3. Potentiometric Measurements The acid-base behavior and the binding ability toward Cu2+, Zn2+, Ca2+, Na+ and Mg2+ of ruthenium complexes were investigated by means of potentiometric measure- ments in NMe4Cl 0.1 M at 298 ± 0.1 K by using the equipment and methods previously described [40–43]. 
4.4. EPR Measurements X-band electron paramagnetic resonance (EPR) experiments were performed by using a Bruker Elexsys E500 spectrometer. All the spectra were acquired at room temperature by using the same modulation frequency (100 kHz), modulation amplitude (1 G), microwave power (~0.2 mW, 30 dB) and receiver gain (60 dB). The magnetic field was calibrated with a crystal of DPPH. 
4.5. Cell Culture Human A2780 ovarian cancer cell culture (ECACC 93112519) was maintained in RPMI-1640 medium containing 10% fetal bovine serum (FBS), 100 µg/mL streptomycin, 100 U/mL penicillin and 2 mM L-glutamine, at 37 ◦C in 5% CO2, as previously reported [44]. All cell culture reagents were purchased from Merck Life Science (Darmstadt, Germany), including phosphate-buffered saline (PBS). A2780 cells were shifted to RPMI without serum supplemented with 1 mg/mL Bovine Serum Albumin (BSA) and treated with each Ru(II) complex (0.1, 1 and 10 µM) for 24 h. After incubation, cells were photoactivated with a 30 W three-arm LED light lamp (430–470 nm emission, 30 W) for 20 min at the distance of 
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 5 cm from the cell culture plate and then kept in the incubator at 37 ◦C, 5% CO2. Cells were washed twice with PBS and then collected after photoactivation at different times, which depended on each kind of experiment. 

4.6. ICP-AES Measurements A Varian 720-ES axial Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES) was used to determine the Ru contents in the samples. Measurements were performed in triplicate, and each sample was spiked with 1.0 ppm of Ge, used as an internal standard. The calibration standards were prepared by gravimetric serial dilution from commercial stock standard solutions of Ru at 1000 mg L−1 (Honeywell Fluka). For Ru determination, the 267.876 and 245.657 nm wavelengths were used, whereas the line at 209.426 nm was considered for Ge. The operating conditions were optimized to obtain maximum signal intensity, and between each sample, a rinse solution containing 2% v/v of HNO3 was used. 
4.7. MTT Reduction Assay for Cell Survival A2780 viability was evaluated by the MTT method, as previously described [45]. 
4.8. Caspase-3 Activity Assay A2780 cells were seeded in 6-well plates (100.000 cells/well) and after 24 h were incubated with 10 µM of each Ru(II) complex in serum-deprived culture media, then light- irradiated for 20 min, as described above. After 24 h of photoactivation, cells were washed twice with PBS, collected and analyzed, as previously described [46]. 
4.9. Western Blot Analysis A2780 lysates were quantified for total protein content by the Bradford Protein assay, resuspended in Leammli’s sodium dodecyl sulphate (SDS) sample buffer, and subjected to SDS-PAGE and transferred to PVDF membranes, as previously described [46]. 
4.10. Laser-Scanning Confocal Microscopy A2780 cells were seeded on microscope slides and treated with each Ru(II) complex (10 µM). To evaluate the internalization of Ru(II) complexes, cells were incubated at three different times, 15 min, 6 h and 24 h, washed with PBS and fixed in 2% paraformaldehyde in PBS for 20 min. Ru(II) complexes excitation was performed using 405 nm laser diode, acquiring emission in the range of 600/620 nm. MitoTracker Red CMXRos (#M7512; Ex/Em: 579/599 nm) and CM-H2DCFDA (#C6827; Ex/Em: ∼492–495/517–527 nm) probes (Invitrogen, Thermo Fisher Scientific INC, Waltham, MA, USA) were used to detect the mitochondrial membrane potential and ROS production, respectively. After 24 h incubation of Ru(II) complexes at 37 ◦C, cell slides were photoacti- vated or not for 20 min and incubated for 2 h at 37 ◦C, 5% CO2 in humidified atmosphere. Probes were diluted in RPMI medium without phenol red, incubated for 30 min at 37 ◦C in dark and then fixed in 2% paraformaldehyde, as suggested by the manufacturer’s in- struction. After 30 min at room temperature, slides were incubated with a permeabilization and quenching solution, obtained by adding Triton 0.1% X-100 and ethanolamine (1:165) in PBS. The DAPI solution was administered to cell slides to detect the nuclei. Slides were mounted by using the Fluoromount Aqueous Mounting Medium (Sigma-Aldrich, Saint Louis, MA, USA), and images were obtained using a Leica SP8 laser-scanning confocal microscope (Leica Microsystems GmbH) using a 63x oil immersion objective. 
4.11. Statistical Analysis Densitometric analysis of Western blot bands was performed using the ImageJ soft- ware, and graphical representations were obtained by GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA). Statistical analysis was performed using one-way or two- 
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5. Conclusions In conclusion, our study identifies Ru(II)-polypyridyl complexes as challenging tools to be further investigated in the research of new therapeutic strategies to overcome chemoresis- tance in epithelial ovarian cancers and provides further insights on the biological behavior of these complexes, which rely on ROS production and altered mitochondrial function to trigger pro-apoptotic effects. 
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10 .3390/ijms232113302/s1. Refs. [47,48] are cited in Supplementary Materials. 
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1. Acid-base properties of ruthenium compounds Ru12+ and Ru22+ 

A preliminary requisite for the investigation of the binding properties of the receptor in its protonated forms 
concerns the knowledge of its basicity properties. The protonation equilibria of both Ru12+ and Ru22+ have 
been studied by means of potentiometric measurements in aqueous solution at 298.1 ± 0.1 K in 0.1 mol dm–3 

NMe4Cl at 298.1 ± 0.1 K. The protonation constants are reported in Table S1 and in Figures S1-S2 are shown 
the distribution diagrams of the protonated species present in solution. 
[Ru(phen)2L’]2+ (Ru12+) and [Ru(phen)2L’’]2+ (Ru22+) are capable of binding up to five ([H5Ru1]7+) and six 
([H6Ru2]8+) protons in overall the range of pH investigated (between 2.5-10.5). In particular, it can be 
highlighted that in a wide range of pH, including at physiological pH value, the predominant species of 
ruthenium compounds present in solution are their di- and tetra-protonated forms, [H2Ru1]4+ and [H4Ru2]6+, 
respectively. 

 
Table S1. Acid-base study of ruthenium compounds 
Protonation constants of Ru12+ and Ru22+ determined by means of potentiometric measurements in NMe4Cl 0.1 M, at 298.1 ± 

0.1 K. 
  Reaction LogK L 
   L = Ru1 L = Ru2 

L2+ + H+ = HL3+ 9.50(4) a 11.23(8) 
HL3+ + H+ = H2L4+ 7.59(5) 9.92(7) 
H2L4+ + H+ = H3L5+ 5.32(5) 8.37(5) 
H3L5+ + H+ = H4L6+ 3.91(5) 7.27(5) 
H4L6+ + H+ = H5L7+ 2.37(5)  

H4L6+ + 2H+ = H6L8+ - 7.13 (6) 
a Values in parentheses are standard deviations in the last significant figure. 

 
 
 
 
 
 

Figure S1. Distribution diagram of the protonated species of Ru12+ 

Distribution diagram of the protonated species of Ru12+ as a function of pH ([Ru12+] = 1 x 10-3 M, NMe4Cl 0.1 M, 298.1 ± 0.1 K). 



 
Figure S2. Distribution diagram of the protonated species of Ru22+ 

Distribution diagram of the protonated species of Ru22+ as a function of pH ([Ru22+] = 1 x 10-3 M, NMe4Cl 0.1 M, 298.1 ± 0.1 K). 
 
