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SUMMARY 

In Vitro Cytotoxic and Ultrastructural Effects of Selected 

Carboxylic Ionophores on Cardiac and Skeletal Myoblasts 

By 

Danielle Henn 

Supervisor: Prof. C.J. Botha 

Department: Paraclinical Sciences 

University: University of Pretoria 

Degree: PhD (Veterinary Science)  

Carboxylic ionophores are polyether antibiotics that are extensively used in production 
animals for the control of coccidiosis and to promote growth and feed efficiency. 
Unfortunately, due to feed mixing errors and extra-label use, cases of ionophore toxicosis 
occur and primarily affect cardiac and skeletal muscles. Ionophores form dynamically 
reversible complexes with cations and facilitate their movement across biological 
membranes, affecting the ion homeostasis of cells and disrupting their normal physiological 
functions. The aim of the study was to determine the cytotoxicity, subcellular changes and 
ultrastructural effects caused by the three different antibiotics, monensin, salinomycin and 
lasalocid on cardiac (H9c2) and skeletal (L6 and C2C12) myoblasts in vitro. The cytotoxicity 
of each ionophore over a 72-h period was determined using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) viability assay. Immunofluorescent and 
immunocytochemistry techniques were used to investigate the effect of the ionophores on 
the microfilament and microtubule networks, as well as on the intermediate filaments desmin 
and synemin. Finally, electron microscopy was used to determine the ultrastructural effects 
of ionophore exposure. Monensin induced the highest cytotoxicity of the three ionophores, 
with EC50s in the low nanomolar range after 48 and 72 h exposure, followed by salinomycin 
and lasalocid. Myoblasts exposed to the different ionophores had similar morphological 
changes, with cytoplasmic vesicles filling the entire myoblast as well as myoblasts ‘rounding 
off’ and detaching from their surroundings. The microfilament and microtubule networks 
showed minimal to moderate disruption depending on the cell line, ionophore, ionophore 
concentration and exposure time. Disruption to the intermediate filament network was 
observed after monensin and salinomycin exposure, resulting in the aggregation of desmin 
around the nuclei of affected myoblasts. However, the synemin network was the least 
affected. Ultrastructural changes included the accumulation of electron-lucent vesicles within 
the cytoplasm, mitochondrial and chromatin condensation as well as myoblasts with 
apoptotic and necrotic features. In conclusion, of the carboxylic ionophores tested monensin 
was the most cytotoxic in vitro. Furthermore, ionophore exposure resulted in the disruption of 
the cytoskeletal networks, especially desmin filaments, which could contribute to the 
myofibrillar degeneration and necrosis seen in the skeletal muscles of animals suffering from 
ionophore toxicosis. Finally, cytoplasmic vesiculation and mitochondrial condensation was 
the most prominent ultrastructural changes that occurred as a result of ionophore exposure 
in vitro, with both apoptotic and necrotic myoblasts present. 
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1. Chapter 1: Introduction 
 

1.1 A Brief Introduction to Carboxylic Ionophore Antibiotics 

Carboxylic ionophore antibiotics are lipid-soluble cation transporters, initially used for 

the control of coccidiosis in poultry (Novilla, 2018). Subsequently their use as feed 

additives for the promotion of growth and feed efficiency in cattle was discovered, 

prompting their wide use within the livestock industry. Carboxylic ionophore 

antibiotics, however, are toxic to animals in high doses and many cases of ionophore 

toxicosis have been reported, mainly as a result of extra-label use and feed mixing 

errors. The severity of ionophore toxicosis is dependent on both the species and 

dose. Clinical signs often include, but are not limited to, feed refusal, anorexia, 

diarrhoea, depression, tachyarrhythmias, dyspnoea, weakness, ataxia and 

recumbency (Bastianello and Fourie, 1996; Dowling, 1992; Gruys et al., 2001; Gy et 

al., 2020; Hall, 2000; Novilla, 2018). Ionophore toxicosis primarily target the cardiac 

and skeletal muscles of affected animals but have also been shown to cause 

neuromuscular disorders in cats and dogs (Bosch et al., 2018; Pakozdy et al., 2010; 

Segev et al., 2004). Cardiac and skeletal muscle lesions consist of degeneration and 

necrosis of the myofibers, as well as attempts at repair and a variable inflammatory 

component (Confer et al., 1983; Mollenhauer et al., 1981; Van Vleet and Ferrans, 

1984a, b). Unfortunately, lesions are not pathognomonic and take time to develop, 

often being absent in animals that die shortly after ionophore exposure. To date, 

treatments for ionophore intoxication are mainly supportive and symptomatic as 

there is no known antidote.  

The mechanism of action of carboxylic ionophore antibiotics pertain to their ability to 

ferry cations across biological membranes down their concentration gradient, 

resulting in the disruption of cellular ion homeostasis (Novilla, 2018; Pressman et al., 

1967; Pressman, 1976). Both muscle and nervous tissue are highly dependent on 

ion fluxes in order to function. Various cellular processes are subject to the precise 

regulation of the ion homeostasis (Abdul Kadir et al., 2018; Blackiston et al., 2009; 

Danese et al., 2017; Urrego et al., 2014). The ensuing downstream effects of 

exposure to toxic ionophore concentrations include calcium (Ca2+) overload, the 

production of reactive oxygen species (ROS), alteration of intracellular pH and the 
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disruption of the mitochondrial membrane potential (Mollenhauer et al., 1990; 

Novilla, 2018; Przygodzki et al., 2005). Monensin, salinomycin and lasalocid are of 

the most well-known ionophores with a proclivity towards sodium (Na+), potassium 

(K+) and Ca2+, respectively (Novilla, 2018). These three ionophores are often 

involved in cases of ionophore intoxication and used in studies for their effects in 

vitro (Ashrafihelan et al., 2014; Decloedt et al., 2012; Kiełbasiński et al., 2020; Kim et 

al., 2017a; Novilla, 2018; Pakozdy et al., 2010; Zavala et al., 2011). 

 

1.2 Problem Statement 

Ionophores are important prophylactic feed additives in production animals. 

However, due to various reasons, such as feed mixing errors, dosage 

miscalculations, feeding to an unintended species, drug incompatibilities and extra-

label use, ionophore toxicity still occurs and mainly affect the cardiac and skeletal 

muscles of affected animals. 

 

1.3 Benefits Arising with These Studies 

The purpose of this study was to increase understanding of the effects of toxic 

concentrations of carboxylic ionophore antibiotics on skeletal and cardiac myoblasts, 

by investigating the cytotoxicity and ultrastructural effects on myoblasts in vitro. In 

addition to enhancing knowledge on a class of compound so widely used in the 

livestock industry, this project also aimed to contribute academic knowledge with 

specific regard to the effect of ionophore exposure on important cytoskeletal 

filaments. Furthermore, as the majority of the experimental studies conducted on 

ionophores, especially regarding veterinary science, is quite dated, this study will 

contribute more recent views to this particular field. 

 

1.4 Aims and Objectives 

The overall aim of this study was to investigate the cytotoxicity, subcellular effects 

and ultrastructural changes caused by three different carboxylic ionophore antibiotics 

i.e., monensin, salinomycin and lasalocid, on cardiac and skeletal myoblasts in vitro. 

The focus was on determining the effects of the ionophores on specific cytoskeletal 

proteins, as their disruption contributes to cardiac and skeletal muscle lesions seen 
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in affected animals. Additionally, more detailed analysis on the effect ionophores 

have on cell and organelle ultrastructure was performed using electron microscopy, 

as there is a lack of literature available on this subject and most of the relevant 

literature is dated. 

The specific objectives were: 

- to provide a comprehensive review of the effects of carboxylic ionophore 

antibiotics in vivo and in vitro, 

- to determine the half maximal effective concentration (EC50) and cytotoxic 

effects of monensin, salinomycin and lasalocid on cardiac (H9c2) and skeletal 

(L6 and C2C12) myoblasts after 24, 48 and 72 h exposure, 

- to differentiate the H9c2, L6 and C2C12 myoblasts to form myotubes, 

- to determine the proportion of L6 myoblasts with DNA fragmentation as a 

result of ionophore exposure, 

- to investigate the effects of monensin, salinomycin and lasalocid on the 

microtubule and microfilament networks of H9c2, L6 and C2C12 myoblasts, 

- to evaluate the effects of monensin, salinomycin and lasalocid on the 

intermediate filament proteins, desmin and synemin, of C2C12 myoblasts, 

- to examine the ultrastructural changes induced by monensin, salinomycin and 

lasalocid on H9c2 and L6 myoblasts using transmission electron microscopy 

(TEM) and 

- to assess the ultrastructural effects of monensin, salinomycin and lasalocid on 

the surface of H9c2 and L6 myoblasts using scanning electron microscopy 

(SEM). 
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2. Chapter 2: Literature Review 
 

2.1 Background 

Carboxylic ionophore antibiotics are polyether compounds with a broad range of 

activity and are widely used in the livestock industry (Anderson, 2008; Novilla, 2018). 

As indicated by the name, ionophores (Greek: phoros - meaning bearer/bearing) 

form dynamically reversible, lipid-soluble complexes with cations that allow for the 

transfer of ions across biological membranes (Pressman et al., 1967). To this end 

they have also been known as “complexones” (Ovchinnikov et al., 1974). The first 

three carboxylic ionophore antibiotics, referred to as X-206, X-464 (nigericin) and X-

537A (lasalocid), were isolated and purified from Streptomyces species in 1951 

(Berger et al., 1951), with many more having since been discovered. In addition, 

some synthetic compounds, such as crown ethers (Pedersen, 1967) and cryptands 

(Lehn and Sauvage, 1971), have likewise been identified to have similar ion-bearing 

properties. Ionophores can be divided into two major subclasses, these being neutral 

ionophore antibiotics and carboxylic ionophore antibiotics (Novilla, 2018; Pressman, 

1976). Neutral ionophore antibiotics form highly toxic, charged complexes with ions 

and are capable of perturbing both biological membranes and the action potential of 

cells. In contrast, carboxylic ionophore antibiotics form zwitterionic complexes with 

cations which promote electrically neutral ion transfer via diffusion. Structurally, all 

carboxylic ionophore antibiotics have a linear backbone that consist of oxygen-

containing heterocyclic rings (Figure 2.1 a-c). The oxygen groups in the structure 

allow for cation ligation. Carboxylic ionophore antibiotics are cyclised by hydrogen 

bonding between the carboxyl group at one terminal of the molecule and one or 

more hydroxyl groups at the opposite terminal (Figure 2.1 d). The carboxylic 

ionophore antibiotics, thus, create a hydrophilic interior and hydrophobic exterior that 

enable the molecule to cross the plasma membrane (Pressman, 1976). 
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Figure 2.1 Chemical structures of the carboxylic ionophores: monensin (a), salinomycin (b) 
and lasalocid (c) as well as an example of monensin as a cyclic structure (d). 

Compared to neutral ionophore antibiotics, carboxylic ionophore antibiotics 

(subsequently referred to as ‘ionophores’) are less harmful for animals, thus many 

are used as feed additives for cattle and poultry (Novilla, 2018). However, in the 

event of toxicosis following ionophore overdosage, striated muscle cells are primarily 

affected due to the resulting high intracellular Ca2+ concentration and the extreme 

movement of ions (Anderson, 2008). Clinical signs are thus accordingly associated 

mainly with skeletal muscle and myocardial dysfunction (Novilla, 1992). Due to their 

ability as ion carriers, ionophores alter the normal ion concentration gradients of 

cells. This results in ion imbalances across cell membranes, changes in intracellular 

pH, Ca2+ overload, lipid peroxidation and disruption of cellular membranes (Novilla, 

2018).  

 

2.2 Ionophores in the Livestock Industry 

2.2.1 Benefits of Commercial Ionophores 

Ionophores are used in the broiler and cattle industry to curb coccidiosis and to 

promote growth and feed efficiency (Goodrich et al., 1984; Marques and Cooke, 

2021; Perry et al., 1976; Weppelman et al., 1977). In feedlot cattle, ionophores assist 

with maintaining the balance of the rumen microbial population, which translates into 

a more efficient feed conversion rate during periods of high-volume concentrate 

feeding (Anderson, 2008; Goodrich et al., 1984; Perry et al., 1976). This in turn 

allows for greater economic gain for meat producers. The commercially used 
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ionophores have different ion proclivities (Pressman and Fahim, 1982), often 

described as being either monovalent or divalent, and are marketed under several 

names (Table 2.1).  

Additional benefits resulting from the incorporation of ionophores into cattle rations 

include the reduction of bloat, ruminal lactic acidosis, subclinical ketosis and acute 

bovine pulmonary oedema and emphysema (ABPE or fog fever) (Duffield et al., 

2002; Goodrich et al., 1984; Nocerini et al., 1985). Monensin, lasalocid and 

laidlomycin cause increased propionate levels and decreased acetate and butyrate 

levels in the rumen (Nocerini et al., 1985; Perry et al., 1976; Richardson et al., 1976; 

Spires and Algeo, 1983). It is, however, unfortunate that despite the relative safety of 

the ionophores as well as their many advantages, cases of ionophore poisoning still 

do occur. 

Table 2.1 A list of ionophores currently used in livestock and poultry production systems 
throughout the world.  

2.2.2 Mechanism of Action 

Ionophores are capable of transporting cations across lipid membranes, influencing 

the ion homeostasis of the cell (Pressman et al., 1967; Pressman, 1976). The 

transport of ions can be between the extra- and intracellular spaces of the cell, as 

well as between the extra- and intra-organelle spaces. By binding a cation, the weak 

organic acid ionophore becomes lipid soluble and can then transport an ion across a 

membrane down its concentration gradient. Subsequently, the ionophore binds 

Ionophore Example of Trade Names Ion Proclivity 

Laidlomycin Cattlyst Monovalent 

Lasalocid Avatec, Bovatec, Taurotec Divalent 

Maduramicin Cygro  

Monensin Aniban, Ancoban, Coban, Coxidin, Ecox, 

Logoban, Monotec, Poulcox, Rumecox, 

Rumensin 

Monovalent  

Narasin Maxiban, Monteban  Monovalent  

Salinomycin Aviax, Bio-cox, Ceva Salinomycin, Coxiban, 

Coxistat, Procoxacin, Saccox, Salecox, 

Salinopharm, Vibracox  

Monovalent 

Semduramicin Aviax  
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another cation e.g., protons (H+), to re-cross the membrane. The ion transporting 

ability of ionophores results in a net imbalance of Na+, K+, Ca2+, and H+. Failure to 

maintain ion homeostasis causes an increase in the osmotic gradient and eventually 

leads to cell swelling i.e., oncosis, which in turn results in damaged organelles and 

cell death (Mehlhorn et al., 1983; Smith et al., 1981). Overall, ionophores cause ion 

imbalances, changes in the intracellular pH and disrupts cellular membranes 

(Novilla, 2018) (Figure 2.2). Monensin preferably forms cation complexes with Na+. 

If monensin binds to Na+ outside the cell, the ionophore is capable of carrying the ion 

across the plasma membrane to the inside of the cell. Subsequently, the sudden 

increase in the intracellular Na+ concentration is counterbalanced by a slow efflux of 

K+ ions, as well as an initial efflux of H+. The efflux of H+ may result in intracellular 

alkalosis. Additionally, the rise in the intracellular Na+ concentration causes an 

increase in the intracellular Ca2+ concentration owing to the indirect inhibition of the 

Na+/Ca2+-exchanger. Other ionophores such as salinomycin preferably complex with 

K+. The K+ efflux is countered by an initial H+ influx, which in turn, lead to the 

acidification of the intracellular environment. Lasalocid is considered a divalent 

ionophore that preferentially forms complexes with divalent ions, namely Ca2+ and 

magnesium (Mg2+). It transports Ca2+ ions directly into the cell through the plasma 

membrane. Lasalocid also has the ability to complex and transport catecholamines 

(Shen and Patel, 1977). Catecholamines and toxic oxidation products cause an 

influx of Ca2+ ions and the formation of free radicals, which leads to myocardial 

necrosis. Thus, toxic concentrations of ionophores cause Ca2+ overload in several 

ways. The increase of intracellular Na+, results in the subsequent increase of 

intracellular Ca2+. Mitochondria act as a buffer by sequestering the excess Ca2+ from 

the cytoplasm via Ca2+-pumps, a process that requires energy. Consequently, the 

buffering capacity of the mitochondria is exhausted causing mitochondrial damage, 

resulting in a disruption of oxidative phosphorylation and an ultimate depletion of 

energy resources (Wrogemann and Pena, 1976). Without energy, the cell cannot 

pump Ca2+ out of the cytoplasm resulting in the accumulation of intracellular Ca2+. 