 
 
 
 
 
 

2. Metal-binding properties of Ru12+ and Ru22+ 

 

Figure S3. Distribution diagram of the Cu(II)-complexed species of Ru12+ 

Distribution diagram of the species present in solution for the system Ru12+/Cu(II) in 1:1 molar ratio as a function of pH ([Ru12+] = 
[Cu(II)] = 1 x 10-3 M, NMe4Cl 0.1 M, 298.1 ± 0.1 K). 



 
Figure S4. Distribution diagram of the Cu(II)-complexed species of Ru22+ 

Distribution diagram of the species present in solution for the system Ru22+/Cu(II) in 1:2 molar ratio as a function of pH ([Ru22+] = 1 
x 10-3 M, [Cu(II)]  = 2 x 10-3 M, NMe4Cl 0.1 M, 298.1 ± 0.1 K). 

 
 
 
 
 

 
Figure S5. Selectivity diagrams with Cu(II) and other biologically relevant cations 
Overall percentages of the complexed species formed by Ru12+ (A) and Ru22+ (B) with Cu(II) (red lines), compared to the protonated 
forms of free ligands (grey lines) and to the metal complexed species formed with Ca(II), Zn(II) and Mg(II) (blue lines). [Ru12+] = 
[Ru2+] = 1 µM, [Cu(II)] = 1 µM, [Zn(II)] = 15 µM, [Ca(II)] = 2.5 x 10-3 M, [Mg(II)] = 1.5 x 10-3 M. 



3. Fluorescence properties of ruthenium compounds 
 

Figure S6. Fluorescence emission by Ru(II)- and mixed Ru(II)-Cu(II) complexes 
Fluorescence spectra of aqueous solution of Ru12+ (blue line), [CuRu1]4+ (red line), Ru22+ (black line) and [Cu2Ru2]6+ (green line), 
collected at pH 7.4 (λexc = 411 nm, [Ru] = 3 µM). [H2Ru1]4+, [H3Ru2]5+, [CuRu1]4+ and [Cu2Ru2]6+ are the main species present in 
solution at this pH value. 

 
4. ROS production and identification by [CuRu1]4+ and [Cu2Ru2]6+ 

ROS production by [CuRu1]4+ and [Cu2Ru2]6+ was performed by using Electron Paramagnetic Resonance 
(EPR) spin trapping technique. This technique involves the reaction of an initially generated short-living 
radical with an added organic compound, known as spin trap, to generate longer-living radical adducts with 
clear EPR fingerprints. Among the most common spin traps, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) 
efficiently captures the free radicals generated by an unstable species (H2O2) due to the catalysing action of a 
supposedly active molecule. 
The spectra collected for a solution containing only H2O2 and DMPO, as reference sample, are reported, 
together with those obtained by adding [CuRu1]4+ or [Cu2Ru2]6+ to this mixture, in Figure 1 of the manuscript. 
The acquired EPR spectra were also simulated by using the core function pepper of the open-source MATLAB 
toolbox EasySpin[1]. The simulations were obtained using an isotropic g factor = 2.0054 for both radicals and 
the following hyperfine constants: A = 42 MHz for both N and H nuclei in the hydroxide species and A = 32.5, 
39.8, 3.4 MHz for H, N and H nuclei, respectively, according to literature[2]. The obtained results are shown 
in Figure S7. 
It is important to notice that different concentrations of reagents (especially of the radical source, H2O2) can 
lead to different hydroxide/perhydroxyl radical ratios. All the EPR measurements reported in this paper were 
taken in the same experimental conditions and were therefore comparable. 

 

Figure S7. Simulation of the EPR spectra reported in Figure 1 
The black trace is the best simulation obtained as the sum the EPR spectra of DMPO-OH (blue trace) and DMPO-OOH (red trace) 
radicals whose molecular structures are reported in the right part of the figure. 



The lack of formation of singlet oxygen upon irradiation of the heteronuclear Ru(II)/Cu(II) complexes was 
confirmed through EPR measurements employing 2,2,6,6-tetramethylpiperidine (TEMP) as spin trap for single 
oxygen. In Figure S8 are reported the spectra obtained following irradiation of an aqueous solution of 
[CuRu1]4+ at physiological pH in the presence of TEMP; similar results were also obtained for [Cu2Ru2]6+ (data 
not shown). 

 

Figure S8. EPR analysis with TEMP as spin trap for singlet oxygen 
Difference between the spectra acquired under (lightON) and before (dark) light irradiation in a water solution (pH 7.4) containing 
[CuRu1]4+ (5 mM) and TEMP (125 mM). For sample irradiation, a 405nm laser diode was used. 

 
 

5. Redox properties of [CuRu1]4+ and [Cu2Ru2]6+ 

Redox potential, also known as oxidation-reduction potential (ORP), is a physicochemical parameter that can 
be used to measure the oxidative or reductive properties of a solution. ORPs of the [CuRu1]4+ and [Cu2Ru2]6+ 

solutions were measured with an ORP electrode (HI3148B ORP, Hanna® Instruments, Padova, Italy) 
combined with a pH/ORP meter (HI5222 bench meter Hanna® Instruments, Padova, Italy). Before 
measurement, the electrode was calibrated with two redox standard solutions (HI7021 and HI7022, Hanna® 
Instruments, Padova, Italy). Glutathione (GSH) was obtained from Sigma-Aldrich. 

 
Table S2. ORP analysis for heteronuclear complexes 
Oxidation-Reduction Potential (ORP) measured for 5 mL of 10 µM [CuRu1]4+, 10 µM [Cu2Ru2]6+, and 5 mM GSH in 10 mM 
phosphate buffer pH 7.4. 

 

Table S2 shows the ORP values obtained for [Cu2Ru2]6+, [CuRu1]4+ and GSH. By the analysis of these values, 
the ORP value of a 5 mM GSH solution turned out to be the lowest, thus confirming the higher reduction 
properties of this solution in comparison to both [CuRu1]4+ and [Cu2Ru2]6+ solutions. 
The redox properties of the two Cu(II)-containing complexes were also studied in cyclic voltammetry (CV) at 
a carbon screen-printed electrode. The redox system associated with changes in the oxidation state of copper 
ion is visible in the potential range from about +0.1 to -0.5 V, at a scanning rate of 50 mV/s. The potential- 
current parameters are reported in Table S3, including the cathodic peak potential (Ep,c), the anodic peak 
potential (Ep,a) and the (Ep,a+Ep,c)/2 values (the potential midway between the anodic and cathodic peaks, 
corresponding to the formal potential). 
A lower potential value has to be reached on the cathodic wave to reduce the Cu(II) coordinated by [CuRu1]4+ 

if compared to [Cu2Ru2]6+ (Table S3). 



Nonetheless, given the highly reducing potential of GSH (Table S2), it cannot be excluded that the Cu(II) 
coordinated by Ru12+ and Ru22+ could be reduced in the cellular environment, where high concentrations of 
GSH are present. 

 
Table S3. CV analysis for heteronuclear complexes 
Potential of the anodic (Ep,a) and cathodic (Ep,c) peaks measured by cyclic voltammetry for 1 mM [CuRu1]4+ and 1 mM [Cu2Ru2]6+ in 
0.1 M KNO3; scan rate 50 mV/s. KNO3 was chosen as non-complexing supporting electrolyte. The solutions containing the two 
complexes were drop-casted (45 µL) onto the surface of disposable screen-printed electrodes (Ecobioservices and Researches (EBSR), 
Florence, Italy) composed of a carbon working electrode (Ø 3 mm), a carbon counter electrode, and an external Ag/AgCl reference 
electrode filled with saturated KCl. The voltammograms were recorded using a PGSTAT12 potentiostat/galvanostat running with 
GPES software (Metrohm Italia). 

 

 
 

6. Analysis of ruthenium compounds’ distribution in mitochondria 
Taking into account that the cationic nature of ruthenium compounds may affect their cellular localization and 
thus photoactivation-dependent mitochondrial depolarization, we evaluated possible localization of the 
photosensitizers in mitochondria. A2780 ovarian cancer cells were seeded on microscope slides and treated 
with 10 μM of each Ru complex for 24 hours. After incubation with 20 nM MitroTracker Green FM probe 
(#M7514, Thermo Fisher Scientific; Ex/Em: 490/516) in RPMI without phenol red for 30 minutes at 37°C, living 
cells were analyzed using a Leica SP8 laser scanning confocal microscope (Leica Microsystems GmbH) by 63X 
oil immersion objective. 
Images of A2780 cells incubated with Ru12+, Ru22+, [CuRu1]4+ or [Cu2Ru2]6+ and MitoTracker green are shown 
in Figure S9A. Scatterplots of red versus green pixel intensities of the images reported in Figure S9B show that 
a random distribution occurs between each ruthenium compound and mitochondria. 



 
 

Figure S9. Localization of ruthenium compounds compared to mitochondria in A2780 cells 
A) Confocal microscopy of A2780 cells following Mitotracker green (Green) staining after 24 h-incubation with Ru12+, Ru22+, 
[CuRu1]4+ or [Cu2Ru2]6+ (Red). B) Scatterplots of red and green pixel intensities for each ruthenium compound. 

 
7. Internalization of ruthenium compounds in cancer versus non-cancer cells 
In order to analyse ruthenium compound internalization in cancer versus non-cancer cells, we performed laser 
scanning confocal microscopy in non-cancer cell line, namely C2C12 myoblasts (undifferentiated skeletal 
muscle cells), as well as A2780 ovarian cancer cells, both incubated with 10 μM of each ruthenium compounds 
for 24 hours. Confocal microscopy images in Figure S10 show that in C2C12 myoblasts incubated with each 
photosensitizer the associated red fluorescence is not appreciable. However, in A2780 cells ruthenium 
compounds are located in segregated areas into the cytosol thus excluding passive diffusion as possible 
mechanism of ruthenium compound uptake. 



 
 
 

Figure S10. Internalization of Ru complexes in A2780 versus C2C12 cells. 
A2780 ovarian cancer cells and C2C12 myoblasts were seeded into microscope slides, both incubated with each photosensitizer 
Ru12+, Ru22+, [CuRu1]4+ or [Cu2Ru2]6+ (Red) at a concentration of 10 µM for 24 hours and challenged with DAPI (Blue), after 
administration of Mitotraker CMX-Ros (Green). Confocal microscopy was performed to assess ruthenium compound internalization 
using Leica SP8 with a 63X objective. 

 

8. Analysis of ruthenium compounds’ internalization in early endosomes 
To evaluate the possible internalization pathways of ruthenium compounds in A2780 cancer cells, localization 
of Ru12+, Ru22+, [CuRu1]4+ or [Cu2Ru2]6+ in early endosomes (EE) was analyzed. For this purpose, A2780 cells 
were seeded on microscope slides and treated with 10 μM of each Ru (II) complex for 30 minutes or 24 hours. 
After cell fixation using 2% paraformaldehyde, slides were incubated for 30 minutes with permeabilization 
and quenching solution (0.1% Triton X-100, 10 mM ethanolamine in PBS) and then with a blocking buffer (3% 
BSA in PBS) for 40 minutes. Subsequently, 1:100 Anti-Rab5 (E6N8S) Mouse Antibody (#46449, Cell Signaling 
Technology), maker of EE, was employed for 2 hours, then Fluorescein Anti-Mouse secondary antibody 1:200 
(FI-2000) (Vector Laboratories, Inc., Burlingame, CA) was incubated for 1 hour at room temperature. Finally, 
DAPI solution (#MBD0015, Sigma-Aldrich) was administered to detect nuclei. Slides were mounted by using 
Fluoromount Aqueous Mounting Medium (Sigma-Aldrich, MA, USA) and images acquired using a Leica SP8 
laser scanning confocal microscope (Leica Microsystems GmbH) by 63X oil immersion objective. 
As reported in Figure S11, immunofluorescence analysis of Rab5 in A2780 cells after incubation with Ru12+, 
Ru22+, [CuRu1]4+ or [Cu2Ru2]6+ for 30 minutes (A) and 24 hours (B) demonstrated negligible localization of 
ruthenium compounds with Rab5, ruling out the possible involvement of EE in the internalization pathway 
of Ru(II) photosensitizers. 



 
Figure S11. Localization of ruthenium compounds compared to early endosome in A2780 cells 
Immunofluorescence analysis of Rab5 in A2780 cells after incubation with 10 µM Ru12+, Ru22+, [CuRu1]4+ or [Cu2Ru2]6+ for 30 min 
(A) or 24 h (B). 



9. Cytotoxicity and photoactivity of Ru complexes in non-cancer cells 
To test cytotoxicity and photoactivity of different concentrations of Ru12+, Ru22+, [CuRu1]4+ and [Cu2Ru2]6+ in 
non-cancer cells, MTT assays was performed in C2C12 myoblasts incubated for 24 hours with 0.1, 1 and 10 
μM of each ruthenium compound then exposed or not to photoirradiation, 48 hours before being analysed. 
The photoirradiation experiments were conducted by using a low energy blue light-emitting diode (LED, λmax 

= 434 nm, 30 W) and by employing the experimental set-up schematically represented in Fig. S12. 
 

 
Figure S12. Experimental set-up employed for the photoirradiation experiments. 

 

As shown in Figure S13, photosensitizers have a negligible effect on cytotoxicity of C2C12 myoblasts under 
dark conditions, whereas photoirradiation of Ru12+, Ru22+ or [CuRu1]4+ shows a minor effect on cell survival 
of C2C12 myoblasts compared to A2780 cells that was not significant excepted for Ru12+, Ru22+, [CuRu1]4+ at 
the higher (10 μM) concentration employed. The photoirradiation-induced cell death induced by [Cu2Ru2]6+ 

complex was not significant at all the concentrations used for MTT analysis. 

 

 
Figure S13. Cytotoxicity and photoactivity of ruthenium compounds in non-cancer C2C12 myoblasts. 
C2C12 myoblasts were seeded in 96 multiwell plates and MTT reduction assay was performed under dark or photoactivation condition 
after challenge with 0.1, 1 and 10 µM of each photosensitizer for 24 hours. MTT analyses were performed in pentaplicate and are 
representative of three independent experiments. Data reported are mean ± SD of fold change above control untreated. The effect of 
photoactivation of 10 µM of Ru12+, Ru22+ , [CuRu1]4+ and [Cu2Ru2]6+ complexes on cell survival of C2C12 cells was statistically 
significant by two-way ANOVA followed by Bonferroni post-hoc test; *P<0.05. 