Intracellular Ca2+ concentrations are further increased by the release of 

catecholamines and their degradation products (Jiang and Downing, 1990; Novilla, 

2018; Reichenbach and Benditt, 1970). The elevated Ca2+ levels then result in the 

activation of various proteases and phospholipases, initiating various degradative 

processes such as the disassembly of myofilaments and membrane damage 
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(Boehmerle and Endres, 2011; Sandercock and Mitchell, 2004). According to 

Osweiler (1996) ionophores interfere with K+ transport across mitochondrial 

membranes inhibiting adenosine triphosphate (ATP) hydrolysis and disrupting 

energy production. Additionally, exposure of rat neonatal cardiac myocytes to the 

Ca2+ ionophore A23187 (calcimycin) resulted in the production of ROS and a 

delayed decrease in the mitochondrial membrane potential (Przygodzki et al., 2005). 

Ionophores are also lipophilic with detergent properties and can cause disruption and 

damage to the plasma membrane through lipid peroxidation, consequently 

increasing the Ca2+ influx (Novilla, 2018). Eventually this leads to cell death. 

Membrane lipid peroxidation is caused when free radicals interact with the double 

bonds of unsaturated fatty acids that compromise the membrane phospholipids. 

Consequently, the impairment of ion channels and membrane transport proteins 

further disrupts ion homeostasis. One cause of channel and transporter disruption is 

direct oxidation of these proteins by free radicals. Alternatively, evidence suggests 

that the production of lipid hydroperoxides and aldehydes of various carbon-chain 

lengths during membrane lipid peroxidation also plays a role in inhibiting their 

function (Mattson, 1998). Monensin and narasin decrease adenosine triphosphatase 

(ATPase) activity (Wong et al., 1977), while salinomycin and lasalocid induces pH 

dependent inhibition of both coupled and uncoupled ATP hydrolysis (Estrada-O et 

al., 1974; Mitani et al., 1976). Ionophores alter pH through the transportation of H+ 

across biological membranes. Monensin affects cellular transportation by shifting the 

pH and the function of acidic intracellular compartments i.e., endosomes, the Golgi 

apparatus and lysosomes (Grinde, 1983; Mahtal et al., 2020; Mollenhauer et al., 

1990). Additionally, as a result of the disturbed ion gradients and subsequent 

osmotic uptake of water, these compartments swell. Late processing events in the 

Golgi apparatus, such as proteolytic cleavage and terminal glycosylation, are 

inhibited by monensin, however many of the incompletely processed molecules are 

still secreted by alternative pathways. Monensin does not appear to inhibit the 

internalisation of endosomes, but the degradation of internalised ligands may be 

prevented. Ionophores affect the internal environment of lysosomes, increasing their 

pH and subsequently inhibiting the complete degradation of cellular material (Grinde, 

1983; Mahtal et al., 2020; Mollenhauer et al., 1990). 
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Figure 2.2 A diagram illustrating the possible mode of action of monensin, salinomycin and 
lasalocid (adapted from Novilla, 1992) (a) and the intracellular systems affected by the 
ionophores (b).  
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2.2.3 Ionophore Toxicosis 

Ionophore toxicosis occurs in both target and non-target species, often as the result 

of miscalculations or mixing errors during feed preparation; the accidental ingestion 

of premix concentrates, or feed intended for a specific species fed to a more 

susceptible species. Additionally, extra-label use may result in adverse effects and 

drug incompatibilities which can enhance ionophore toxicity, such as with tiamulin 

that interferes with the metabolic degradation of ionophores in the liver (Carpenter et 

al., 2005; Geor and Robinson, 1985). It is believed that tiamulin forms a stable 

metabolic intermediate complex with cytochrome P450 inhibiting oxidative drug 

metabolism, thus resulting in slower elimination of the ionophore from the body 

(Witkamp et al., 1995). During large-scale feed production there exists the possibility 

of cross-contamination of feed additives, such as coccidiostats, from previous 

batches which may aid the development of antimicrobial resistance as well as result 

in the exposure of non-target species and subsequent adverse health effects 

(Hazards et al., 2021; O’Mahony et al., 2012). Thus, in certain countries legislation 

was introduced dealing with the maximum level of cross-contamination of feed 

additives allowed as a result of unavoidable carry over as well as the maximum 

residue limits for veterinary medicinal products in foodstuffs from animal origin. In 

South Africa, for example, the latter is regulated by Section 15 (1) of the Foodstuffs, 

Cosmetics and Disinfectants Act No. 54 (1972) of the South African Government 

(The Ministry of Health SA, 1977). Various analytical methods can be used to 

determine the levels of antibiotics in feed and animal tissues, as discussed below. 

Among the non-target species, horses are the most susceptible, but cases of 

poisoning in other species such as cats, dogs, humans and rabbits have been 

described (Bosch et al., 2018; Gy et al., 2020; Matsuoka et al., 1996; Pakozdy et al., 

2010; Salles et al., 1994; Segev et al., 2004; Story and Doube, 2004). Most cases of 

accidental ionophore toxicosis involve monensin and salinomycin, however, 

poisoning with lasalocid, maduramicin and narasin have also been reported. The 

relative half-maximal lethal dosages (LD50s) of monensin, salinomycin and lasalocid 

for different species are tabulated (Table 2.2).  
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Table 2.2 The acute oral LD50 of monensin, salinomycin and lasalocid for different species 
reported in mg/kg. 

2.2.4 Clinical signs, Diagnosis and Treatment 

Animals suffering from ionophore toxicosis exhibit various clinical signs including 

feed refusal or anorexia, diarrhoea, depression, hypoactivity, dyspnoea, weakness, 

ataxia and recumbency (Bastianello and Fourie, 1996; Dowling, 1992; Gonzalez et 

al., 2005; Gruys et al., 2001; Gy et al., 2020; Hall, 2000; Matsuoka et al., 1996; Nel 

and Van der Walt, 1988; Oruc et al., 2011). On auscultation of the heart, tachycardia 

and cardiac arrhythmias are present (Aleman et al., 2007; Bastianello and Fourie, 

1996; Decloedt et al., 2012; Fourie et al., 1991; Galitzer et al., 1986; Muylle et al., 

1981; Nel and Van der Walt, 1988; Oruc et al., 2011; Shlosberg et al., 1997). 

Ionophore toxicity is dose and species dependent and, although most of these signs 

are a constant manifestation of ionophore intoxication, some variation in the 

appearance of clinical signs do occur. In horses, for example, signs of colic are 

observed (Gy et al., 2020; Nel and Van der Walt, 1988). With ionophore toxicosis, 

the cardiac and skeletal muscles are primarily affected, however, in both cats and 

dogs ionophore intoxication often manifests as a neuromuscular disorder. There has 

been several reports of cats and dogs suffering from ionophore toxicosis due to 

accidental ingestion or the presence of ionophores in commercial pet food (Bosch et 

al., 2018; Pakozdy et al., 2010; Segev et al., 2004; Van der Linde-Sipman et al., 

1999). Affected animals suffered from lower motor neuron (LMN) dysfunction with 

paresis and paralysis often starting in the hind limbs before rapidly progressing to the 

forelimbs. Peripheral neuropathy was confirmed in some of the cases. Additional 

signs included dyspnoea and high body temperatures. 

Species  Monensin Salinomycin Lasalocid 

Cattle 26.4 - 50-150 

Chicken 200 44.3 71.5 

Horses 2-3 0.6 21.5 

Mice 70-96 57.4 100-146 

Rats 28.6-40.1 47.6-48.9 122->130 

Sheep 11.9 - 75-350 

Swine 16.7 - 30-50 

Data referenced from Anderson, 2008; Gad et al., 1985; Galitzer et al., 1986; Hall, 2000; 

Hanson et al., 1981; Novilla, 2018; Potter et al., 1984; Todd et al., 1984.  



12 
 

Unfortunately, the clinical signs and gross lesions of ionophore toxicity are not 

pathognomonic, thus six criteria should be considered before a diagnosis of 

ionophore intoxication can be confirmed (Novilla, 2018): 

▪ History of feed-related problems in a herd or flock 

▪ Clinical signs and clinical pathology manifested during the episode  

▪ Gross post-mortem lesions 

▪ Histopathological findings 

▪ Exclusion of differential diagnoses such as nutritional (e.g., vitamin E and 

selenium deficiency), infectious diseases (e.g., bovine respiratory disease 

complex [shipping fever]), and other intoxications (e.g., botulism and cardiac 

glycoside-containing plants) 

▪ Laboratory analysis of feed 

When ionophore toxicosis is suspected, the first course of action is replacing the 

incriminated feed. At present there is no known antidote or treatment for ionophore 

intoxication and therapeutic interventions are mostly symptomatic and supportive. 

Activated charcoal, vitamin E/selenium injections and electrolyte and fluid therapy 

may be beneficial (Bosch et al., 2018; Novilla, 2018; Pakozdy et al., 2010; Segev et 

al., 2004; Van Vleet et al., 1983). It is theorised that both vitamin E and selenium 

help by stabilising the lipid membrane and protecting it from peroxidation (Tappel, 

1980). The prognosis is guarded for any animal that has suspected myocardial 

damage (Gy et al., 2020; Hall, 2000). Even if the animal survives the initial acute 

phase of poisoning, the risk of potential long-term cardiac problems still exists. 

These problems include exercise intolerance, poor performance, congestive heart 

failure (evidenced by dyspnoea, hyperpnoea and ventral subcutaneous oedema), 

reduced lifespan and finally death (Aleman et al., 2007; Decloedt et al., 2012; Fourie 

et al., 1991; Gy et al., 2020; Muylle et al., 1981). 
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Figure 2.3 An ox suffering from subacute/chronic ionophore toxicosis with submandibular 
oedema suggestive of congestive heart failure (a). A calf suffering from acute ionophore 
toxicosis, laying in lateral recumbency (b). Photographs provided by Drs Fourie and Last to 
Prof CJ Botha, Department of Paraclinical Science, Faculty of Veterinary Sciences, 
University of Pretoria. 

2.2.5 Clinical Pathology 

Clinical pathological changes can be used for monitoring groups of animals, but 

changes may be absent in an individual due to the high degree of intraspecies 

variability. The absence of any abnormal finding does not exclude the possibility of 

poisoning, as animals may exhibit normal serum chemistry for a week or longer after 

ionophore ingestion and it is possible for the changes to occur less than 24 h before 

the animal dies (Hall, 2003). Clinical pathological changes observed with ionophore 

toxicosis are attributed to dehydration, electrolyte changes and muscle damage. 

Notably an elevation of serum aspartate transaminase (AST), creatine 

phosphokinase (CPK) and lactate dehydrogenase (LDH) concentrations are 

commonly observed. Serum concentrations of Ca2+ and K+ are reduced (Table 2.3). 

An increase in the cardiac troponin concentration of the serum is indicative of 

myocardial damage; and this is often seen in horses (Decloedt et al., 2012). During 

ionophore toxicosis an increase in urine volume may be observed, with the 

accompanying decrease of urine osmolality. The specific gravity and the levels of 

glucose, protein and myoglobin in the urine increase, while the pH decrease 

(Galitzer et al., 1986; Plumlee et al., 1995). Caution is needed when interpreting any 

clinical pathological alterations, due to the high level of variability and sporadic 

occurrence of these changes. 
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Table 2.3 Possible clinical pathological changes caused by ionophores. 

2.2.6 Necropsy 

As with clinical signs, gross lesions associated with ionophore toxicosis vary from 

species-to-species and between individuals. It is not rare for lesions to be totally 

absent in animals that died shortly after exposure to a lethal ionophore dose since 

lesions require time to develop. Therefore, lesions are more likely to appear in 

animals that survived a few days or longer after exposure. Gross lesions are typically 

found on the cardiac muscle of horses (Decloedt et al., 2012; Gruys et al., 2001), the 

skeletal muscles of sheep, pigs and dogs (Miskimins and Neiger, 1996), and with 

equal prevalence on both cardiac and skeletal muscle lesions in cattle and poultry 

(Novilla, 2018). Post-mortem examination of animals that succumbed to ionophore 

poisoning often reveal haemorrhages and pale areas in the cardiac (Figure 2.4 a & 

c) and skeletal muscles (Britzi et al., 2017; Van Vleet and Ferrans, 1984a). Other 

Blood Biochemistry 

Increase Decrease 

Alkaline phosphatase Ca2+ 

Aspartate transaminase Na+ 

Bilirubin K+ 

Blood urea nitrogen  

Cardiac troponin  

Creatinine  

Creatine phosphokinase  

Lactate dehydrogenase  

Nitrogen  

Total serum protein  

Haematology 

Increase Decrease 

Haematocrit  

Leukocytes  

Total platelets  

Data referenced from Aleman et al., 2007; Bosch et al., 2018; Britzi et al., 2017; Fourie et 

al., 1991; Galitzer., 1986; Geor and Robinson, 1985; Gruys et al., 2001; Matsuoka et al., 

1996; Muylle et al., 1981; Nel et al., 1988; Shlosberg et al., 1997; Story and Doube, 2004.  
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notable findings include pulmonary oedema, hydropericardium, hydrothorax, ascites 

(Figure 2.4 a & b), subcutaneous oedema (Figure 2.4 d), gastroenteritis and 

congestion of the liver (Geor and Robinson, 1985; Gruys et al., 2001; Muylle et al., 

1981; Shlosberg et al., 1997). Myoglobinuria, as evidenced by reddish-brown urine, 

is often observed in dogs, pigs and sheep as skeletal muscle lesions can be quite 

severe (Miskimins and Neiger, 1996; Plumlee et al., 1995; Van Vleet and Ferrans, 

1984a; Wilson, 1980). 

 

Figure 2.4 Necropsy findings in animals affected by ionophore toxicosis. There is an 
irregular area of pallor (black arrow) on the epicardial surface of the left ventricle (a and c). 
Notice the hydropericardium (a, yellow stars). Ascites (blood-stained watery effusion in the 
abdominal cavity) (b, white star) and subcutaneous oedema (d, blue stars) probably due to 
cardiac failure present in the affected animal. Photographs provided by Drs Fourie and Last 
to Prof CJ Botha, Department of Paraclinical Science, Faculty of Veterinary Science, 
University of Pretoria. 

2.2.7 Histopathological Findings 

Due to the ionophore’s ability of perturbing ion homeostasis, excitable tissues such 

as muscle and nerves are more severely affected by ionophore poisoning. 
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Microscopical analysis of affected muscle demonstrates multifocal degeneration, 

loss of cross-striation, infiltration of inflammatory cells, necrosis and repair of muscle 

fibres with fibrous connective tissue (Ashrafihelan et al., 2014; Britzi et al., 2017; 

Carpenter et al., 2005; Decloedt et al., 2012; Gruys et al., 2001; Miskimins and 

Neiger, 1996; Muylle et al., 1981; Shlosberg et al., 1997). Figure 2.5 depicts the 

diaphragm of a Bonsmara heifer that suffered from suspected monensin 

intoxication*. Single and groups of myofibers showed hyper-eosinophilic swelling 

(black arrows), loss of architectural structure with early myolysis and nuclear 

pyknosis, intracellular oedema (black arrowhead) and subendomysial oedema 

(black stars). Findings are variable, depending on dosage and time of exposure. 