10. List of Abbreviations. 
 

Photosensitizer agents PSs 
Photodynamic therapy PDT 
Reactive oxygen species ROS 
Ruthenium polypyridyl complexes RPCs 
Ground-state molecular oxygen 3O2 
Singlet oxygen 1O2 
Superoxide O2•− 

Hydroxyl radical HO• 

Quantum yields φΔ 
Electron Paramagnetic Resonance EPR 
2,2,6,6-tetramethylpiperidine TEMP 
5,5-dimethyl-1-pyrroline-N-oxide DMPO 
Perhydroxyl HOO• 

Cyclic voltammetry CV 
Mitochondrial membrane potential Δψm 
Not significant ns 
CM-H2DCFDA DCF 
Fetal bovine serum FBS 
Bovine Serum Albumin BSA 
Inductively Coupled Plasma Atomic Emission Spectrometer ICP-AES 
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide MTT 
Sodium dodecyl sulphate SDS 
Potential of the anodic peaks Ep,a 
Potential of cathodic peaks Ep,c 
Inductively Coupled Plasma Atomic Emission Spectrometer ICP-AES 
Phosphate buffered saline PBS 
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Ruthenium(II) polypyridyl complexes with 

π-expansive ligands: synthesis and cubosome 
encapsulation for photodynamic therapy of 
non-melanoma skin cancer† 
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In photodynamic therapy (PDT), Ru(II) polypyridyl complexes (RPCs) featuring the popular π-expansive 

benzo[i]dipyrido[3,2-a:2’,3’-c]phenazine (dppn) ligand have attracted much attention, mainly due to the 

good singlet oxygen sensitizing properties imparted by this peculiar ligand. However, notwithstanding the 

intriguing perspectives, much remains to be explored about the use of RPC-based photosensitizing 

agents (PSs) with more than a dppn ligand in their scaffolds. Herein, two bis-heteroleptic RPCs of the 

general formula [Ru(dppn)2L]n+ (L = 4,4’-dimethyl-2,2’-bipyridine, n = 2, Ru1 or 2,2’-bipyridine-4,4’-dicar- 

boxylate, n = 0, Ru2) were prepared in good yields by adopting an alternative synthetic approach to pre- 

viously reported methods. The optimal singlet oxygen sensitizing properties and capabilities to interact 

with DNA displayed by Ru1 and Ru2 were paralleled by a potent light-triggered toxicity (λmax = 462 nm) 

exerted on squamous epithelial carcinoma cells. To improve the biopharmaceutical properties of these 

compounds, Ru1 and Ru2 were encapsulated into cubosomes, soft nanoparticles with a lyotropic liquid 

crystalline core. In vitro studies probed the effectiveness of these formulations against light-irradiated 

cancer cells and confirmed intracellular ROS generation as the mechanism likely to be responsible for the 

observed PDT efficacy. This work highlights the potential of [Ru(dppn)2L]-based PSs in PDT, beyond pro- 

viding a general and straightforward synthetic route for the preparation of this class of compounds. To 

the best of our knowledge, this is also the first example of the encapsulation of a RPC into cubosome 

nanostructures, paving the way for the development of nano-formulations with augmented biopharma- 

ceutical properties for PDT application. 
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Introduction 

Photodynamic therapy (PDT) continues to attract increasing 
attention thanks to the encouraging results that its application 
has led to the treatment of a variety of cancers, spanning from 
skin tumors to lung, bladder and prostate cancers,1,2 as well as 
bacterial infections.3,4 The main advantage of this therapeutic 
approach, which consists of the light activation of a prodrug, 
called a photosensitizer (PS), to produce harmful reactive 
oxygen species (ROS), is represented by the complete spatio- 
temporal control over drug activation, which provides a pre- 
cious chance to limit the severe side effects normally occurring 
with standard chemotherapeutics. 

Ruthenium(II) polypyridyl complexes (RPCs) have been 
largely employed in the research of suitable PSs in PDT, with 
the Mc Farland compound TLD1433 being the first Ru(II)- 
based PS to enter human clinical trials for bladder cancer.5–8 
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The interest towards this versatile class of compounds can be 
attributed to its rich chemical–physical repertoire, which 
includes a variety of excited-state electronic configurations 
accessible with light, good singlet oxygen sensitizing pro- 
perties, and the capacity to interact with key biological targets 
(such as DNA or proteins).9–11 Of relevance is that a fine choice 
of ligands in their octahedral geometries permits convenient 
modulation of the photophysical, photochemical, and photo- 
biological properties of the resulting RPCs, in an effort to 
improve cellular uptake,12,13 shift the absorption profiles 
towards red,14 confer targeting ability,15,16 and boost 1O2 sen- 
sitization. With regard to the latter aim, as prolonged excited 
state lifetimes are important for efficient energy transfer to 
molecular oxygen to form 1O2, changing the nature of the 
lowest-lying excited state from metal-to-ligand charge-transfer 
(3MLCT) to long-lived intraligand 3IL states represents a suit- 
able way to endow the resulting RPCs with augmented 
cytotoxicity.6,17 Following this strategy, over the past few years 
much interest has been devoted to the use of the π-expansive 
benzo[i]dipyrido[3,2-a:2′,3′-c]phenazine (dppn) ligand in the 
rational design of RPC-based PSs. Indeed, this peculiar ligand 
has been largely exploited not only to improve the photobiolo- 
gical activity of the resulting compounds, via the population of 

long-lived dppn-centered 3ππ* excited states, but also to shift 
their 1MLCT absorption towards longer wavelengths18 and, 
given its known DNA-intercalating properties, to strengthen 
their interaction with the nucleic acid.19–21 A recent example of 
this was reported by Zhao and coworkers, who showed the 
benefits derived from the substitution of a bpy (bipyridine) 
unit by a dppn ligand in their tris-heteroleptic RPC-based 
PSs.22 

Notwithstanding the advantages derived from the use of 
dppn, it is surprising that PSs containing two dppn ligands 
simultaneously coordinated to a Ru(II) center have been only 
sparingly explored,23,24 while numerous examples of dppn-con- 
taining RPCs for PDT are reported in the literature25–31 (some 
of them have also been applied for compounds at the bound- 
ary between PDT and photoactivated chemotherapy PACT).32,33 
Such net discrepancy between RPCs containing one and two 
dppn units would be related to synthetic issues concerning the 
preparation of the latter compounds by the general procedures 
for bis-heteroleptic Ru(II) complexes,34,35 involving the inter- 
mediate [(dppn)2RuCl2] which is scarcely soluble in most 
organic solvents. 

In addition, the potential anticancer activity of  these 
systems might be limited by their common  hydrophobic 
nature, leading to poor bioavailability and compromised thera- 
peutic outcomes. To overcome these limits, nanocarriers have 
been widely investigated as a formative approach to increase 
the water solubility of insoluble drug candidates, prevent drug 
degradation, and enhance their delivery.36–38 In  the midst of 
the innovative exploited nano-systems, great interest  has 
arisen around cubosomes, also known as bicontinuous cubic 
liquid crystalline nanoparticles with a three-dimensional 
arrangement of the lipid bilayer forming a honeycomb-like 
inner structure. Compared to single-bilayer liposomes, cubo- 

somes are characterized by an inner portion completely filled 
with the lipid matrix, providing a greater hydrophobic volume 
and thus a higher loading efficiency.39 Despite the fact that 
some investigations illustrated a possible cubosome 
cytotoxicity,40,41 appropriate formulation strategies and admin- 
istration at lower concentrations can be used to achieve the 
desired therapeutic effects. In fact, recent studies have proven 
their useful biomedical applications for diagnostic purposes, 
anticancer activity, and PDT.42–46 

Prompted by this scenario, herein we explored the potential 
as PSs of two Ru(II) compounds featuring two dppn ligands 
simultaneously   coordinated   to   the   Ru(II)   centers;   [Ru 
(dppn)2(dmbpy)]2+ (Ru1) and [Ru(dppn)2(dcbpy2−)] (Ru2) 
(dmbpy = 4,4′-dimethyl-2,2′-bipyridine, dcbpy2− = 2,2′-bipyri- 
dine-4,4′-dicarboxylate) (Chart 1). Besides the Ru(dppn)2-core, 
different dmbpy and dcbpy2− ancillary ligands were chosen to 
provide a potential synthetic platform for obtaining differently 
functionalized (dppn)2-RPCs, to investigate their possible 
influence on the chemical–physical and biological properties 
of the resulting compounds. 

Ru1 and Ru2 were prepared by adopting a straightforward 
synthetic route where the dppn ligands were allowed to react 
with Ru(II)-intermediates in the last step of the reaction, thus 
avoiding the use of [Ru(dppn)2Cl2] and leading to the pro- 
duction of RPCs in good yields. These systems exhibited prom- 
ising features as PSs, by virtue of optimal singlet oxygen sensi- 
tizing properties and capacity to interact with DNA, and for 
this reason their phototoxicity and biocompatibility  were 
tested on non-melanoma skin cancer cells in vitro, a model 
tumor selected for the feasibility of its treatment by photo- 
dynamic therapy.47 To further ascertain their potential as PSs, 
Ru1 and Ru2 were also encapsulated in monoolein-based 
cubosomes stabilized with Pluronic F108. Following a prelimi- 
nary investigation of the obtained formulations, Ru2-cubo was 
then selected for further development including a thorough 
physicochemical characterization and the assessment of its 
phototoxic activity against epidermoid carcinoma cells. 

The results herein discussed may provide fundamental 
knowledge for the design of novel and highly performant PSs 

 
 
 

Chart 1 Chemical structures of ruthenium complexes Ru1 and Ru2 of 

this study. 
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based on (dppn)2-containing RPCs. Moreover, to the best of 
our knowledge, this study reports the first example of the 
encapsulation of a RPC into cubosome nanostructures, thus 
paving the way for the development of pharmaceutically viable 
nano-formulations for PDT applications. 

 
 

Results and discussion 
Synthesis and characterization of ruthenium compounds 

Ru(II) complexes Ru1 and Ru2 were  obtained  via  stepwise 
ligand addition following the synthetic route shown in 
Scheme 1c. In this synthetic approach, the polymeric precursor 
[Ru(CO)2Cl2]n was first prepared by the reaction of the com- 
mercial RuCl3·nH2O with paraformaldehyde in formic  acid. 
Then, this compound was allowed to react with the bidentate 
ligands in refluxing methanol (dmbpy) or DMF (dcbpy), 
affording the trans-Cl[Ru(dmbpy)(CO)2Cl2] and trans-Cl[Ru 
(dcbpy)(CO)2Cl2] intermediates, with yields of 75 and 55%, 
respectively. In the latter case, DMF was chosen as the solvent 
because of the limited solubility  of  dcbpy  in  methanol.48 
Finally, two equivalents of dppn ligands were added to solu- 
tions of the trans-Cl[RuL(CO)2Cl2] (L = 4,4′-dimethyl-2,2′-bipyri- 
dine or dmbpy, 2,2′-bipyridine-4,4′-dicarboxylic acid or dcbpy) 
intermediates in 2-methoxyethanol, and in the presence of tri- 
methylamine N-oxide (TMAO), to favour the detachment of the 
strongly coordinated CO ligands49 and allow their replacement 
by the bidentate dppn ligands. The addition of aqueous KPF6 
led to the precipitation of the hexafluorophosphate salt of Ru1 
whereas Ru2 precipitated as a neutral product from the reac- 
tion mixture. Ru1 and Ru2 were obtained, after purification by 
flash chromatography, in 78% and 50% yields, respectively. 

The identity of the obtained compounds was confirmed by 1H, 
13C, COSY and HSQC NMR and high-resolution mass spec- 
trometry (HR-MS) analysis (see the ESI, Fig. S1–S10†). 1H NMR 
signal assignment is reported in the ESI;† recording of 13C and 
HSQC spectra of Ru2 was prevented by its poor solubility in 
(CD3)2SO. 

As shown in Scheme 1, it can  be  highlighted  that,  com- 
pared to the most employed synthetic approach used for the 
preparation of bis-heteroleptic complexes with the general 
formula [Ru(NN)2L]2+ (N,N = polypyridyl bidentate ligand)50,51 
(Scheme 1a), commonly obtained by the reaction of [Ru 
(NN)2Cl2] with a third chelate ligand (L), in the method of this 
work the two dppn ligands are allowed to react with the Ru(II)- 
scaffolds only in the last  step  of  the  reaction.  This  would 
permit to overcome solubility  issues  arising  from  the  use  of 
the [Ru(dppn)2Cl2] intermediate. A  similar  “reverse”  concept 
was also previously applied by Turro and coworkers in the syn- 
thesis of a rare example of a (dppn)2-containing RPC reported 
in the literature, namely [Ru(bpy)(dppn)2][PF6]2,24 which was 
indeed obtained by the reaction of dppn with [Ru(bpy) 
(CH3CN)4]2+ in the last reaction step (Scheme  1b).  However, 
long reaction times (in the order of 7–24 days) were required 
by this route to prepare the intermediate [Ru(bpy)(CH3CN)4]2+ 
using RuCl3·nH2O as the starting material.52,53 

In light of these considerations, the synthetic strategy 
employed in this work may provide an alternative and straight- 
forward way for the preparation of RPCs featuring the general 
formula [Ru(dppn)2L]n+ (L = variously functionalized bidentate 
polypyridyl chelates), in good yields and reaction times. 

The electronic absorption spectra of Ru1 and Ru2 in aceto- 
nitrile are shown in Fig. 1a, whereas their molar extinction 
coefficients (ε) at different absorption maxima (λmax) are listed 

 
 

 

Scheme 1 Synthetic route followed for the preparation of complexes Ru1 and Ru2 of this work (3c), compared to the one generally employed for 

the preparation of bis-heteroleptic RPCs (3a) and to the one previously reported for the Turro’s compounds [Ru(bpy)(dppn)2][PF6]2 and [Ru( phpy) 

(dppn)2][PF6] (3b). 
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Fig. 1 Electronic absorption spectra of Ru1 and Ru2 in acetonitrile (a). Singlet oxygen determination as evaluated through UV-Vis analysis by using 

DHN as an indirect 1O2 reporter; in the inset are compared the semilogarithmic plots of ln(A/A0) as a function of the irradiation time registered for 

Ru1 and Ru2 and [Ru( phen)3]2+ as the reference control ([DHN] = 3.3 × 10−4 M, [Ru1] = [Ru2] = 10 µM) (b). Sketch of the 1O2 determination by 

employing DHN as an indirect probe for 1O2 (c). Absorption spectra of aqueous solutions of Ru1 registered in the presence of increasing concen- 

trations of ct-DNA; in the inset are reported the [DNA]/Iεa − εfI values obtained for Ru1 and Ru2 versus the molar concentration of DNA ([Ru1] = 

[Ru2] = 10 µM, TRIS buffer pH 7.4) (d). 
 

 
 

Table 1 Electronic absorption maxima measured in acetonitrile, rate constants Kobs, quantum yields for 1O2 generation (ϕΔ) and binding constants 

with ct-DNA (Kb) of ruthenium complexes of this study 
 

Compound λabs nm−1 (ε × 103 M−1 cm−1)a Kobs ϕΔ ( O2) a 1 b Kb (×106 M−1) pKa 

Ru1 324 (146.1), 387 (25.3), 409 (32.2), 440 (26.6) 1.85 × 10−3 0.54 ± 0.06 7.49 × 105 –– 

Ru2 323 (123.2), 387 (27.8), 410 (32.4), 445 (30.0) 2.71 × 10−3 0.50 ± 0.07 2.34 × 106 pKa1, pKa2°3.6 ± 0.3,
pKa2

* 4.6 ± 0.4 

a Determined in acetonitrile. b Determined for air-saturated acetonitrile solutions of Ru(II) complexes. 
 

 

in Table 1. As shown, besides the intense intraligand π → π* 
transitions at 280–330 nm, both complexes display a double 
humped absorption at ∼387 and ∼410 nm, which is typical of 

the dppn centered π → π* transitions, plus a broad 1MLCT 

absorption centered at ∼445 nm, in good agreement  with 
those of dppn-containing RPCs reported in the literature.24,54 
It can also be noted that the absorptions relative to the dppn- 
centered transitions of Ru1 and Ru2 are more intense than the 
corresponding ones reported for the parental compound [Ru 
(bpy)2dppn]2+,24 as expected due to the presence of two dppn 
units in their Ru(II) scaffolds. On the other hand, Ru1 and Ru2 
resulted to be weakly luminescent, with the highest emission 

being displayed by Ru2 in acetonitrile and ethanol (Fig. S11, 
ESI†). 