With time, skeletal muscle fibres can regenerate, and the lesions disappear.  

Repair of cardiac muscle takes place in the form of myocardial fibrosis. Secondary 

lesions as a result of congestive heart failure may be present and include pulmonary 

oedema, fluid accumulation in the body cavities, and liver and kidney necrosis, 

among others. Figure 2.6 shows sections of the heart of a Bonsmara bull that died 

as a result of monensin intoxication*. The heart had single and groups of myofibers 

with hyper-eosinophilic swelling (black arrows), increased granularity in the 

cytoplasm due to mitochondrial swelling (yellow arrows), loss of architectural 

structure, myolysis and nuclear pyknosis. 

In addition to their well-known effects on the cardiac and skeletal muscles of 

animals, ionophores have been associated with neurotoxic effects, especially in cats 

and dogs (as mentioned above). As with cardiac and skeletal muscles, findings may 

vary depending on the time of exposure, the dosage and the species affected. 

Reports indicate swelling, fragmentation and loss of axons in the peripheral nerves 

of affected animals (Decloedt et al., 2012; Pakozdy et al., 2010; Van der Linde-

Sipman et al., 1999). Destruction of myelin sheaths, with the formation of digestion 

chambers and swollen Schwann cells filled with foamy macrophages were also 

noted. 

*The diagnosis was based on a combination of epidemiological data, clinical 
examination, clinical signs, pathological results and toxicological analysis. 
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Figure 2.5 An H&E-stained cross section of the diaphragm of a Bonsmara heifer suffering 
from ionophore intoxication*. The black arrows indicate hyper-eosinophilic swelling 
suggesting acute necrosis. The black arrow heads and black stars indicate intracellular 
oedema and subendomysial oedema, respectively. Photographs provided by the Pathology 
Section, Department of Paraclinical Sciences, Faculty of Veterinary Science, University of 
Pretoria.  

 

Figure 2.6 Longitudinal (left) and cross (right) H&E-stained sections of the heart of a 
Bonsmara bull that died due to ionophore (monensin) intoxication*. Swelling of single and 
groups of myofibers with increased eosinophilia (black arrows), as well as increased 
granularity in the cytoplasm (yellow arrows) were observed. Additionally, a loss of 
architectural structure, cytoplasmic lysis and nuclear pyknosis were visible. Photographs 
provided by the Pathology Section, Department of Paraclinical Sciences, Faculty of 
Veterinary Science, University of Pretoria. 

2.2.8 Laboratory Analysis 

To confirm a diagnosis of ionophore intoxication, analysis for the presence and 

quantity of ionophores in the feed and tissue is crucial. Diagnostic laboratories and 

manufacturers provide this service (Hall, 2000). However, identifying ionophores in 

the animal tissue is problematic and only proves that the animal was exposed to 

ionophores and does not indicate that such exposure was necessarily the cause of 

mortality. There have been several studies reporting on the fate of ionophores 

following oral administration in various species, including cattle and poultry (Diaz et 
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al., 2018; Donoho, 1984; Novilla, 2018). Ionophores are rapidly absorbed and 

metabolised in the liver, before being excreted in bile and do not accumulate in 

tissues of orally dosed animals when fed according to the recommended dosages 

(Diaz et al., 2018; Donoho, 1984). However, ionophores can accumulate in tissues, 

especially the liver, after exposure to toxic doses (Decloedt et al., 2012; Diaz et al., 

2018; Shimshoni et al., 2014).  

In South Africa, a thin layer chromatography (TLC) screening is first performed 

before the concentration of the specific ionophore in the feed sample is determined. 

Simple TLC is a fast, accurate and low-cost technique to ascertain the presence of 

ionophores in feed samples (Haag et al., 2011; Owles, 1984). The concentration of 

ionophores, i.e. monensin, salinomycin and narasin, in the feed can then be 

quantified using a calorimetric method (Golab et al., 1973). There are several other 

methods for ionophore analysis. A direct competitive enzyme-linked immunosorbent 

assay (ELISA) can be used, entailing the recognition of the ionophores present in a 

sample by antibodies. The ionophore-antibody complex is then bound by a 

secondary antibody immobilised to a microtiter plate. A substrate is added to 

generate a colour signal and the signal intensity can be used to estimate the quantity 

of ionophore present in the sample when compared to a standard. More 

sophisticated methods such as the high performance TLC method described by 

Bertini et al. (2003), liquid chromatography/tandem mass spectrometry (LC-MS/MS) 

(Abafe et al., 2020; Britzi et al., 2017; Ebel et al., 2004; Vudathala and Murphy, 

2012) or reverse phase LC with fluorescent detection (Oruc et al., 2011), can be 

used to determine the presence of ionophores in feeds and tissues with greater 

accuracy.  

 

2.3 Ionophores and their Application in Human Diseases 

Ionophores are well known in the veterinary field due to their prophylactic use in 

production animals, however, it should be noted that evidence for their practical 

application in the treatment of human diseases have also been elucidated. 

Ionophores have shown antibacterial, antifungal, antiparasitic, antiviral and 

anticancer activities. In fact, salinomycin and its derivatives have been described as 

a “magic bullet” due to their “multimodal” mechanism of action (Antoszczak and 
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Huczyński, 2019). For example, salinomycin and its semi-synthetic derivatives 

showed excellent inhibitory activity against methicillin-resistant Staphylococcus 

aureus and Staphylococcus epidermidis (Sulik et al., 2020). Monensin inhibited the 

growth of Candida albicans by disrupting the function of the fungal vacuole (Tournu 

et al., 2017). Weete et al., (1988) reported monensin’s ability to inhibit the growth 

and sterol production of four fungi i.e., Achlya bisexualis, Hypomyces chlorinus, 

Neurospora crassa and Taphrina deformans. Monovalent ionophores displayed 

potent antimalarial effects both in vitro and in vivo (Adovelande and Schrével, 1996). 

Both the asexual and sexual stages of Plasmodium falciparum are susceptible to 

ionophores, while the ookinete development and oocyst formation in the mosquito 

midgut are also inhibited (D'Alessandro et al., 2015). The antimalarial and 

transmission blocking activity of ionophores indicate that they could be repurposed in 

the fight against malaria. A few reports have indicated ionophores as potential 

antiviral agents. Ionophores inhibit human immunodeficiency virus (HIV) replication 

in human T-lymphoblastoid (H9) cells (Nakamura et al., 1992). As previously 

mentioned, ionophores affect the pH of various intracellular compartments, which 

influences virus assembly. Salinomycin disrupted the acidification of the endosomal-

lysosomal compartments inhibiting influenza virus infection (Jang et al., 2018). 

Ionophores have demonstrated potential as anticancer agents and chemosensitizers 

(Kaushik et al., 2018). Compared to paclitaxel, a commonly used anticancer drug, 

salinomycin was at least 100-fold more effective against cancer stem cells (Gupta et 

al., 2009). Salinomycin also has potent anticancer effects against multidrug resistant 

cancers (Manmuan et al., 2017; Zhou et al., 2015) and can overcome drug 

resistance by inhibiting the transporters responsible for the efflux of anticancer drugs 

from cancer cells (Hermawan et al., 2016; Kim et al., 2015). 

 

2.4 Ionophores and their Intracellular Effects 

2.4.1 Ultrastructural Pathology of Tissues and Cells Affected by Ionophore 

Poisoning 

Several studies have focused on describing the ultrastructural effects of monensin 

toxicosis on cardiac and skeletal myocytes. In general, ionophore poisoning results 

in mitochondrial swelling, sarcoplasmic vacuolisation, disrupted contractile material, 

infiltration of macrophages and necrosis (Confer et al., 1983; Mollenhauer et al., 
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1981; Van Vleet and Ferrans, 1984a, b). Mitochondria are primarily affected with 

ultrastructural changes such as swelling, disrupted cristae and flocculent densities 

that can be observed as early as day one post exposure (Van Vleet and Ferrans, 

1984a, b). Van Vleet and Ferrans (1984a) described the alterations of skeletal 

muscle ultrastructure with acute monensin poisoning in swine. Two patterns of 

skeletal muscle necrosis with selectivity towards Type I (slow twitch oxidative) fibres 

were reported. The first pattern included disruption of the fibre contractile apparatus, 

forming dense and filamentous bundles, scattered within the external lamina; swollen 

mitochondria with flocculent matrix densities and pyknotic nuclei. The second 

necrotic pattern showed uniformly dense fibres with undisrupted sarcoplasm. Swift 

resolution of the fibre necrosis occurred by infiltration of macrophages and the 

subsequent phagocytosis of the sarcoplasmic debris. Regeneration was initiated 

almost immediately by the activation of satellite cells to form presumptive myoblasts 

and resulted in the complete restoration of muscle damage. Furthermore, changes of 

swine atrial myocardium after monensin toxicosis was also described (Van Vleet and 

Ferrans, 1984b). Myocytes degenerated and died via necrosis, followed by extensive 

macrophage infiltration and phagocytosis of all sarcoplasmic debris. Necrotic cells 

had disrupted contractile material with hypercontraction bands and an accumulation 

of matrical densities. Sublethal damage was described as moderate to marked 

myofibrillar lysis and sarcoplasmic vacuolisation. Other descriptions of the 

ultrastructural alterations caused by monensin toxicosis include studies by 

Mollenhauer et al. (1981) and Confer et al. (1983) which focused on ponies and 

sheep, respectively. Briefly, mitochondrial swelling and lipidosis was observed in the 

myocardial tissues of the ponies 28 to 72 h after exposure to 4 mg monensin/kg 

(body weight) (Mollenhauer et al., 1981). The hepatocytes had increased numbers of 

smooth endoplasmic reticulum (ER), lipid droplets, peroxisomes and vacuoles 

bounded by fibrous material. Ultrastructural changes in sheep exposed to monensin 

included early and severe mitochondrial swelling, lipid accumulation, myofibrillar 

alterations, necrosis and macrophage infiltration (Confer et al., 1983). The 

regeneration of myocytes via myoblast proliferation occurred as early as day four 

after the initial exposure. 

In vitro exposure of tissue slices and cells to ionophores resulted in slightly different 

ultrastructural alterations. In contrast to the mitochondrial swelling seen in the tissues 
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of animals exposed to ionophores, the mitochondria of cells in vitro are often 

condensed (Mollenhauer et al., 1990; Paddock and Albrecht-Buehler, 1986). 

Additionally, distension of the Golgi apparatus and excessive vacuolation of the 

cytoplasm occurs with electron-lucent vesicles distributed throughout the cells 

(Mollenhauer et al., 1990; Vladutiu, 1984). 

2.4.2 The Cytoskeleton 

Cytoskeletal Components 

The eukaryotic cytoskeleton is an interconnected network, mainly composed of actin 

filaments (microfilaments), microtubules and intermediate filaments. These three 

components act together, alongside various other proteins, to lend structural support 

to cells, organise and transport cellular content, as well as enable cells to alter their 

shape during movement (Fletcher and Mullins, 2010; Hohmann and Dehghani, 

2019).  

Microfilaments are composed of homodimeric actin molecules that are continuously 

polymerised and depolymerised in response to various intra- and extracellular 

signals. Microfilaments are less rigid compared to microtubules, but can form highly 

organised, stiff structures in the presence of a high concentration of crosslinkers 

(Fletcher and Mullins, 2010). An increase in the organisation and length of the 

microfilament network is associated with cell stiffness and immobilisation. In 

contrast, shorter and extensively branched microfilaments are found in connection to 

cellular movement, for instance at the leading edge of moving cells (Fletcher and 

Mullins, 2010; Insall and Machesky, 2009; Paddock and Albrecht-Buehler, 1986). 

Microfilaments are involved in various cellular processes such as chemotaxis, cell-to-

cell communication, cell motility, change in cell shape and endocytosis (Fletcher and 

Mullins, 2010).  

Microtubules are stiff polymer filaments consisting of α- and β-tubulin dimers that 

wind together to form a hollow cylinder around 24 nm wide. These filaments have the 

ability to change between two polymerisation states i.e., stably growing and rapidly 

shrinking, which allows them to quickly reorganise in response to various signals 

(Mitchison and Kirschner, 1984). Microtubules are perhaps most well known for their 

involvement during mitosis in separating chromosomes, but they are also involved in 

cell motility and cell signalling events (Binarová and Tuszynski, 2019; Fletcher and 
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Mullins, 2010; Hohmann and Dehghani, 2019). Furthermore, in cancer cells some 

tubulin isotypes are overexpressed and localised in the nucleus, while other isotypes 

exhibit bioenergetic functions through the regulation of mitochondrial ion channels 

(Binarová and Tuszynski, 2019). Previous studies have demonstrated that in vitro 

microtubule polymerisation requires Mg2+ ions, while high concentrations of Na+, K+ 

and Ca2+ inhibited microtubule formation (Olmsted and Borisy, 1975). 

Both microfilaments and microtubules are considered polar and play a critical role in 

membrane trafficking. They generate force that help move cargo and provide “tracks” 

for the long-range delivery of cargo.  

Intermediate filaments are a class of related proteins that are not as rigid as either 

microfilaments or microtubules, however, they are not polarised and are thus unable 

to support the directional movement of motor proteins (Fletcher and Mullins, 2010). 

Additionally, unlike microfilaments and microtubules that are composed of a single 

type of protein i.e., actin and tubulin, intermediate filaments are composed of a 

variety of proteins depending on the cell type, differentiation status and cellular 

location (Hohmann and Dehghani, 2019). More than 50 intermediate filament 

proteins have been classified into five different types (Type I-V) based on the 

similarities between their amino acid sequences. Intermediate filaments play a 

structural role in cells and assists with the internal organisation as well as provide a 

scaffold for the integration of other cytoskeletal components (Fletcher and Mullins, 

2010; Hohmann and Dehghani, 2019; Paulin and Li, 2004). 

Together microfilaments, microtubules and intermediate filaments are linked to form 

a network that can transmit compressive and tensile stresses, as well as sense the 

mechanical microenvironment (Janmey and McCulloch, 2007). 

Muscle Cytoskeleton 

In muscles, the cytoskeletal network, alongside ATP and Ca2+ is responsible for 

contraction. Myoblasts are mononucleated precursor cells of muscle fibres. During 

differentiation the myoblasts fuse to form multinucleated fibres, with further 

differentiation being associated with the formation of cross-striation and contractibility 

(Yaffe, 1968). The sarcomere is the most basic contractile unit of the muscle and 

consists of actin (thin) and myosin (thick) filaments (Figure 2.7).  



23 
 

 

Figure 2.7 A schematic diagram of a sarcomere. The sarcomere is defined as the region 
between the two Z-disks. Each sarcomere consists of a thick (myosin) filament and two 
halves of the thin (actin) filaments. 

Myocytes contain, in addition to actin and myosin, various intermediate filament 

proteins such as cytokeratins, desmin, lamins, nestin, syncoilin, synemin and 

vimentin (Carlsson and Thornell, 2001). Of these, desmin is an intermediate filament 

protein specific to muscle. It is one of the first muscle-specific proteins that emerges 

during myogenesis, with lower concentrations in replicating myoblasts and satellite 

cells, and higher concentrations in differentiated myotubes (Paulin and Li, 2004). 

Desmin is found primarily in the Z-disk of striated muscle and is critical in maintaining 

the muscle cytoarchitecture. The intermediate filament forms an extra-sarcomeric 

scaffold that binds the contractile machinery to the sub-sarcolemmal cytoskeleton, 

the nuclei, and other organelles (Agnetti et al., 2021; Capetanaki et al., 2007; Costa 

et al., 2004; Mermelstein et al., 2005; Paulin and Li, 2004). Desmin also regulates 

the location of mitochondria in the cytoplasm of myocytes and thus affects their 

respiratory ability (Capetanaki, 2002; Dayal et al., 2020; Kuznetsov et al., 2020; 

Milner et al., 2000).  