Finally, given the presence of the ionizable dcbpy ligand in 
Ru2, the acid–base behavior of this complex in water was 
examined by means of spectrophotometric titrations, as 
described in the ESI.† Similar to what was previously reported 
for a parental dcbpy-containing Ru(II) complex,55 of the two 
possible protonation equilibria only pKa2 values of 3.6 ± 0.3 
and 4.6 ± 0.4, respectively, for the ground ( pKa2°) and  the 
excited state ( pKa2

*) (Table 1) were determined by these 
measurements. This, along with the presence of two inflection 
points in the fluorescence titrations, suggested that the first 



View Article Online 

Inorganic Chemistry Frontiers Research Article 

Inorg. Chem. Front., 2023, 10, 3025–3036 | 3029 This journal is © the Partner Organisations 2023 

 

 

 

pKa value was too low to be accurately determined. The higher 
value found for pKa2

* relative to pKa2° would be in line with 
the higher basicity of the complex in the excited state. It 
should also be noted that these data confirm that the car- 
boxylic functions of Ru2 are likely to be fully deprotonated at 
neutral pH, conferring an overall total neutral charge to the 
complex. Therefore, along with the different nature of their 
ancillary ligands, it can be envisaged that the different charges 
of metal complexes in physiological media (+2 for Ru1, 0 for 
Ru2) might have an influence on their biological behavior and 
interaction with cubosome nanostructures (vide infra). 

Singlet oxygen sensitizing properties of Ru(II)-complexes and 
DNA interaction 

A crucial requisite for a candidate PS for PDT applications 
relies on its ability to trigger the formation of harmful reactive 
species under light-irradiation, such as the highly oxidant 
singlet oxygen 1O2, the classical warhead of PDT produced as 
the result of type-II-based pathways.56 

The singlet oxygen sensitizing properties of Ru(II) com- 
plexes Ru1 and Ru2 were first assessed spectrophotometrically, 
by employing 1,5-dihydroxynaphtalene (DHN) as an indirect 
reporter for singlet oxygen. Indeed, in the presence of 1O2, 
DHN is promptly and quantitatively oxidized to give 5-hydroxy- 
1,4-naphthalenedione (Juglone), thus allowing to easily follow 
the photoexcitation process by monitoring the decrease of the 
DHN absorption band, centered at 297 nm, and the simul- 
taneous increase of the broad Juglone band at around 427 nm 
(see Fig. 1c for a schematic illustration of the 1O2 analysis by 
the DHN method for Ru1 and Ru2 complexes). 

Fig. 1b shows the absorption spectra of an acetonitrile solu- 
tion containing Ru1 and DHN subjected to increasing 
irradiation times (LED emitting at 434 nm, 160 mW), light- 
exposure determined the progressive decrease of the DHN 
absorption band along with the simultaneous increase of that 
of Juglone, thus clearly demonstrating the photosensitizing 
properties of Ru1. It should also be noted that the appearance 

of two clear isosbestic points in the UV-Vis titration, at ∼280 
and 330 nm, ruled out the formation of long-lived intermedi- 
ates or byproducts. An analogous behavior was displayed by 
Ru2, as reported in Fig. S13 of the ESI.† Compared to [Ru 
( phen)3]2+, taken as a reference RPC for 1O2 sensitization, both 
Ru1 and Ru2 exhibited remarkably higher photosensitizing 
features. This can be easily appreciated from the corres- 
ponding semilogaritmic plots of ln(A/Ao) over the irradiation 
time frame (A0 and A are the absorbance values at 297 nm at 
time “zero” and at a generic time “t”) reported in the inset of 
Fig. 1b, in which can be evidenced, for example, that a similar 
amount of 1O2 was produced within 65–75 s by Ru1 and Ru2, 
and in more than 200 s by [Ru( phen)3]2+. In detail, Ru1 and 
Ru2 displayed a comparable potency, as denoted by the slight 
differences emerging between their relative rate constants for 
the DHN photooxidation processes (kobs), of 1.85 × 10−3 and 

2.71 × 10−3, respectively (Table 1). In addition to the indirect 
DHN method, the 1O2 sensitizing properties of Ru1 and Ru2 
were further probed through direct measurement of the phos- 

phorescence signal of 1O2 at 1270 nm, induced by irradiation 
of air-saturated acetonitrile solutions of ruthenium complexes. 
This allowed us to determine the relative quantum yields of 
1O2 generation (ϕΔ), which are listed, along  with  the  one  of 
[Ru( phen)3]2+ for comparison (ϕΔ = 0.38 ± 0.06), in Table 1. As 
shown, ϕΔ values of 0.54 ± 0.06 and 0.50 ± 0.07 were respect- 
ively obtained for Ru1 and Ru2, thus confirming that the sim- 
ultaneous presence of two dppn units into the Ru(II) scaffolds 
confers to these complexes a potent and comparable ability to 
sensitize the formation of singlet oxygen, in well agreement 
with the results of the UV-Vis analysis. 

Since it is known that 1O2 rapidly reacts with the surround- 
ing biological substrates (estimated half-life <40 ns, range of 
action in the order of 20 nm),57 leading to an extremely loca- 
lized oxidative damage, the ability of a PS to effectively interact 
with a desired biological target may be important for its poten- 
tial application in PDT, as it would ensure drug localization in 
close proximity to the target to be treated, strengthening the 
oxidative damage induced by ROS sensitization. This, along 
with the known DNA intercalating properties imparted by the 

π-expansive dppn ligands, prompted us to consider the affinity 
of the studied RPCs with the nucleic acid. The DNA-binding 
abilities of Ru1 and Ru2 were evaluated on calf thymus (ct- 
DNA) through UV-Vis analysis, by monitoring the changes in 
the absorption profiles of the aqueous solution of RPCs 
buffered at pH 7.4 induced by increasing concentrations of ct- 
DNA. As shown in Fig. 1d for a 10 µM solution of Ru1, the 
addition of ct-DNA resulted in a strong hypochromism in both 

the MLCT and π → π* absorption bands of the metal complex, 
with a reduction of approximately 50 and 65% of their relative 
intensities in the presence of only 3 µM DNA. No blue or red 
shift was observed upon the addition of DNA and a very 
similar trend was also  observed  in  the  case  of  Ru2  (see 
Fig. S14, ESI†). The intrinsic binding constants (Kb) of Ru1 
and Ru2 were calculated from titration data (see the inset of 
Fig. 1d for a comparison between the two RPCs) as described 
in the ESI† and the resulting values are reported in Table 1. As 
shown, Kb values of 7.49 × 105 M−1 and 2.34 × 106 M−1 were 
respectively  obtained  for  Ru1  and  Ru2,  thus  confirming  the 
ability of these systems to strongly interact with DNA under 
abiotic conditions. It can be noted that these values are in line 
with the ones reported for other dppn-containing ruthenium 

complexes (Kb in the order of 106 M−1)54,58,59 and though not 
conclusive, together with the large extent of hypochromism 
observed, they hint at the intercalation as the most likely 
binding mode for these complexes. Moreover, the possible 
beneficial role played by the presence of a second dppn ligand 
in strengthening the interaction of complexes with the bio- 
polymer is particularly evidenced by comparing Ru1 with its 
mono-dppn containing analogue, [Ru(dmbpy)(dppn)]2+, for 
which a lower Kb, of almost 5.8-fold has been reported.28 

Cytotoxicity and photoactivity of Ru(II)-complexes 

To be qualified as a potential agent for photodynamic therapy, 
newly developed photosensitizers should be biologically inert 
in the dark, but highly cytotoxic when exposed to light of a 
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given wavelength.60 This simple mechanism allows for selec- 
tive action against the light-exposed area (i.e. the tumor), abol- 
ishing the systemic toxicity typically associated with traditional 
chemotherapeutic drugs.46 Here, the anticancer activity of Ru1 
and Ru2 was evaluated on A431 cells, an in vitro model of 
human epidermoid carcinoma. 