Desmin, alongside other intermediate filaments, such as synemin (also known as 

desmuslin), paranemin and syncoilin, connect the Z-disk to the costameres at the 

sarcolemma and may assist in the organisation of the myofibrils (O'Neill et al., 2002). 

Costameres are supramolecular structures consisting of two major protein 

complexes i.e., the dystrophin-glycoprotein complex and the integrin-vinculin-talin 

complex. They assist in the assembly and stabilisation of the sarcomere as well as 

function to link the sarcomeres to the extracellular matrix, allowing the transmission 

of mechanical forces (Jaka et al., 2015). Synemin co-polymerises with desmin at the 

Z-disk in both cardiac and skeletal muscle, assists with structural support and 

connects desmin to the extracellular environment (Lund et al., 2012; Mizuno et al., 
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2004; Mizuno et al., 2001). Additionally, synemin functions in various signalling 

pathways including the protein kinase A (PKA) and phosphoinositide 3-kinase 

(PI3K)-Akt signalling pathways (Pitre et al., 2012; Russell et al., 2006). 

The role of microtubules within myocytes, specifically in context of the contractile 

apparatus, is not well-known. Detyrosinated microtubules, are associated with 

desmin at the Z-disk and form springs alongside of the sarcomere, conferring 

resistance during contraction and regulating mechano-transduction (Robison et al., 

2016; Robison and Prosser, 2017). Additionally, they function as a mechanical link 

between the sarcomeric cytoskeleton and the non-sarcomeric cytoskeleton. 

2.4.3 Effects of Ionophores on the Cytoskeleton 

The cytoskeleton of cells can be indirectly affected during ionophore toxicosis. 

Monensin affects the microfilaments in mouse fibroblasts (3T3 cell line) causing the 

nuclei of 20% of cells with circular nuclei to rotate, while the distribution of 

microtubules and intermediate filaments remained unaffected (Paddock and 

Albrecht-Buehler, 1986). Salinomycin affected the microfilaments of certain cancer 

cells. Sun et al. (2017) reported that salinomycin increased the formation of 

microfilaments in liver cancer stem cells, increasing the strength of the cytoskeleton 

and subsequently inhibiting the migration and invasion of these cells. In another 

study, salinomycin inhibited the migration of pancreatic cancer cells by disrupting 

actin stress fibres (Schenk et al., 2015). Lasalocid was used in a study that 

highlighted the role of Ca2+ and H+ in actin polymerisation and membrane fusion in 

the acrosomal reaction of Echinoderm sperm (Tilney et al., 1978). Ionophores can 

induce the acrosomal reaction by elevating the intracellular pH, which is 

accomplished by the efflux of H+ as a result of the influx of other ions transported by 

the ionophores. The elevated pH in turn is responsible for actin polymerisation. 

Lasalocid and calcimycin decreased the amount of axonal microtubules and inhibited 

rapid axonal transport in frog sciatic nerves, possibly as a result of the increased 

intracellular Ca2+ (Kanje et al., 1981). 

Ionophores, thus, affect the cytoskeleton of cells via their downstream effects which 

results in further alteration of the cells. 
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2.5 Ionophores in In Vitro Experimentation 

2.5.1 In Vitro Cytotoxicity 

Although in vivo studies are an invaluable tool in toxicity research, the use of animal 

models when other models are available and feasible, is an ethical concern (Curzer 

et al., 2016). In vitro cell culture models are an ideal substitute for live animals, 

especially when the research focuses on a compound’s effects on specific cells or 

organelles. The term ‘in vitro’ means ‘within the glass’ and refers to experiments 

conducted in a controlled environment. In vitro studies fall short of in vivo studies 

when it comes to investigating the pharmacokinetics of absorption, distribution, 

metabolism, and excretion of compounds (Freshney, 2001). However, in vitro studies 

have the advantage of simplification, convenience and reproducibility with 

experiments focusing on more detailed analysis than what would be possible if the 

focus were on the whole organism. Additionally, the set-up and analysis of these 

experiments are relatively straightforward. Cell culture studies reduce the interplay 

between several types of cells, the extracellular matrix, and the rest of the organism 

to only focus on one type of cell in a controlled environment. Immortalisation of cell 

lines allow for the continuous subculturing of these cells; however, care should be 

taken as genetic instability combined with selection pressure can cause cells to lose 

some of the characteristics or completely diverge from the original cell type. 

In vitro cytotoxicity and viability assays were developed to determine the toxicity of a 

compound and are the first step in confirming a toxin’s mechanism of action. The 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, first 

described by Mosmann et al. (1983), is one of the most used assays to determine 

cytotoxicity. The assay relies on the mitochondrial enzymes of viable cells to reduce 

the yellow MTT salt into an insoluble, purple formazan product. Cell viability is thus 

proportional to absorbance i.e., there is a direct relationship between increasing 

absorbance values and increasing number of viable cells. The MTT assay is less 

sensitive compared to other fluorescent or luminescent assays, and due to the 

formation of crystals and addition of organic solvents, toxic to cells (Aslantürk, 2018). 

The assay is thus limited to an end-point assay and no further experiments can be 

performed after completion of the assay. However, despite its limitations it is a 

relatively simple assay and is well known as the gold standard for cytotoxicity testing. 
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2.5.2 Mechanisms of Cell Death 

A compound can be considered cytotoxic if it alters cellular morphology, negatively 

affects cell surface attachment, cellular growth and proliferation or cause cell death 

and disintegration (Horvath, 1980). According to the Nomenclature Committee on 

Cell Death (NCCD), a cell is dead only when the cell has lost the integrity of its 

plasma membrane, completely fragmented into apoptotic bodies or was 

phagocytosed by adjacent cells (Kroemer et al., 2009). Cell death is often classified 

based on morphological criteria into three groups i.e., apoptosis, autophagy and 

necrosis (Figure 2.8). Historically this was denoted as type I, type II and type III cell 

death, respectively. However, it has become apparent that the classic method of 

categorising cell death can often be oversimplified and inaccurate (Galluzzi et al., 

2012b; Kroemer et al., 2009; Kroemer and Levine, 2008). Cell death differs between 

the in vitro and in vivo environment. Autophagic cell death rarely affects single cells 

in vivo, and cells undergoing autophagy are usually phagocytosed by neighbouring 

cells (Baehrecke, 2002; Clarke, 1990). Necrosis can be an alternate way of 

programmed cell death with important functions, including the induction of a 

proinflammatory response (Edinger and Thompson, 2004). Additionally, other modes 

of cell death such as pyroptosis and autolysis with specific morphological and 

molecular characteristics have also been reported (Fink and Cookson, 2005; 

Galluzzi et al., 2018; Liu et al., 2013). Still, the original classification of cell death 

combined with the detailed direction of molecular techniques assist in elucidating the 

various potential pathways causing cell death. 
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Figure 2.8 The morphology of cells undergoing apoptosis, autophagy and necrosis. 
Historically, the mechanism of cell death has been classified based on the morphological 
features that manifest during the cell death process. 

Apoptosis 

Apoptosis, also known as programmed cell death, is a highly regulated, energy 

dependent form of cell death. It plays a critical role in various physiological 

processes including embryogenesis, regulation of cell population and the removal of 

damaged cells (Elmore, 2007; Horvitz, 1994; Norbury and Hickson, 2001; Renehan 

et al., 2001). Irregular or dysfunctional apoptosis can bring about a variety of 

pathological conditions such as auto-immune disease, neurological degeneration, 

developmental defects and cancer (Elmore, 2007).  

Morphologically, apoptosis can be identified using either light or electron microscopy 

based on an apoptotic cell’s characteristic appearance (Burattini and Falcieri, 2013; 

Kerr et al., 1972). The cells shrink with both the nucleus and the cytoplasm 

condensing and the cell appearing round or oval with closely packed cytoplasmic 

organelles. Nuclear condensation occurs, with the nuclear material condensing 

either peripherally under the nuclear membrane (chromatin margination) or as 

uniformly dense nuclei. This is followed by nuclear fragmentation (karyorrhexis) and 

plasma membrane blebbing. The cell then disperses into apoptotic bodies, 

consisting of closely packed organelles, with or without nuclear material, encircled by 

an intact plasma membrane and is finally engulfed by neighbouring phagocytic cells. 
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In cell cultures, where phagocytic cells are absent, these apoptotic bodies undergo 

secondary necrosis (Berghe et al., 2010; Elmore, 2007). 

Apoptosis is induced by either an extrinsic (death receptor) or an intrinsic 

(mitochondrial) pathway, both of which converge in an executioner pathway. The 

extrinsic pathway is initiated through transmembrane receptor-mediated interaction. 

A group of receptors from the tumour necrosis factor (TNF) receptor superfamily 

contains cytoplasmic ‘death domains’ that, upon binding with a ligand on the surface 

of the cell, transmit a death signal (Ashkenazi and Dixit, 1998; Smith et al., 1994). 

The death receptor recruits and binds an adapter protein with the corresponding 

death domain, which associates with procaspase-8 via the dimerization of the death 

effector domains. A death inducing signalling complex (DISC) is formed, resulting in 

the autocatalysis, and subsequent activation of caspase-8 (Kischkel et al., 1995). 

The activation of caspase-8 leads to the executioner pathway.  

The intrinsic pathway includes a diverse range of non-receptor mediated stimuli that 

can act in either a positive or negative fashion to generate intracellular signals 

(Elmore, 2007). The signals generated by the various stimuli act on the inner 

mitochondrial membrane, opening a mitochondrial permeability transition (MPT) 

pore. The MPT pore results in the loss of mitochondrial membrane potential, 

resulting in the release of various pro-apoptotic proteins such as cytochrome C (Raff, 

1998). Cytochrome C binds to Apaf1 and procaspase-9, forming a complex known 

as an ‘apoptosome’ (Saelens et al., 2004). The formation of the apoptosome causes 

the activation of caspase-9 and triggers the executioner pathway. Mitochondrial 

membrane permeability is regulated by members of the Bcl-2 protein family that can 

either be pro-apoptotic or anti-apoptotic (Saelens et al., 2004). 

Both the extrinsic and intrinsic apoptosis pathways convene at the executioner 

pathway. During the executioner pathway execution caspases (e.g., caspase-3) are 

activated, which results in the cross-linking of proteins, the degradation of nuclear 

and cytoskeletal proteins, cleavage of deoxyribonucleic acids (DNA), formation of 

apoptotic bodies and the externalisation of phosphatidyl serine on the plasma 

membrane by which neighbouring phagocytic cells can recognise and engulf the 

apoptotic bodies (Elmore, 2007; Galluzzi et al., 2018). In vivo, apoptosis causes a 
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reduced inflammatory response, as the cell does not release its constituents into the 

surrounding environment. 

Apoptosis can be determined based on a cells’ morphological, biochemical and 

molecular characteristics using various methods. As mentioned before, electron 

microscopy can be used to inspect cells for the classical features of apoptosis. 

Additionally, apoptotic cells can be identified using techniques measuring caspase 

activation, phosphatidyl serine externalisation and DNA fragmentation. The terminal 

deoxynucleotidyl transferase-dUTP nick end labelling (TUNEL) assay, developed in 

1992, is a widely used assay to detect fragmented DNA (Gavrieli et al., 1992). The 

fragmentation of DNA is a hallmark, as well as the ultimate determinate of apoptosis.  

It should be noted that apoptosis is a natural process, and low levels of apoptosis 

can be expected in healthy tissues as apoptosis commonly occurs during normal 

development, aging and as a homeostatic mechanism to maintain cell populations in 

tissues (Baehrecke, 2002; Elmore, 2007). 

Autophagy 

Autophagic cell death is morphologically characterised as cell death accompanied by 

the extensive autophagic vacuolisation of the cytoplasm, but without any chromatin 

condensation (Kroemer et al., 2009). During macro-autophagy (subsequently 

referred to as autophagy) cellular material is sequestered in the autophagosome, a 

double membraned structure (Lane et al., 2013). The autophagosome fuses with 

lysosomes forming an autolysosome, a single membraned structure containing 

degrading cellular material and organelles.  

The term ‘autophagic cell death’ is often used incorrectly to describe cells that die 

with autophagy as opposed to cells that die due to autophagy (Kroemer and Levine, 

2008). Autophagy is a physiological process that assist with cell survival during 

periods of starvation, growth factor deprivation and other stress conditions. It helps 

maintain energy homeostasis, recycles nutrients and degrades toxic cellular content. 

High levels of autophagy in apoptotic and necrotic cells are considered a ‘self-

clearance’ mechanism and is essential for the removal of dead cells (Qu et al., 

2007).  

Autophagy can be clearly identified using transmission electron microscopy (TEM); 

however, molecular techniques are required to determine whether the cells die via 
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the autophagic death pathway. A cell can be defined as dying due to autophagy 

when genetic manipulation of at least two different autophagic genes/regulators such 

as AMBRA1, ATG5, ATG12 or beclin1 inhibits cell death (Galluzzi et al., 2018; 

Galluzzi et al., 2012b). 

Necrosis 

Cells undergoing necrosis are morphologically defined by oncosis; swelling 

organelles such as the ER, Golgi apparatus and mitochondria; permeabilization of 

the plasma membrane; and finally the loss of cellular content (Burattini and Falcieri, 

2013; Kroemer et al., 2009). In vivo, necrosis is often associated with an 

inflammatory response due to cell content leaking into the surrounding tissues. 

Necrosis causes several other pathogenic processes including production of ROS, 

ATP depletion, Ca2+ overload, the perinuclear clustering of organelles, activation of 

non-apoptotic proteases and lysosomal rupture (Golstein and Kroemer, 2007). 

Historically, necrosis was considered to be an accidental, uncontrollable form of cell 

death. However, more recent evidence indicated that the necrotic process is 

regulated by various signal transduction pathways and catabolic processes 

(programmed necrosis) (Festjens et al., 2006; Golstein and Kroemer, 2007).  

As with apoptosis, necrosis can be identified through studying the cells’ 

morphological features using electron microscopy. Biochemically, necrosis is defined 

as cell death lacking both apoptotic and autophagic markers (Kroemer et al., 2009). 

Additionally, assays determining the plasma membrane integrity of cells, such as the 

lactate dehydrogenase (LDH) assay or propidium iodide dye, can be used to identify 

necrotic cells. 

Caveats, Limitations and Other Forms of Cell Death 

Although categorising cell death into apoptosis, autophagy or necrosis is 

straightforward, such assumptions may be flawed. Cells within the same population 

can experience different types of cell death and even within a cell multiple cell death 

pathways can be active at once (Ankarcrona et al., 1995; Kostin et al., 2003; Leist et 

al., 1997). Often the type of cell death i.e., programmed death pathway or necrosis is 

dependent on the magnitude of the insult received (Bonfoco et al., 1995; Dypbukt et 

al., 1994; Fischer et al., 2000; Zysk et al., 2000).  
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Apoptosis is often seen as synonymous with programmed cell death, however there 

are other types of programmed or regulated cell death mechanisms such as 

pyroptosis, entosis and anoikis (Kroemer et al., 2009). Pyroptosis is a pro-

inflammatory form of programmed cell death, initially identified in bacteria-infected 

macrophages and is dependent on caspase-1 (Brennan and Cookson, 2000). 

Entosis occurs when one cell engulfs another live cell in its surroundings, which then 

dies within the phagosome (Mormone et al., 2006; Overholtzer et al., 2007). Anoikis 

is molecularly similar to apoptosis, but induced by the loss of attachment between a 

cell and substrate or neighbouring cells (Grossmann, 2002).  