As shown in Fig. 2, both compounds were found to be well 
tolerated by cells when no light was provided to the culture 
dishes. A slight difference between their in dark toxicities was 
observed, thus indicating that seemingly small modifications 
on the groups gathered on the bpy moieties of complexes 
(methyl or carboxylic functions) may influence their toxicity. In 
details, cell viability was reduced to 75.1 ± 4.1% and 82.4 ± 
2.0% upon exposure to the  highest  dose  of  Ru1  and  Ru2 
(25 µM) in the dark, respectively. Conversely, 30-minutes of 

irradiation with an LED array (λmax = 462 nm, 18 mW cm−2) 
induced potent activation of the  complexes,  triggering  com- 
plete cell death (viability < 10%) at concentrations of 0.25 µM 
(Ru1, Fig. 2a) and 5 µM (Ru2, Fig. 2b): Fig. 2c summarizes the 
IC50 values calculated from in vitro  experiments.  As  shown, 
both Ru1 and Ru2 displayed high photo-toxic indexes  (PI, 
defined as IC50 in the dark/IC50 upon irradiation), with values 
exceeding 988 and 130, respectively. From a translational point 
of  view,  higher  PIs  are  predictive  of  a  larger  therapeutic 

 
 
 

Fig. 2 Viability of A431 epidermoid carcinoma cells assessed by MTT 

following treatments with Ru1 (a) or Ru2 (b), with or without exposure 

to light for 30 minutes (n = 5). Table summarizing the IC50 values 

(±SEM) for the different experimental groups (c). 

window, with limited off-target cytotoxicity and enhanced on- 
target potency. Of note, notwithstanding the lack of data for 
the phototoxicity of dppn-containing Ru(II) complexes in A431 
cells, it can be highlighted that the in vitro therapeutic out- 
comes of complexes of this study are ones of the highest 
among those reported in the literature for the PDT effect of 
dppn-containing RPCs.23,25,61–63 

Cubosome loading and characterization 

The in vitro results highlighted the promising activity of the 
obtained systems in PDT. Nevertheless, their poor aqueous 
solubility would not be compatible with direct administration 
to a patient. In fact, self-aggregation phenomena might occur 
due to the high hydrophobicity of these systems, leading to 
low bioavailability, possible off-target activation and reduction 
of their photosensitivity and photophysical properties.64 The 
encapsulation of PSs into nanocarriers is a well-known tech- 
nique used to overcome these issues and to facilitate their bio- 
medical application.65 In this study, we prepared Ru1 and Ru2 
cubosome-loaded formulations using monoolein (MO) as the 
molecular building block and PF108 as the stabilizing agent. 
In line with previous results,66 the obtained samples were fluid 
aqueous dispersions with a milky macroscopic appearance. 
Cubosomes, here proposed as PS carriers, were prepared as 
described in paragraph 4.1 of the ESI† and characterized in 
terms of encapsulation efficiency and colloidal properties, 
namely size, size distribution and zeta potential. 

Unencapsulated PSs were removed by exhaustive dialysis, 
then cubosomes were dissolved in methanol and the drug 
content was spectrophotometrically quantified. The results 
revealed high encapsulation values of Ru2 (60%), whereas the 
amount of encapsulated Ru1 was 9%. Besides their different 
structures, the two complexes also display different overall 
charges (at neutral pH Ru1 features a double positive charge 
whereas Ru2 is likely to be present in its neutral form) and 
this can be reasonably assumed to affect the encapsulation 
efficiency into cubosomes. Indeed, the production procedure 
and the excipients employed were identical for both formu- 
lations, the encapsulated PS being the sole difference. 

As for the colloidal properties, DLS analysis revealed the 
presence of nanoparticles with an average diameter of approxi- 
mately 138 and 142 nm, for Ru1-cubo and Ru2-cubo respect- 
ively (Fig. 3a). Both formulations showed a narrow size distri- 
bution with PDI values below 0.2. Concerning the nanoparticle 
zeta potential, we recorded a value of −9 mV for Ru1-cubo and 
−30 mV for Ru2-cubo, thus indicating a superior stabilization 
of the latter. 

We monitored the average diameter, PDI and zeta potential 
over a period of 30 days, for a medium-term stability study of 
the colloidal systems (Fig. S16, ESI†). The size distribution 
study revealed optimal stability of Ru2-cubo, since the mean 
diameter did not vary appreciably during the 30 days on 
storage at 25 °C, with an average diameter of approximately 
140 nm during the whole study. The PDI and zeta potential 
were almost constant, confirming the retention of the fairly 
narrow size distribution on storage. Conversely, the average 
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Fig. 3 Ru1-cubo and Ru2-cubo composition and characterization in terms of average diameter (D, nm), polydispersion index (PDI), zeta potential 

(ZP, mV) and encapsulation efficiency (EE%) (a). Cryo-transmission electron microscopy (b) and small angle X-ray scattering patterns of Ru2-cubo 

with indication of the Bragg peaks corresponding to the Im3 m (red dotted lines) and the Pn3 m (blue continuous lines) cubic bicontinuous phases (c). 
 

 
 

diameter  of  Ru1-cubo increased from 138 nm (day   0)  to 
235 nm (day 30), the zeta potential moved  to  lower  values, 
while PDI values were almost steady. 

Given the obtained preliminary results of Ru1-cubo, 
namely, low encapsulation efficiency and an increase of the 
average diameter over 30 days of storage, we selected Ru2-cubo 
for further characterization and in vitro bioactivity tests. 
Firstly, we evaluated the nanoparticles morphology of Ru2- 
cubo by means of cryo-transmission electron microscopy 
(Cryo-TEM). As shown in Fig. 3b, cubosomes appear as spheri- 
cal nanoparticles with an internal structure characterized by a 
dark matrix and bright spots, which represent the lipid phase 
and the water channels respectively. We then evaluated the 
inner nanostructure of Ru2-cubo through small angle X-ray 
scattering. Particularly, the recorded SAXS pattern shown in 
Fig. 3c strongly suggests the simultaneous presence of two 
bicontinuous cubic phases, the Pn3 m and the Im3 m, respect- 
ively characterized by lattice parameters of 92 ± 1 Å and 117 ± 
1 Å and water channel radii of 38 ± 1 Å and 37 ± 1 Å. In fact, 
the coexistence of the two phases is often observed when MO 
cubosomes are stabilized with Pluronics.66,67 

Cytotoxicity, photoactivity and ROS production of cubosomes- 
encapsulated Ru2 

In addition to promoting solubility and stability, nanoencapsu- 
lation of photosensitizers in soft colloids has shown  to 
improve the management of cancer in previous studies, as it 

allows targeted delivery and favors bio-membranes 
crossing.68–71 When designing novel PS-loaded nanoparticles, 
it is critical to assess that the biological activity of the cargo is 
retained upon nano-encapsulation, and that no unspecific tox- 
icity comes from the nanoparticle itself (i.e. empty vector). For 
such reasons, we tested the cytotoxicity (in the dark) and 
phototoxicity (upon LED illumination) of Ru2-cubo on the pre- 
viously described epidermoid carcinoma model,  comparing 
the results with the effect triggered by empty cubosomes (E-
cubo, not loaded with PS). Ru2-cubo sensitized cancer cells to 
light even at a very low concentration of 0.025 µM ([Ru2]), 
with more than 50% reduction of cell viability at a dose of 
0.25 µM (Fig. 4a). Calculated IC50 for Ru2-cubo was 0.268 ± 
0.079 µM. The slightly higher IC50 of Ru2-cubo compared to 
free Ru2 is expected for a nano-encapsulated molecule and can 
be partially explained by the lower intracellular localization of 
ruthenium, evidenced by inductively coupled plasma atomic 
emission spectrometry (ICP-AES), when entrapped in the soft 
lipid matrix (Fig. S17, ESI†). As expected, treatment with Ru2- 
cubo was efficacious only when coupled with LED irradiation, 
as cells incubated in the dark did not show signs of sufferance. 
The risk of unspecific toxicity of other components of the 
nanoformulation (i.e. monoolein and PF108) was ruled out by 
exposing cells to E-cubo under the same conditions (Fig. 4b). 