The term necrosis, which describes the degradation after cell death, is seen by a few 

as an improper term to use for a mechanism of cell death (Elmore, 2007). Oncosis is 

used to define the process that leads to necrosis with cell swelling and karyolysis, 

and thus the terms “oncotic necrosis” and “oncotic cell death” is recommended by 

some (Levin et al., 1999; Majno and Joris, 1995). However, these terms are not 

widely used. 

2.5.3 In Vitro Cytotoxicity with the focus on Ionophores 

Various in vitro studies have been conducted determining the effects of ionophores 

on cells and the mechanisms by which they induce cytotoxicity and cell death. The 

EC50s of monensin, salinomycin and lasalocid on several cell lines are tabulated 

(Table 2.4).  

Silybin, a cell membrane stabiliser, permeability regulator and antioxidant, reduced 

the cytotoxicity of monensin, salinomycin and lasalocid on hepatoma on skeletal 

muscle cell lines (Cybulski et al., 2015; Radko et al., 2011, 2013a, b). The authors 

reported that exposure to the ionophores affected cell metabolism and protein 

synthesis, as well as disrupted the integrity of cell membranes. Radko et al. (2013a, 

b) concluded that the plasma membrane of rat skeletal muscle myoblasts (L6 cell 

line) is damaged due to salinomycin and lasalocid toxicity before mitochondrial 

function is affected. In contrast, monensin had a greater effect on mitochondrial 

activity. In murine dorsal root ganglia, salinomycin resulted in the activation of 

calpain, which induced caspase-mediated apoptosis (Boehmerle and Endres, 2011).  

Cancer cells are relatively susceptible to ionophores, and many have EC50s in the 

low micromolar to nanomolar range after 48 h exposure. Monensin, salinomycin and 
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lasalocid have all previously been shown to inhibit proliferation and induce apoptosis 

in various cancers and cancer stem cells e.g. breast cancer, endometrial cancer, 

hepatocellular cancer, ovarian cancer and prostate cancer cells as well as in 

osteosarcoma and lymphoblasts cell lines (Iljin et al., 2009; Kaushik et al., 2018; 

Ketola et al., 2010; Kiełbasiński et al., 2020; Kim et al., 2017a; Kim et al., 2017b; Kim 

et al., 2016; Lu et al., 2011; Park et al., 2003; Park et al., 2002; Tyagi and Patro, 

2019). Oxidative stress due to the production of ROS and alteration of the 

mitochondrial membrane potential have been reported as mediators for apoptotic cell 

death (Ketola et al., 2010; Kim et al., 2017a; Kim et al., 2016) as well as 

programmed necrosis (Qin et al., 2015). Exposure to ionophores also resulted in 

autophagy. Various studies noted the cytoprotective effects of autophagy and that 

inhibition of autophagy resulted in enhanced apoptosis (Kim et al., 2017a; Kim et al., 

2017b; Kim et al., 2016). Monensin and lasalocid affect autophagy by either 

increasing the number of autophagic vesicles or lowering their degradation ability 

(Grinde, 1983; Mahtal et al., 2020; Mollenhauer et al., 1990). Lavine and 

Arrizabalaga (2012) reported that monensin kills Toxoplasma gondii by inducing 

autophagy in the parasite. 

In addition to apoptosis and autophagy, Souza et al. (2005) reported that monensin 

induced necrosis in cultured murine fibroblasts (L929 cell line), possibly due to early 

mitochondrial damage. Salinomycin caused both apoptosis and programmed 

necrosis in glioma cells (U87MG, U251MG and EFC-2 cell line), with the latter 

contributing to the majority of cell death (Qin et al., 2015).  
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Table 2.4 EC50s obtained for monensin, salinomycin and lasalocid in different cell lines. 

 

 

 

 

 

Cell Line Ionophore Exposure Time EC50 ± SEM (µM) REF 

FaO a Lasalocid 24 h 4.9 ± 0.57 1 

HepG2 a Monensin 

Salinomycin 

24 h 

24 h 

6.7 ± 1.8 

13.9 ± 1.7 

 

2 

Lasalocid 24 h 4.8 ± 1.20  

LMH a Monensin 

Salinomycin 

Lasalocid 

24 h 

24 h 

24 h 

0.8 ± 0.2 

27.1 ± 6.9 

7.0 ± 0.54 

 

3,4 

L6 cells b Monensin 

Salinomycin 

Lasalocid 

24 h 

24 h 

24 h 

58.3 ± 11.5 

156.3 ± 16.1 

14.0 ± 1.08 

3,4 

 

Ishikawa c Salinomycin 24 h ~1  5 

VCaP d Monensin 48 h 0.039 ± 0.019 6 

LNCaP d Monensin 48 h 0.090 ± 0.037 6 

DuCaP d Monensin 48 h 0.009 ± 0.002 6 

RWPE-1 e Monensin 48 h >10 6 

EP156T e Monensin 48 h >1 6 

CLL f Salinomycin 48 h 0.23 7 

U2OS g Salinomycin 48 h ~5  8 

MCF7 h Salinomycin 48 h 8.6 ± 1.2 9 

MCF7DDP h Salinomycin 48 h 13.8 ± 0.8 9 

CA46, Molt-4, Raji, 

Ramos, CCRFCEM, 

CEM-C15 and CEM-

CM 3 i 

Monensin 72 h <0.5 10 

a- a Hepatocellular carcinoma cell lines; b Rat skeletal muscle cell line; c Endometrial cancer cell line; d Prostate 
epithelial carcinoma cell lines; e Prostate epithelial cell lines; f Chronic lymphocytic leukaemia; g Bone 
osteosarcoma cell line; h Breast cancer cell lines; i Lymphoblast cell lines. 
 

References: 1Radko et al., 2011; 2Radko et al., 2013a; 3Radko et al., 2013b; 4Cybulski et al., 2015; 5Kielbasinski 

et al. 2020; 6Iljin et al., 2009; 7Lu et al., 2011; 8Kim et al., 2016; 9Tyagi and Patro, 2019; 10Park et al., 2002  
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2.6 Ion Homeostasis in Mammalian Cells 

Ionophores primarily target cellular ion homeostasis, an essential process for cell 

survival. Maintaining the balance of both intra and extracellular ion concentrations is 

critical for the preservation of membrane potential and cell shape as well as the 

proper functioning of several intracellular pathways (Abdul Kadir et al., 2018). The 

plasma membrane is a lipid bilayer that consists of two layers of lipid molecules with 

hydrophilic heads facing outwards and hydrophobic tails facing inwards. The 

structure of the membrane ensures that it is largely impermeable to various ions, 

small hydrophilic molecules, and ribonucleic acid (RNA). To aid the movement of 

ions across the membrane, cells thus rely on facilitated diffusion and active transport 

(Figure 2.9). Facilitated diffusion involves the movement of ions through channels 

down their concentration gradients. These channels are gated and based on cellular 

signals, can be either opened or closed. Some types of gated channels include 

ligand gated and voltage gated channels. In contrast, active transport requires 

energy to transport the ions against their concentration gradients. Some well-known 

examples of active transporters include the Na+/K+-ATPase (Clausen and Poulsen, 

2013) and the Na+/Ca2+-exchanger (Reeves, 1998).  

 

Figure 2.9 A diagram illustrating diffusion, facilitated diffusion and active transport.  

Under physiological conditions, cells maintain high intracellular K+ concentrations, 

low intracellular Na+ concentrations and sequester Ca2+ within organelles such as 

the ER/sarcoplasmic reticulum, mitochondria, and nucleus (Table 2.5).  
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Table 2.5 Typical ion concentrations within a mammalian cell. 

2.6.1 Sodium (Na+) 

Intracellular Na+ is maintained at low concentrations in mammalian cells (Table 2.5) 

by different ion pumps and channels. The Na+/K+-ATPase is responsible for the 

transport of three Na+ ions to the outside and two K+ ions to the inside of the cell at 

the expense of chemical energy derived from ATP. The movement of Na+ against its 

concentration gradient, alongside that of the movement of K+, is used to establish the 

electrochemical gradient of the cell. The electrochemical gradient is then used to 

drive various secondary transporters for the transmembrane carriage of organic and 

inorganic solutes. Disruptions in the Na+ homeostasis results in the disruption of the 

Ca2+ homeostasis, due to the inhibition of the Na+/Ca2+-exchanger that exchanges 

extracellular Na+ with intracellular Ca2+ (Reeves, 1998). Sodium flux also plays a role 

in programmed cell death and is necessary for cell shrinkage during apoptosis 

(Bortner and Cidlowski, 2003). Additionally, extracellular enzymes generally use Na+ 

as cofactors to lower the energy requirement of binding with other molecules (Page 

and Di Cera, 2006).  

2.6.2 Potassium (K+)  

Potassium is present at relatively high concentrations within the cytoplasm (Table 

2.5) and, with Na+, is responsible for generating and maintaining the electrochemical 

gradient of the cell. The two-pore domain K+ channels (Braun, 2012) and inward-

rectifier K+ channels (Adrian et al., 1970) facilitate a small, constant outward leak of 

K+ ions making the plasma membrane somewhat more permeable to K+ in 

comparison to Na+. This steady efflux of positively charged ions results in the 

polarisation of the plasma membrane. This happens until the chemical driving force 

of the ion gradient is equalled by the force of the electric field and a resting potential 

Ion Concentration (mM) 

Na+ 10 

K+ 100 

Ca2+ 0.1 to 0.01 free 

Note that the exact concentration depends on the type of cell as well as physiological and 

environmental conditions and can change up to one order of magnitude. (Milo and Phillips, 

2015) 
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is reached. According to the Goldman equation, a modified Nernst equation, a cell’s 

resting membrane potential relies on the ion gradients and their membrane 

permeabilities (Clausen and Poulsen, 2013; Goldman, 1943).  

𝑉𝑚 =
𝑅𝑇

𝐹
ln

𝑃𝑘[𝐾+]𝑜 + 𝑃𝑁𝑎[𝑁𝑎+]𝑜 + 𝑃𝐶𝑙[𝐶𝑙−]𝑖

𝑃𝑘[𝐾+]𝑖 + 𝑃𝑁𝑎[𝑁𝑎+]𝑖 + 𝑃𝐶𝑙[𝐶𝑙−]𝑜
 

Where Vm is the membrane potential, R is the gas constant, T is the temperature, F is the 

Faraday number and Px is the membrane permeability to that ion. 

The plasma membrane is more permeable to K+, therefore the resting potential of 

the cell will be approximate to the equilibrium potential of the K+ ions. This results in 

a membrane potential ranging between -50 mV to -90 mV in most cells (Clausen and 

Poulsen, 2013). The plasma membrane potential is critical in cell cycle progression, 

with depolarisation of the membrane associated with inhibition at the G1/S-phase 

transition, while conversely essential to the G2/M-phase transition (Blackiston et al., 

2009; Urrego et al., 2014). Previous research demonstrated that depolarisation of 

the plasma membrane through K+ channel inhibition resulted in decreased 

proliferation (Blackiston et al., 2009; Freedman et al., 1992; Urrego et al., 2014; 

Wilson and Chiu, 1993). Additionally, K+ concentration and K+ flux is essential in 

various other cellular functions and pathways. A decrease in intracellular K+ is 

necessary for the activation of the apoptotic machinery (Bortner and Cidlowski, 

2003). Furthermore, in contrast to Na+, K+ ions are generally used by intracellular 

enzymes as cofactors (Page and Di Cera, 2006).  

2.6.3 Calcium (Ca2+) 

Free Ca2+ occurs only in low concentrations within the cell cytoplasm (Table 2.5). 

The majority of Ca2+ is stored within organelles such as the ER and mitochondria. 

The main method of Ca2+ entry into and exit out of the cell is through Ca2+ channels 

and the Na+/Ca2+-exchanger, respectively (Reeves, 1998). Calcium flux, resulting 

from the release of and restoration of Ca2+ ions from their stores, drive various 

cellular processes e.g., contraction of muscle fibres and activation of Ca2+ dependent 

proteases. If, due to insult or injury to the cell, the Ca2+ homeostasis is disrupted, 

and the cell cannot re-establish homeostasis, it leads to cell death. Calcium overload 

is a consequence of the imbalance of Ca2+ homeostasis. In the event of an abnormal 

increase in the influx of Ca2+, mitochondria expend energy in order to maintain ion 
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homeostasis (Wrogemann and Pena, 1976). They do this by sequestering the 

excess Ca2+ ions within the mitochondrial matrix. If homeostasis is not re-

established, the individual mitochondria are overloaded with Ca2+ which in turn, 

causes an irreversible lapse in oxidative phosphorylation. When oxidative 

phosphorylation is disrupted, ATP generation is halted, and the cells will have a 

shortage of energy. With inadequate energy available for transporting Ca2+ out of the 

cell, mitochondrial Ca2+ overloading will accelerate until the mitochondria will no 

longer be able to sequester Ca2+ and may even leak Ca2+. The end result is an 

increased concentration of Ca2+ within the cytoplasm, which eventually leads to cell 

death. Both apoptosis and necrosis are associated with an increase in intracellular 

Ca2+ (Danese et al., 2017). Increased intracellular Ca2+ causes the activation of 

Ca2+-specific proteases such as calpains and certain caspases. Calpains degrade 

various substrates including cytoskeletal proteins such as desmin and dystrophin, 

kinases, proteases and membrane receptors. The activation of mitochondrial calpain 

can result in the release of the apoptosis-inducing factor, which subsequently 

triggers a caspase-independent form of cell death (Norberg et al., 2008). In contrast, 

activation of cytoplasmic calpain can result in cellular damage that leads to necrosis 

and the cleavage of caspase-12, which activates downstream caspases (Nakagawa 

and Yuan, 2000). Salinomycin was shown to result in calpain and cytochrome-c 

mediated cell death due to an increase in intracellular Ca2+ (Boehmerle and Endres, 

2011).  

Perturbations in the ER Ca2+ homeostasis will disrupt ER function, leading to the 

accumulation of unfolded and misfolded proteins in the ER lumen. This in turns 

triggers the unfolded protein response (UPR), whereby overall protein synthesis is 

halted until enough chaperones can be generated to deal with the unfolded proteins 

and restore cellular homeostasis (Varadarajan et al., 2013). If the extent of stress is 

overwhelming apoptosis is triggered. Another way the ER deals with stress is by 

reorganising the ER membranes resulting in the clustering and redistribution of ER 

membrane proteins together with impaired ER function and transport. 

2.6.4 Protons (H+) 

Cellular pH is generated from H+ that dissociate from organic acids, e.g., lactic acid 

(lactate-/H+) and pyruvic acid (pyruvate-/H+). Under normal physiological conditions 

intracellular pH generally falls between 7.0 and 7.4, however, this varies between 
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tissues. The pH of skeletal muscle, for example, is slightly more acidic. Different 

cellular organelles also have different pH spanning from 4.5 to 8.0. Lysosomes have 

low pH and are required to maintain their own ion homeostasis. Disruption in 

lysosomal ion homeostasis affect the degradation of various cellular components 

and vesicle trafficking, etc. To maintain physiological pH, cells rely on buffering 

systems such as the bicarbonate-carbonate, the phosphoric acid and the protein 

binding systems, as well as several transporters responsible for the removal of H+ 

from the cytosol (Aoi and Marunaka, 2014). The sodium-proton exchanger (NHE) 

plays an important role in the maintenance of intracellular pH by exchanging 

intracellular H+ for extracellular Na+ using the chemical gradient between intra- and 

extracellular Na+ concentrations (Aoi and Marunaka, 2014). Additionally, the NHE 

has two structural functions i.e. anchoring actin filaments and scaffolding signalling 

complexes (Meima et al., 2007). 

 

2.7 Summary 

In summary, ionophores are antibiotics marketed as feed additives in the production 

animal industry for the promotion of growth feed efficiency as well as for the control 

of coccidiosis. However, extra-label use or ingestion of concentrations that exceed 

safety levels result in ionophore toxicosis, which primarily affects the cardiac and 

skeletal muscles of animals. This is presented by various clinical signs such as 

weakness, tachycardia and dyspnoea, as well as lesions that appear after sub-acute 

and chronic ionophore intoxication. Ionophores bind to cations and transport them 

across biological membranes, primarily resulting in the disruption of ion homeostasis. 

As ion homeostasis is critical for cellular function, its disruption leads to various 

downstream effects including alteration of cellular pH, disruption of the mitochondrial 

membrane potential, production of reactive oxygen species and inhibition of cellular 

transport. If the toxicity overwhelms the cells’ ability to restore balance, it leads to cell 

death which can occur via different cell death pathways such as apoptosis or 

necrosis. 
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3. Chapter 3: In Vitro Cytotoxicity of Monensin, Salinomycin 
and Lasalocid on Cardiac and Skeletal Myoblasts 
 

3.1 Introduction 

The use of ionophores in the production animal industry is advantageous due to their 

selective toxicity against bacteria and protozoan parasites, combined with their 

safety margins in approved domestic animals (Hall, 2000; Mehlhorn et al., 1983; 

Novilla, 2018). However, when animals ingest a dose that exceed these safety 

margins, ionophore toxicosis occurs. Cardiac and skeletal muscle, as well as 

nervous tissue, are especially vulnerable to the damage caused by ionophores while 

the degree of susceptibility varies between species (Bosch et al., 2018; Confer et al., 

1983; Novilla, 1992; Pakozdy et al., 2010; Segev et al., 2004; Van Vleet and 

Ferrans, 1984a, b). The estimated LD50s of various commercially available 

ionophores, as well as their adverse effects in different animal species have been 

determined (Chapter 2, Table 2.2).  

Ionophores disrupt the ion homeostasis of the cell by complexing with cations and 

transporting them across biological membranes. Monensin and salinomycin are 

monovalent cation transporters with a proclivity towards Na+ and K+, respectively. In 

contrast, lasalocid, a divalent cation carrier, is able to transport Ca2+. Toxic 

ionophore concentrations can overwhelm the cells’ ability to maintain ion balance 

and, consequently, compromise various cellular pathways. These include 

mitochondrial respiration, cellular transportation and protein degradation (Estrada-O 

et al., 1974; Grinde, 1983; Mahtal et al., 2020; Mitani et al., 1976; Mollenhauer et al., 

1990; Wong et al., 1977). In addition, ionophores disrupt the plasma membrane, 

cause oxidative stress, perturb intracellular pH, and can trigger excessive autophagy 

(Ketola et al., 2010; Kim et al., 2017a; Kim et al., 2016; Mollenhauer et al., 1990; 

Przygodzki et al., 2005). The end result is cell cycle arrest, cell death via a 

programmed cell death pathway (i.e., apoptosis) or necrosis.  

In this chapter the cytotoxicity of monensin, salinomycin and lasalocid on rat cardiac 

(H9c2), rat skeletal (L6) and mouse skeletal (C2C12) myoblasts was evaluated. The 

H9c2 and L6 cell lines are derived from rat left ventricle (Kimes and Brandt, 1976) 

and rat thigh muscle (Yaffe, 1968), respectively. The L6 cell line retained many 
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metabolic and morphological characteristics of skeletal muscle and is a good 

alternative to live animals for myotoxicity testing. The C2C12 cell line is a subclone 

(produced by H. Blau et al. 1985) of the mouse myoblast cell line established by 

Yaffe and Saxel (1977). The C2C12 cell line was included in this study, in addition to 

the H9c2 and L6 cell lines, since the antibodies available for desmin and synemin 

staining (referred to in Chapter 4) did not react with the rat cell lines. Therefore, the 

C2C12 cell line enabled us to investigate the effects of the ionophores on these 

intermediate filament networks (Chapter 4, vide infra). In addition to determining the 

cytotoxicity of the ionophores, the effect of monensin, salinomycin and lasalocid on 

mitochondrial localisation and DNA fragmentation was determined via fluorescent 

microscopy. 

 

3.2 Materials and Methods 

3.2.1 Culturing of Cardiac and Skeletal Muscle Myoblasts 

The cell lines used during the course of this study include both rat cardiac (H9c2) 

and skeletal muscle (L6) cell lines, as well as a mouse skeletal muscle (C2C12) cell 

line (Figure 3.1 and Table 3.1).  

 

Figure 3.1 Rat cardiac (H9c2), skeletal muscle (L6) and mouse skeletal muscle (C2C12) cell 
lines under normal culture conditions. Scale bar = 100 µm. 

All three cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

(PAN Biotech) supplemented with 100 U penicillin/ml and 100 U streptomycin/ml 

(Lonza), as well as 10% foetal bovine serum (FBS) (Gibco). The myoblasts were 

incubated at 37 °C in a humidified atmosphere with 5% CO2, and periodically sub-

cultured to prevent the cultures from reaching confluency. 
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Table 3.1 Information pertaining to the cell lines used during the course of this study. 

3.2.2 Cytotoxicity Studies 

Growth Curves 

Before commencing with the cytotoxicity assays, growth curves for the H9c2, L6 and 

C2C12 cell lines were evaluated. Growth curves were necessary in order to 

determine the most appropriate number of myoblasts per well, over a 72 h-period, for 

each cell line. The myoblasts were seeded into a 96-well microplate, with the 

medium being changed after 24 h, and then incubated for 24, 48 and 72 h. The 

absorbance of the myoblasts was determined using an MTT viability assay (as 

described below). 

Stock Solutions 

Monensin sodium (MW: 692.85 g/mol), salinomycin sodium (MW: 772.98 g/mol) and 

lasalocid A sodium (MW: 612.77 g/mol) were obtained from Dr EhrenstorferTM. The 

purity of these ionophores as indicated on the certificate of analysis were 98.4%, 

78.8% and 96.8% respectively. Salinomycin (TRC Canada), with a higher 

percentage purity (95%) was later purchased. Stock solutions were prepared by 

dissolving the ionophores in methanol (MeOH) up to a concentration of 40 mM. It 

was decided upon using MeOH as a solvent, since it allowed for easy solubilisation 

of the ionophores. 

MTT viability assay 

For the cytotoxicity studies, 100 000 H9c2 myoblasts/ml, 25 000 L6 myoblasts/ml 

and 10 000 C2C12 myoblasts/ml, the optimum number of myoblasts to conduct 

Cell 

Line 

Species Tissue Source Reference 

H9c2 Rattus norvegicus, rat Heart/myocardium ATCC H9c2(2-1) (ATCC® 

CRL-1446TM) 

L6 Rattus norvegicus, rat 

 

Skeletal muscle JCRB L6 (JCRB9081) 

C2C12 Mus musculus, mouse 

 

Skeletal muscle ATCC (ATCC® CRL-

1772TM) 

ATCC - American Type Culture Collection 
JCRB - Japanese Collection of Research Bioresources Cell Bank 
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exposure studies over 72h as determined by the growth curves, were seeded into a 

96-well plate. All myoblasts were allowed 24 h to stabilise and to adhere to the well 

surface.  

Subsequently, the myoblasts were exposed to serial dilutions of monensin, 

salinomycin and lasalocid for 24, 48 and 72 h using 0.1% MeOH as solvent. The 

percentage solvent per well was kept constant throughout the serial dilutions. Each 

study included a blank with wells containing complete DMEM media, a negative 

control with normal healthy myoblasts, a solvent control with myoblasts incubated 

with the solvent in the medium, and a positive control with myoblasts exposed to 20 

µM doxorubicin hydrochloride (Pfizer).  

The salinomycin used throughout the project had a purity of 78.8%. To determine 

whether the percentage purity would have a significant impact on the cytotoxicity, 

C2C12 myoblasts were exposed to both 78.8% and 95% pure salinomycin. The 

concentrations used were 0.01, 0.1, 1, 5 and 10 µM salinomycin and the myoblasts 

were exposed for 24, 48 and 72 h. 

Cytotoxicity assays on the differentiated C2C12 myotubes, generated as described 

below, were executed with the myoblasts being exposed to 0.1, 1 and 10 µM of the 

ionophores over a 72-h period.  

The cytotoxicity of the ionophores were determined using a modified MTT viability 

assay as previously described by Mosmann et al. (1983). Post-exposure, the plates 

were washed with phosphate buffered saline (PBS) (Sigma-Aldrich), followed by the 

addition of 200 µl complete media and 20 µl (5 mg/ml in PBS) MTT (Sigma-Aldrich) 

per well. The plates were incubated for 2 h at 37 °C in the dark. Following incubation, 

the medium was removed, 100 µl dimethyl sulfoxide (DMSO) was added to each well 

and the plates were gently shaken for 5 min. The absorbance and background 

absorbance were measured at 570 and 630 nm respectively, using a Synergy HT 

BioTek microplate reader (BIO-TEK Instruments, Winooski, VT, USA). After 

subtracting the background absorbance (630 nm) from the absorbance at 570 nm for 

each well, the viability of the myoblasts was expressed as a percentage of the 

solvent control as follows: 
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% 𝐶𝑒𝑙𝑙 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 =  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑏 𝑅𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒𝑠 − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑏 𝑀𝑒𝑑𝑖𝑎

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑏 𝑆𝑜𝑙𝑣𝑒𝑛𝑡 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑏 𝑀𝑒𝑑𝑖𝑎)
 𝑥 100 

Ab - Absorbance 

All experiments were done in triplicate and had at least three biological repetitions. 

3.2.3 Statistical Analysis 

The results of the cytotoxicity assays were analysed in Microsoft Office Excel 365 

and Graph Pad Prism (Version 9.2.0). The percentage cell survival for each replicate 

corresponding to an ionophore concentration was averaged and the standard 

deviation was calculated. 

The EC50s of all experiments were calculated using a noncomputational method first 

described by Alexander et al. (1999). The method allows for the calculation of the 

EC50, provided that the EC50 is located upon a linear portion of the curve, without the 

need for computational curve-fitting programs using the equation shown in Figure 

3.2. Since the EC50s initially calculated were in log form, the antilog for each had to 

be calculated to determine the EC50 in micromolar concentration. The average EC50s 

with the standard error of the mean (StEM) was reported. 

 

Figure 3.2 Hypothetical dose-response curve showing the technique described by 
Alexander et al. (1999) as well as the equation used to calculate the EC50. A and B 
represents the nearest actual recorded responses on either side of 50% cell survival, while C 
and D represents the corresponding drug concentration used. The difference between A and 
B is represented by y and the difference between C and D is represented by x. 

The significant differences between the transformed EC50s were determined using 

analysis of variance (ANOVA), followed by the Tukey’s multiple comparison test. 
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However, significant differences between cell lines were not compared, as the 

number and growth rate of the myoblasts used differed. Data was checked for 

normal distribution and homoscedasticity using a Shapiro-Wilk normality test and a 

Brown-Forsythe test, respectively.  

3.2.4 Cardiac and Skeletal Muscle Myoblast Differentiation 

In addition to culturing the undifferentiated myoblasts, it was attempted to 

differentiate all three cell lines into myotubes. 

Briefly, H9c2 myoblasts were seeded into a 96-well plate at a concentration of 

150 000 myoblasts/ml. The myoblasts were incubated for eleven days in medium 

supplemented with 1 to 2% of either FBS or horse serum (HS) (Lonza) as well as 

0.01 and 1 µM retinoic acid (Sigma-Aldrich). The medium was changed daily. Further 

experiments using 100 000, 150 000 and 200 000 myoblasts/ml in 1 to 2% FBS with 

retinoic acid, were also performed. 

L6 and C2C12 myoblasts were differentiated using media supplemented with 5% 

HS. The myoblasts were seeded into a 96-well plate at 50 000 myoblasts/ml and 

incubated for seven days, changing the medium every other day. 

3.2.5 Light Microscopical Analysis of Myoblast and Myotube Morphology 

after Ionophore Exposure 

All three cell lines were exposed to 0.1 µM monensin, salinomycin and lasalocid over 

a period of 72 h. Additionally, the C2C12 myotubes were exposed to 1 µM of the 

above three ionophores for 48 h. The alterations in cellular morphology after 

ionophore exposure were examined with a phase contrast lens using a Nikon 

ECLIPSE TS100 inverted microscope (Tokyo, Japan). 

3.2.6 Mitochondrial Localisation after Exposure to the Ionophores for 48 h 

using MitoTracker Green FM 

The mitochondria of L6 myoblasts were stained using MitoTracker Green FM 

(Invitrogen). L6 myoblasts were cultured in a 24-well plate (25 000 myoblasts/ml) 

containing 10 mm round coverslips and exposed to 0.1 µM monensin, salinomycin 

and lasalocid for 48 h. The medium was then decanted, and the myoblasts washed 

with 1% FBS (in PBS) for 5 min. A 1 mM MitoTracker stock solution was prepared in 

DMSO and stored at -20 °C. All myoblasts were exposed to 0.4 µM MitoTracker (in 

FBS-free media) and incubated for 45 min at 37 °C in a humidified atmosphere with 
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5% CO2. The myoblasts were counterstained with 4',6-diamidino-2-phenylindole 

(DAPI). A 1 mg/ml DAPI stock solution was made using ddH2O, aliquoted and stored 

at -20 °C. The wells were washed once with PBS and then incubated with 500 µl 

DAPI stain in FBS-free medium for 15 min in the incubator. Following the removal of 

excess DAPI with three successive PBS washes, the coverslip with the live 

myoblasts was mounted on a glass slide and viewed using an Olympus BX63 

microscope at the Electron Microscopy (EM) unit of the Department of Anatomy and 

Physiology, Faculty of Veterinary Science, University of Pretoria. The excitation and 

emission wavelengths of MitoTracker Green FM and of DAPI are 490/516 nm and 

340/488 nm, respectively. 

The images captured were deconvoluted using Fiji ImageJ as stated below 

(Schindelin et al., 2012). A theoretical Point Spread Function (PSF) was generated 

using Diffraction PSF 3D plugin by B. Dougherty (2005), assuming the PSF arises 

only from diffraction. The PSF was then used with the Iterative Deconvolve 3D plugin 

for deconvolution of the 2D images (Dougherty, 2005). The PSF was normalised, the 

maximum number of iterations was set to the recommended 100 and the iteration 

was terminated if the mean delta was less than 0.01 as recommended. 

3.2.7 Percentage DNA Fragmentation in L6 myoblasts after 48 h Ionophore 

Exposure 

A Click-iT PLUS TUNEL assay (Invitrogen) was used to determine the percentage 

myoblasts with DNA fragmentation after ionophore exposure. L6 myoblasts were 

seeded (100 000 myoblasts/ml) onto a sterile 10 mm round coverslips in a 24-well 

plate and cultured for 24 h. The myoblasts were exposed to either 0.1 or 1 µM 

monensin, salinomycin and lasalocid for 48 h. A negative and solvent control (0.1% 

MeOH) was added to the experiment, in addition to a ‘No Fluorescence’ control. The 

‘No Fluorescence’ control was not incubated with the Supermix, as described below, 

to ensure non-specific fluorescence did not interfere with interpreting the results. 

After exposure, the medium was removed, followed by fixing the myoblasts with 70% 

ethanol (EtOH) for 15 min at room temperature. The fixative was removed, and the 

myoblasts were permeabilised with 0.25% TritonTM X-100 in PBS for 20 min, 

followed by two washing steps with ddH2O.  
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A 100 µl terminal deoxynucleotidyl transferase (TdT) reaction buffer was added to 

each well and incubated for 10 min at 37 °C. The buffer was removed, and the 

myoblasts were incubated with 50 µl TdT reaction mixture, which contains TdT 

reaction buffer, 5-ethynyl-2’-deoxyuridine-5’-triphosphate (EdUTP) and TdT enzyme, 

for 1 h at 37 °C. The myoblasts were washed twice for 5 min using 3% bovine serum 

albumin (BSA) in PBS. Subsequently, the myoblasts were incubated with 50 µl Click-

iT Plus TUNEL reaction cocktail for 30 min at 37 °C. The reaction cocktail contained 

Click-iT Plus TUNEL Supermix (1x Click-iT Plus TUNEL reaction buffer, copper 

protectant and Alexa FluorTM 488 picolyl azide dye) and 10x Click-iT Plus TUNEL 

reaction buffer additive. The myoblasts were washed with 3% BSA for 5 min. The 

nuclei were counterstained with DAPI. A 500 µl DAPI working solution (1.3 µg/ml in 

ddH2O) was added to each well, followed by a 15 min incubation step at 37 °C. To 

remove any excess DAPI, the myoblasts were washed three times for 5 min each 

with PBS. 