To obtain preliminary information about the mechanism of 
the observed phototoxicity, we first investigated the production 
of intracellular ROS upon PDT using the 2′,7′-dichlorodihydro- 



View Article Online 

Research Article Inorganic Chemistry Frontiers 

3032 | Inorg. Chem. Front., 2023, 10, 3025–3036 This journal is © the Partner Organisations 2023 

 

 

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
li

sh
ed

 o
n 

06
 A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 1

/2
/2

02
4 

7:
35

:2
3 

PM
. 

T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

tt
ri

bu
tio

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

. 

 

 
 

Fig. 4 Viability of A431 epidermoid carcinoma cells assessed by MTT following treatments with Ru2-cubo (a) or E-cubo (b), with or without 

exposure to light for 30 minutes. The dose is expressed as concentration of Ru2 in the cell culture well or the corresponding volume of E-cubo. The 

dashed line is a guide for the eye to highlight the viability of cells exposed to light without PS. One way ANOVA with post-hoc Tukey HSD test was 

employed to substantiate differences between cells exposed only to light (no PS, 0 µM) vs. cells treated with Ru2-cubo or E-cubo and exposed to 

light (*p < 0.01) (n = 8). Production of ROS by A431 epidermoid carcinoma cells estimated by the oxidation of the DCF-DA sensor and visualized by 

confocal laser scanning microscopy (c–e). Cells treated with Ru2-Cubo (100 nM) and exposed to light for 10 minutes (c) or incubated in the dark (d). 

Untreated cells (e). The green signal corresponds to the sensor oxidized by intracellularly produced ROS to its fluorescent derivative DCF. Red signal 

shows the cell membranes stained with WGA. Scalebar = 50 µm. 
 

 

fluorescein diacetate (DCFH-DA) assay.72 When applied to the 
cell culture, the cell permeable probe DCFH-DA crosses the 
cell membrane and it is deacetylated by cytosolic esterases 
into a non-fluorescent metabolite (DCFH). In the presence of 
intracellular ROS, the metabolite can be oxidized to produce 
highly fluorescent 2′,7′-dichlorofluorescein (DCF). The amount 
of ROS produced by the cells in response to PDT can be esti- 
mated by measuring the green fluorescence intensity of DCF 
localized within the cell body. 

A431 cells were treated with Ru2-cubo, supplied with the 
DCFH-DA probe and exposed to light to trigger the activation 
of the photosensitizer. The dose of Ru2-cubo (100 nM of Ru2) 
was selected to allow for the observation of ROS generation, 
limiting the extent of cell toxicity. Immediately after 
irradiation, cells were fixed, and their  membranes  were 
stained with WGA for microscopy observation. Representative 
images acquired by confocal laser scanning microscopy allow 
to observe a diffuse green fluorescence in almost 87.4% of the 
cells exposed Ru2-cubo + light (Fig. 4c). Conversely, the treat- 
ment with Ru2-cubo in the dark did not induce significant 
production of ROS, as the amount of green signal detectable 
(Fig. 4d) was comparable to the one observed in a well of 
untreated cells (control, Fig. 4e). More specifically, the percen- 
tage of ROS-producing cells calculated through image analysis 

was 1.3% and 0.3% for Ru2-cubo in the dark and for untreated 
cells, respectively. 

We then inspected the intracellular distribution of Ru2- 
cubo into A431 cells by employing laser-scanning confocal 
microscopy (Fig. S18, ESI†). Despite the ability of the PS to bind 
DNA, our results indicated a modest localization of Ru2-cubo 
within the nuclei, at least after 1 hour of incubation of A431 
cells. This was also observed for the non-encapsulated metal 
complex, thus suggesting that ROS oxidation of other types of 
macromolecules, such as proteins or membrane lipids, rather 
than DNA, is likely to be the cause of the observed phototoxicity 
under our experimental conditions. These oxidized species, in 
addition to losing their function, can initiate the pro-apoptotic 
and pro-necrotic cascade, resulting in cell damage and death.73 

Interestingly, it can also be noted that, in contrast to the 
free metal complex, which, after 1 hour of incubation, evi- 
denced a random distribution in the cellular cytosol, after the 
same incubation time Ru2-cubo was rather found to be finely 
localized in discrete areas. 

Overall, these results confirm that the cytotoxic effect 
observed upon PDT with Ru2-cubo would be related to the 
capacity of this system to effectively trigger the production of 
intracellular ROS, as expected due to the good singlet oxygen 
sensitizing properties of Ru2. 
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Conclusions 

In this study, we explored the potential as PSs for PDT appli- 
cations of two novel Ru(II) complexes, Ru1 and Ru2, character- 
ized  by  two  π-expansive  dppn  units  simultaneously  co- 
ordinated to their Ru(II) centers. The synthetic route followed 
for the preparation of these complexes may represent a valid 
alternative to commonly employed methods and can be poten- 
tially harnessed for the preparation of bis-heteroleptic RPCs of 
the general formula [Ru(dppn)2L]2+ (L = variously functiona- 
lized bpy ligands), whose chemical–physical and photobiologi- 
cal properties can be finely modulated by tuning the nature of 
their bidentate chelates. The simultaneous presence of two 
dppn ligands conferred to Ru1 and Ru2 optimal singlet oxygen 
sensitizing features and DNA-interaction capabilities, which 
were paralleled by a potent light-triggered toxicity exerted on 
squamous epithelial carcinoma cells, with PI values exceeding 
988 (Ru1) and 130 (Ru2). 

Given their scarce solubility in physiological media, which 
would preclude their direct administration for therapeutic use, 
Ru1 and Ru2 were encapsulated into cubosomes, chosen as 
soft nanoparticles to obtain Ru(II)-formulations with improved 
biopharmaceutical properties. Among the resulting hybrid 
systems, Ru2-cubo displayed superior encapsulation efficiency 
and stability as compared to Ru1-cubo, thus hinting  at  a 
subtle role played by the nature of the ancillary ligands and/or 
the overall charge of RPCs. For this reason, we focused our 
attention on the former system, which was further character- 
ized and subjected to bioactivity investigations. Our results 
probed the effectiveness of Ru2-cubo, as denoted by the photo- 
activity observed even at a very low drug concentration, 
whereas mechanistic studies confirmed that intracellular ROS 
generation was likely responsible for the Ru2-cubo-mediated 
PDT efficacy. 

An important aspect that deserves consideration is that soft 
matter nanoparticles are prone to phase  transition/degra- 
dation when dispersed in fluids of biological interest.74 
However, several studies evidenced that monoolein-based 
cubosomes are rather stable when incubated in fetal bovine 
serum solution,75,76 while when dispersed in human plasma77 
after 15 min they start to evolve towards a different kind of 
nanoparticle known as hexosomes, characterized by a hexag- 
onal inner nanostructure.78,79 Indeed, at least one  investi- 
gation proved that after 10/15 min from i.v. administration in 
mice, cubosomes are non-altered and able to reach all the bio- 
logical compartments without the release of the imaging agent 
they carried. 

In conclusion, the results herein discussed highlight the 
great potential of RPCs featuring two π-expansive dppn ligands 
as photosensitizing agents in the blooming field of research of 
PDT. Going beyond providing a simple and general synthetic 
route for the preparation of this class of compounds, to the 
best of our knowledge this work also reports the first RPC to 
be encapsulated into cubosome nanostructures, providing fun- 
damental knowledge about the design of pharmaceutically 
viable Ru(II)-cubosome formulations for PDT applications. 
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