Finally, the coverslips were mounted on microscope slides, with ProLongTM gold anti-

fade reagent (Molecular Probes) and sealed using clear nail polish. The myoblasts 

were viewed using an Olympus BX63F microscope and exposure time was kept 

constant for each slide in the same experiment. The images were combined using 

Fiji ImageJ and analysed using QuPath (version 0.3.0). The percentage myoblasts 

with DNA fragmentation were determined by dividing the number of TUNEL-positive 

nuclei by the total number of nuclei detected by DAPI and multiplying with 100. A 

minimum of 3000 nuclei per slide were counted and the experiment was repeated 

twice. 

 

3.3 Results 

3.3.1 Growth Curves 

The growth curves were established to determine the number of myoblasts per well 

needed to maintain the myoblasts in the log-phase of the cell growth cycle 

throughout the 72 h-period, without cell death by depletion of resources or 

accumulation of waste products. The growth curves for the H9c2, L6 and C2C12 cell 

lines are depicted in Figure 3.3.  
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Figure 3.3 The growth curves of H9c2, L6 and C2C12 cell lines over 24, 48 and 72 h. The 
average absorbance for each cell concentration ± the StEM is indicated (n=4). 

It was decided to use 100 000 H9c2 myoblasts/ml (R2 = 0.999), 25 000 L6 

myoblasts/ml (R2 = 0.998) and 10 000 C2C12 myoblasts/ml. The R2 values for each 

line were determined through linear regression from 24 h to 72 h using the means of 

each replicate. The number of C2C12 myoblasts were decided based on the fact that 

10 000 myoblasts/ml was situated between 6 250 myoblasts/ml, where the 

myoblasts were still in the lag-phase of growth between 24 and 48 h, and 12 500 

myoblasts/ml, where the myoblasts started reaching the stationary phase between 

48 and 72 h. Additionally, in this laboratory 6 250 C2C12 myoblasts/cm2 (in a 0.8 

cm2 well) were used for previous experiments (Botha et al., 2019), which translates 

to 2 000 myoblasts per 0.32 cm2-well, i.e. 10 000 myoblasts/ml. Of the three cell 

lines, the C2C12 cell line grew the fastest, followed by the L6 cell line. The H9c2 cell 

line had the slowest growth.  
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3.3.2 Cytotoxicity of the Ionophores on Cardiac and Skeletal Myoblasts 

The cytotoxicity of monensin, salinomycin and lasalocid on H9c2, L6 and C2C12 cell 

lines were determined using the MTT viability assay. Figure 3.4 illustrates the log 

dose-response curves of the three cell lines when exposed to the different 

ionophores for 24 (blue), 48 (red) and 72 h (green). A two-way ANOVA, followed by 

the Tukey’s multiple comparison tests were used to detect any significant differences 

between the transformed EC50s of the different ionophores on the three cell lines at 

24, 48 and 72 h exposure. The EC50s are presented in Table 3.2. 

Exposing the cell lines to the ionophores resulted in a dose-dependent cytotoxic 

response, with cell viability decreasing concomitantly with increasing concentrations 

of monensin, salinomycin and lasalocid. The cytotoxicity was also time-dependent, 

with the percentage cell survival at 24 h being greater compared to after 48 and 72 h 

exposure. Interestingly, salinomycin exposure resulted in a non-monotonic dose 

response curve when added to the cardiac myoblasts for 48 and 72 h (Figure 3.4 b). 

The cell survival increased to above 50% at around 20 µM salinomycin. Lasalocid 

exposure also caused a slight increase in the H9c2 myoblast survival at higher 

concentrations, though the increase was not significant (Figure 3.4 c).  

Of the three ionophores, monensin was the most cytotoxic, with the only exception 

being at 24 h in L6 myoblast. In this case, lasalocid had the highest cytotoxicity. 

Monensin was followed by salinomycin in its ability to reduce cell survival. Lasalocid 

was the least cytotoxic of the ionophores tested, except in the instance mentioned 

above. Exposure of H9c2 myoblasts to the ionophores for both 48 and 72 h resulted 

in significant differences between the EC50s of the ionophores at those exposure 

times (p < 0.01). Similarly, for L6 and C2C12 myoblasts, the EC50s between the 

ionophores differed at both 48 and 72 h exposure (p < 0.001), with an exception 

between salinomycin and lasalocid (p > 0.05). 

In L6 (p < 0.001) and C2C12 (p < 0.01) myoblasts, the EC50s of both salinomycin 

and lasalocid were significantly higher at 24 h exposure, compared to 48 and 72 h 

exposure. However, the cytotoxicity was similar between 48 and 72 h in most cases 

(p > 0.05).
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Figure 3.4 Log-dose response curves generated by using the mean percentage cell survival ± StEM vs the log of the concentration of the 
different ionophores (in µM). (Legend -●- 24 h, -■- 48 h, -▲- 72 h). 
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Table 3.2 The EC50s (µM) ± StEM of the ionophores exposed to three cell lines for 24, 48 and 72 h. 

 Monensin Salinomycin Lasalocid 
H

9
c
2

 m
y

o
b

la
s
ts

 

24 h 
>10  

(n=4) 

>40  

(n=5) 

~40 (95% CI:41.3-58.5)*  

(n=4) 

48 h 
0.15 ± 0.03a 

(n=3) 

0.27 ± 0.02b 

(n=4) 

1.53 ± 0.57c 

(n=4) 

72 h 
0.07 ± 0.02a 

(n=3) 

0.22 ± 0.04b 

(n=5) 

0.94 ± 0.14c 

(n=4) 

L
6
 m

y
o

b
la

s
ts

 24 h 
>10  

(n=4) 

12.29 ± 2.59d 

(n=5) 

2.98 ± 0.92d 

(n=4) 

48 h 
0.006 ± 0.001a 

(n=4) 

0.33 ± 0.04b,e 

(n=5) 

0.96 ± 0.24b,e 

(n=5) 

72 h 
0.011 ± 0.003a 

(n=4) 

0.31 ± 0.05b,e 

(n=5) 

1.28 ± 0.2b,e 

(n=5) 

C
2

C
1

2
 m

y
o

b
la

s
ts

 

24 h † 
4.04 ± 1.01d 

(n=5) 

8.68 ± 5.38d 

(n=4) 

48 h 
0.04 ± 0.01a 

(n=5) 

0.45 ± 0.13b,e 

(n=5) 

1.38 ± 0.54b,e 

(n=4) 

72 h 
0.02 ± 0.01a 

(n=5) 

0.26 ± 0.06b,e 

(n=5) 

1.46 ± 0.59b,e 

(n=4) 

n = number of biological repeats. 

*The 95% confidence interval (95% CI) of cell survival for the concentration shown. 

† The EC50 falls between 0.15 and 10 µM (n=5).  

There are significant differences between a vs b vs c (horizontal columns) and between d vs e (vertical columns). 
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3.3.3 Cytotoxicity Comparison Between Salinomycin of Different Purities 

The purity of the salinomycin used during the course of this study was 78.8% as 

indicated on the certificate of analysis. To determine whether the purity would have 

any impact on the cytotoxicity, C2C12 myoblasts were exposed to two different purity 

grades (78.8% and 95%) at different concentrations (Figure 3.5). The significant 

differences (p < 0.05) between the percentage cell survival at each concentration, for 

the different salinomycin purity grades were calculated using a two-way ANOVA. 

There was no significant difference between cytotoxic effects caused by the different 

salinomycin purity grades, except for when myoblasts were exposed to 0.01 µM 

salinomycin at 72 h (p = 0.006). At 48 and 72 h, the cell survival of C2C12 myoblasts 

exposed to both 0.1 and 0.01 µM salinomycin (95% purity) surpassed that of the 

solvent control (Figure 3.5 b & c), but was not significantly different from that of the 

78.8% purity grade salinomycin. 

 

Figure 3.5 Comparison between the cytotoxic effect of different purity grades of salinomycin 
over 24, 48 and 72 h on C2C12 myoblast survival. Average cell survival ± StEM (n = 5). 
Significant difference (p < 0.01) indicated by **. 
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3.3.4 Differentiation of Cardiac and Skeletal Muscle Myoblasts 

The cardiac and skeletal muscle cell lines were cultured under reduced serum 

concentrations in order to produce differentiated myotubes. Of the three cell lines, 

only C2C12 myoblasts could be reliably differentiated, as determined by visual 

observation, and were thus used for further cytotoxicity studies. A brief description of 

the differentiation results follows. 

Various attempts were made to differentiate the H9c2 cell line, however dependable 

results could not be obtained. Figure 3.6 shows H9c2 myoblasts during normal 

culture, as well as at day eight of the differentiation attempt with media containing 

2% FBS and 1 µM retinoic acid. No marked difference could be seen in 

differentiation state of the myoblasts, however with longer incubation times the 

number of dead myoblasts and amount of cell debris increased. Similarly, no obvious 

differentiation was seen for the H9c2 myoblasts cultured in media containing 1 to 2% 

of either FBS or HS, with different retinoic acid concentrations up to eleven days of 

culturing. 

 

Figure 3.6 H9c2 myoblasts in complete DMEM (a) and H9c2 myoblasts at day 8 of 
differentiation using 2% FBS and 1 µM retinoic acid (b). Scale bar = 100 µM. 

The L6 myoblasts were not as difficult to differentiate compared to the H9c2 

myoblasts (Figure 3.7), however the number of dead myoblasts and cell debris 

increased with incubation time. The wells also became severely overgrown during 

the course of differentiation. Reducing the serum concentrations further resulted in 

increased death among the myoblasts. During cytotoxicity studies the myotubes 

were easily lost, detaching from the well surface and thus impacted the consistency 

of the results. 
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Figure 3.7 L6 myoblasts in complete DMEM (a) and differentiated L6 myotubes in medium 
containing 5% HS (b). Yellow arrows indicate differentiated myotubes. Scale bar = 50 µm. 

C2C12 myoblasts were the most consistent in their ability to differentiate. 

Visualisation under the light microscope revealed long tubes with multiple nuclei 

(Figure 3.8, yellow arrows). A few undifferentiated myoblasts remained, however 

when cultured for an extended period of time in 5% HS medium the myotubes began 

to lose their viability. 

 

Figure 3.8 C2C12 myoblasts in complete DMEM (a) and differentiated C2C12 myotubes in 
medium containing 5% HS (b). Yellow arrows indicate differentiated myotubes. Scale bar = 
50 µm. 

3.3.5 Cytotoxicity of Ionophores on Differentiated C2C12 Myotubes 

C2C12 myoblasts were differentiated into myotubes and then exposed to 0.1, 1 and 

10 µM monensin, salinomycin and lasalocid for 24, 48 and 72 h (Figure 3.9). 

Compared to the undifferentiated myoblasts, the myotubes were more resistant 

towards ionophore cytotoxicity. Monensin continued to be the most cytotoxic of the 

three ionophores investigated, however, cell survival only fell to below 50% after 72 

h exposure to 10 µM monensin. Both salinomycin and lasalocid exposure did not 
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result in cell survival decreasing below 50%, however salinomycin had a slightly 

greater toxic effect on the myotubes compared to lasalocid. The cell survival 

increased past that of the solvent control after the myotubes were exposed to 0.1 µM 

salinomycin as well as 0.1 and 1 µM lasalocid.  

 

Figure 3.9 Cytotoxicity of ionophores on differentiated C2C12 myotubes. Average cell 
survival ± StEM (n= 5). 

3.3.6 Morphological Alterations of Cardiac and Skeletal Myoblasts, as well 

as C2C12 Myotubes, due to Ionophore Toxicity 

Cardiac and Skeletal Myoblasts 

All three cell lines underwent similar morphological alterations when exposed to the 

ionophores, with the degree of alteration dependent on the ionophore, the 

concentration of the ionophore, and the exposure time. Figure 3.10 shows H9c2, L6 

and C2C12 myoblasts exposed to 0.1 µM monensin for 24, 48 and 72 h. Myoblasts 

exposed to low concentrations of monensin and/or exposed for a shorter period, 

showed no or minor changes between the morphology of exposed myoblasts and 

the negative control. The first sign of ionophore cytotoxicity appeared as early at 24 

h post-exposure. Vesicles appeared within the cytoplasm in the perinuclear region 
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(Figure 3.10, black arrows). With higher concentrations and longer exposure 

periods the vesicles increased both in number and size, eventually filling the 

cytoplasm. Finally, the myoblasts detached and became spherical, with some 

appearing to shrink (Figure 3.10, red arrows). At longer exposure times with higher 

ionophore concentration cellular debris could be seen floating in the media. 

Exposure to both salinomycin and lasalocid resulted in similar alterations, however to 

a lesser extent (not shown). 
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Figure 3.10 H9c2, L6 and C2C12 myoblasts exposed to 0.1 µM monensin. The black arrows indicate myoblasts that have accumulated vesicles within their 
cytoplasm. The red arrows show spherical myoblasts detached from their surroundings. Scale bar = 50 µm. 
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Differentiated C2C12 Myotubes 

After incubating the myoblasts with media containing 5% HS for a couple of days, 

the individual C2C12 myoblasts adhered and fused to one another to form long 

myotubes containing multiple nuclei (Figure 3.11 a). 

As with the undifferentiated myoblasts, the first visible sign of cytotoxicity was the 

increasing number of vesicles present within the cytoplasm (Figure 3.11, black 

arrows). With increased exposure periods and/or a higher concentration of 

ionophores, the myotubes swelled and became wider in the middle and tapered 

towards the ends. 

 

Figure 3.11 Differentiated C2C12 myotubes in complete medium (a), exposed to 1 µM 
monensin (b), salinomycin (c) and lasalocid (d) for 48 h. Black arrows indicate vesicles 
accumulated in the cytoplasm. Scale bar = 50 µm. 
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3.3.7 The Effect of the Ionophores on the Mitochondria of L6 Myoblasts after 

48 h Exposure 

The mitochondria of L6 myoblasts, stained with MitoTracker Green FM after 

exposure to 0.1 µM monensin, salinomycin and lasalocid for 48 h, were discernible 

(Figure 3.12). Counterstaining with DAPI confirmed the position of the nucleus.  

After image acquisition, the images were deconvoluted to remove the distortions 

present in the images due to out-of-focus light. Myoblasts from the solvent control 

appear to have distinct branching mitochondrial networks, diffused across the entire 

myoblast. After exposure to monensin, the myoblasts were rounder, and the staining 

of the mitochondria were less specific. On closer view, the mitochondrial network 

appeared disorganised and disrupted, instead of as fine network-like branches. 

Salinomycin resulted in a similar lack of distinction between the network-like 

branches, however to a lesser degree compared to monensin. The distribution of 

mitochondria of myoblasts exposed to lasalocid were closer to that of the solvent 

control, however with some myoblasts showing disrupted mitochondrial networks.
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Figure 3.12 The effect of 0.1 µM monensin, salinomycin and lasalocid on the mitochondria of L6 myoblasts after 48 h exposure. The myoblasts 
were stained with MitoTracker Green FM and DAPI. Deconvolution was used to remove the out-of-focus light from the images. Scale bar = 20 
µM.  
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3.3.8 The Percentage DNA Fragmentation in L6 Myoblasts after Exposure to 

the Ionophores for 48 h 

With the TUNEL assay, DAPI stained the nuclei of the myoblasts blue, while nuclei 

with DNA fragmentation stained green. In the ‘No Fluorescence’ control, only nuclei 

labelled with DAPI were visible (Figure 3.13, No Fluorescence), thus confirming the 

absence of non-specific fluorescence. Both the negative and solvent controls only 

had 0.1% of all nuclei stain positive for DNA fragmentation (Figure 3.13, Negative 

Control and Solvent Control). 

 

Figure 3.13 The Click-iT PLUS TUNEL assay was performed to investigate the percentage 
L6 myoblasts with DNA fragmentation. The myoblasts were counterstained with DAPI. The 
‘No Fluorescence control’ was only stained with DAPI. The negative and solvent control had 
myoblasts incubated in complete medium and complete medium containing 0.1% MeOH, 
respectively. Nuclei stained blue and TUNEL positive nuclei stained green. Scale bar = 100 
µm. 

After 48 h ionophore exposure, the number of myoblasts per slide were greatly 

reduced compared to the controls, especially at higher ionophore concentrations 

(Figure 3.14). The percentage nuclei with DNA fragmentation also increased with 

higher ionophore concentrations. Exposing the myoblasts to 0.1 µM monensin, 

salinomycin and lasalocid for 48 h resulted in 4.7, 0.7 and 0.2% of nuclei having 

DNA fragmentation, respectively. These percentages increased to 11.4, 4.5 and 

9.3% after exposure to 1 µM of the respective ionophores. Of the three ionophores, 

monensin caused the most nuclei to undergo DNA fragmentation.  

 



61 
 

 

Figure 3.14 The Click-iT PLUS TUNEL assay was performed to investigate the percentage L6 myoblasts with DNA fragmentation after 
exposure to either 0.1 or 1 µM monensin, salinomycin and lasalocid for 48 h. Nuclei stained blue and TUNEL positive nuclei stained green. 
Scale bar = 100 µm. 
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3.4 Discussion 

The in vitro cytotoxicity of a compound is influenced by various factors such as the 

organ of origin, species and differentiation status of the cell, the number of cells, 

nutrients, growth factors, serum concentration and pH in/of the medium and the 

addition of other drugs that inhibit or accelerate certain cellular pathways (Bagaméry 

et al., 2021; Hahn and Shiu, 1983; Jablonská et al., 2021; Meingassner et al., 1979). 

In this chapter the cytotoxicity of three carboxylic ionophores i.e., monensin, 

salinomycin and lasalocid, were investigated in H9c2, L6 and C2C12 myoblasts as 

well as in differentiated C2C12 myotubes using the MTT viability assay. The MTT 

assay reflects the metabolism of viable cells and is dependent on the ability of 

mitochondrial and cytosolic enzymes to reduce the MTT salt into a purple formazan 

product (Mosmann, 1983). 

Of the three ionophores tested monensin had the greatest cytotoxicity, followed by 

salinomycin and finally, lasalocid. This corresponds to LD50 data obtained from other 

studies (Chapter 2, Table 2.2) with a few exceptions (Anderson, 2008; Gad et al., 

1985; Galitzer et al., 1986; Hall, 2000; Hanson et al., 1981; Novilla, 2018; Potter et 

al., 1984; Todd et al., 1984). In all species except for rats, salinomycin has the 

lowest LD50 values recorded. Lasalocid has the highest LD50 values recorded, except 

in chickens. When comparing the susceptibility of the species toward ionophore 

toxicity, chickens, mice and rats are the most resistant, while horses are the most 

susceptible having LD50 values as low as 0.6 mg/kg. Based on the LD50 data, rats 

are most susceptible to monensin (28.6-40.1 mg/kg), followed by salinomycin (47.6-

48.9 mg/kg) and are the least susceptible to lasalocid (122- >130 mg/kg). The H9c2 

and L6 cell lines are derived from rat cardiac and skeletal muscles, respectively, and 

the results corresponds to the LD50 data. Mice, however, are more susceptible to 

salinomycin (57.4 mg/kg) compared to monensin (70-96 mg/kg), but lasalocid (100-

146 mg/kg) is still the least toxic. This discrepancy between the EC50 data of this 

study and LD50 data could be explained by pharmacokinetic differences in vivo 

including the absorption, distribution, metabolism and excretion of the compound 

(Freshney, 2001). For example, in vivo ionophore toxicity is dependent upon their 

absorption rate from the gastro-intestinal tract as well as their distribution throughout 

the organism. Ionophores are rapidly metabolised in the liver to less toxic 

metabolites and subsequently excreted in bile, thus curtailing their toxic effect 
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(Novilla, 2018). Additionally, ionophores can result in the release of catecholamines, 

which in turn affect Ca2+ overload and muscle necrosis (Shen and Patel, 1977). In 

vitro experiments have the advantage of simplicity and reproducibility, however, with 

these advantages comes the exclusion of complex interactions that occur within an 

organism. During the cytotoxicity experiments, ionophores are directly added to the 

cells, thus circumventing the toxicokinetic processes. This influence their toxicity and 

result in the differences seen between in vivo and in vitro data.  

In addition, when evaluating the EC50 data, at 24 h the myoblasts were more 

resistant towards the cytotoxic effect induced by the ionophores and EC50s were 

higher when compared to 48 and 72 h exposure. In vivo, after ingestion ionophores 

are metabolised in the liver and subsequently excreted in bile, removing the toxin 

from circulation (Donoho, 1984). However, in cases where ionophores are not 

efficiently metabolised, such as in the presence of tiamulin, tissues are exposed to 

ionophores for longer periods which results in increased toxicity (Carpenter et al., 

2005; Geor and Robinson, 1985; Witkamp et al., 1995). This is in agreement with the 

EC50 results seen in this study, where longer exposure periods resulted in increased 

toxicity. 

The difficulty experienced when determining the EC50 of monensin on C2C12 

myoblasts at 24 h was due to the slope of the log-dose response curve. Between 

0.25 and 10 µM the cytotoxicity plot remained close to 50% cell survival. 

Interestingly, at 24 h exposure, lasalocid was the most cytotoxic to L6 myoblasts of 

the three ionophores. This corresponds to EC50 data obtained by Radko et al. 

(2013b) and Cybulski et al. (2015), who reported that lasalocid was more cytotoxic 

for L6 myoblasts at 24 h exposure, compared to monensin and salinomycin (see 

Chapter 2, Table 2.4). Their EC50s (monensin - 58.3 ± 11.5; salinomycin - 156.3 ± 

16.1; lasalocid - 14.0 ± 1.08 µM) were greater in comparison to this study, however, 

they initially seeded 250 000 L6 cells/ml. As the current study ran over a period of 72 

h instead of only 24 h, fewer myoblasts (25 000 L6 myoblasts/ml) were seeded to 

maintain a log cell growth phase for the duration of the study. Since ionophores are 

capable of transporting one cation at a time across a biological membrane, the same 

concentration would have a greater effect on fewer myoblasts. With more myoblasts, 

the ionophores will distribute more diffusely between myoblasts and the impact on 

the ion homeostasis of a cell would be less.  
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Monensin and salinomycin had EC50s in the nanomolar range after 48 and 72 h 

exposure for all three cell lines. Lasalocid had the highest EC50, it being around the 

low micromolar range. As mentioned before, exposure to the ionophores resulted in 

non-monotonic dose-response curves in some instances. The cell survival for H9c2 

myoblasts increased at around 10 µM after 48 and 72 h exposure to salinomycin. 

Lasalocid also caused a slight increase in cardiac myoblasts survival at around 20 

µM, though the increase was not significant (p > 0.05). A non-monotonic dose-

response curve refers to a dose-response curve that shows directional slope 

changes within the range of concentrations tested. Typical non-monotonic curves 

can form either a bell or a U-shape. Various examples of non-monotonic dose-

responses have previously been reported in literature, such as with endocrine 

disrupting chemicals (Lagarde et al., 2015). Since a compound might influence a cell 

or organism’s metabolism in a dose-dependent manner, it could potentially result in 

some cellular pathways being either activated or inhibited at different doses, 

affecting viability. Alternative reasons for the occurrence of a non-monotonic dose-

response curve include, but are not limited to, receptor desensitisation or negative 

feedback (Lagarde et al., 2015). 

The purity of the salinomycin used in this study was 78.8%, however this did not 

seem to have an impact on cytotoxicity as there was no significant difference when 

compared to salinomycin with a 95% purity. The only significant difference between 

the two purity grades was after 72 h exposure (Figure 3.5). The 95% purity grade 

salinomycin promoted myoblasts proliferation at low concentrations, increasing the 

percentage cell viability past that of the solvent control.  

The effect ionophores have on ion homeostasis, indirectly influences various other 

cellular pathways. Potassium and Na+ concentrations affect intracellular Ca2+, control 

cell volume, regulate programmed cell death and play an important role in generating 

and maintaining the membrane potential of cells (Bortner and Cidlowski, 2003; Kay, 

2017). Ion concentrations and membrane potential influence cell cycle progression 

and can inhibit proliferation (Blackiston et al., 2009; Urrego et al., 2014). Myocytes 

and neurons with a hyperpolarised membrane potential generally have a diminished 

degree of mitotic activity compared to cells with a lower membrane potential. For 

example, the depolarisation of chick spinal cord neurons using ouabain, a Na+/K+-

ATPase inhibitor, induced DNA synthesis and mitosis (Cone Jr and Cone, 1976; 
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Stillwell et al., 1973). If ionophore exposure results in the depolarisation of the 

plasma membrane, ionophores could potentially increase cell proliferation. However 

there has also been numerous reports where ionophores inhibit proliferation of 

cancer cells by inducing cell cycle arrest (Iljin et al., 2009; Ketola et al., 2010; Park et 

al., 2003; Park et al., 2002; Tyagi and Patro, 2019).  

Although many cytotoxicity studies are conducted on undifferentiated cells due to 

ease of work, differentiated cells have a greater resemblance towards the organ of 

origin and could thus arguably be a better representation of actual cytotoxic effects. 

Attempts to differentiate H9c2, L6 and C2C12 myoblasts were met with variable 

success, with the differentiation of the H9c2 cell line presenting the biggest 

challenge. The addition of retinoic acid to medium with a reduced serum 

concentration, prevents myogenic trans-differentiation and promotes differentiation 

towards a more cardiac-like phenotype (Branco et al., 2015; Ménard et al., 1999). 

Various concentrations of retinoic acid in combination with low concentrations of 

either FBS or HS were used to differentiate H9c2 myoblasts but was met with little 

success. Pattern et al. (2017) concluded that the H9c2 cell line might be resistant 

towards differentiation after two separate laboratories failed to create a robust 

protocol to establish a homogeneous differentiated population. The history (passage 

number) of the cell line and the handling of retinoic acid were indicated as factors 

that could contribute towards this resistance. Failure to induce differentiation in this 

study might be related to the lowest passage number available in our laboratory i.e., 

18. Retinoic acid is also light sensitive, hydrophobic and has a half-life of around 3.5 

to 6 h in culture, therefore special care should be taken when handling it (Redfern 

and Todd, 1988; Williams and Napoli, 1985). Both the L6 and C2C12 cell lines were 

less resistant towards differentiation and cultures incubated with medium containing 

5% HS resulted in long tubular cells with multiple nuclei (Figure 3.7 and Figure 3.8). 

However, some non-differentiated myoblasts remained, and longer incubation 

resulted in an increase of dead myoblasts and cellular debris, rather than a more 

homogeneous differentiated myotube population. An additional complication was the 

ability of the differentiated myotubes to adhere to the surface of the well into which 

they were seeded. L6 myoblasts tended to detach during the cytotoxicity assays, 

resulting in variation between the replicates of the results obtained. C2C12 

myoblasts demonstrated a greater ability to adhere to the surface, hence, the 
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differentiated C2C12 myotubes were selected for comparative cytotoxicity studies 

with the ionophores. Differentiated C2C12 myotubes were less susceptible to 

ionophore toxicity compared to undifferentiated myoblasts. This might be due to the 

increased number of myoblasts needed to achieve differentiation. The same 

concentration of an ionophore would have greater effect on fewer myoblasts. As with 

the undifferentiated myoblasts, monensin had the greatest cytotoxicity. In the case of 

future differentiation studies, the differentiation status of the myoblasts should also 

be confirmed using cardiac and skeletal muscle specific markers such as troponin 

and cardiac and skeletal subtype-specific L-type Ca2+ channels (as discussed further 

in Chapter 6). 

The morphology of the cardiac and skeletal myoblasts exposed to monensin, 

salinomycin and lasalocid was investigated using phase contrast light microscopy. 

Clear vesicles first appeared near the nuclei of the myoblasts, possibly arising from a 

disrupted osmotic balance as well as dilated Golgi apparatus and other organelles 

such as ER. As the exposure time and ionophore concentrations increased, the 

number of vesicles increased eventually filling the cytoplasm as shown in Figure 

3.10 (black arrows). Ionophores inhibit cellular transportation at the Golgi 

apparatus, with the resultant accumulation of vesicles within the cytoplasm 

(Mollenhauer et al., 1990). As the Golgi apparatus is usually located within the 

perinuclear region (Chapter 5, vide infra), this could explain why the vesicles are 

first seen within this region. Additionally, the osmotic gradient of the cell increases 

after ionophore exposure, for which the cell needs to expend energy in order to 

maintain homeostasis. When the energy is depleted, the organelles swell due to an 

influx of water (Mehlhorn et al., 1983; Smith et al., 1981). Autophagy is a mechanism 

by which the cell can regulate cellular energy metabolism by recycling cellular 

components. The process has a cytoprotective effect and its inhibition after exposure 

to the ionophores results in enhanced apoptosis (Kim et al., 2017a; Kim et al., 

2017b; Kim et al., 2016). Autophagy is, however, dependent on pH to degrade 

cellular content, while ionophores are known to disrupt intracellular pH (Mollenhauer 

et al., 1990). Monensin and lasalocid induce autophagy by either increasing the 

number of autophagic vesicles or by lowering their degradation ability (Grinde, 1983; 

Mahtal et al., 2020; Mollenhauer et al., 1990). Therefore, a few of the vesicles visible 

with light microscopy could presumably be autophagic vesicles, which can be 
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confirmed using TEM (see Chapter 5). In addition to the appearance of cytoplasmic 

vesicles, the myoblasts become rounded, and detached from both the neighbouring 

myoblasts and the surface (Figure 3.10, red arrows). Some myoblasts appear to 

shrink, possibly suggesting apoptosis. At later stages of exposure and at higher 

ionophore concentrations, myoblast debris could be seen indicating that the plasma 

membrane integrity was compromised, and the myoblast underwent necrosis. 

Notably, in the case of in vitro apoptosis, cells will eventually undergo secondary 

necrosis as there are no processes to remove apoptotic bodies (Berghe et al., 2010; 

Elmore, 2007). Only the morphological alterations occurring after exposure to 

monensin is presented in Figure 3.10; however, both salinomycin and lasalocid had 

similar effects, but with less severity. Figure 3.11 shows the morphological 

alterations occurring in differentiated C2C12 myotubes after 48 h exposure to 1 µM 

monensin, salinomycin and lasalocid. Similar to the myoblasts, the myotubes had 

vesicles appearing in their cytoplasm after ionophore exposure. The centre of the 

myotube would swell, while the ends remained tapered (Figure 3.11 b). Vesicles 

were dispersed throughout the cytoplasm with increased concentrations and 

exposure times. The myotubes would become spherical and start to detach from the 

surface. 

An additional pathway by which ionophores induce cytotoxicity is by damaging 

mitochondria and disrupting oxidative phosphorylation (Wrogemann and Pena, 

1976). Fluorescent microscopy was used to investigate the effect of the ionophores 

on the mitochondria of L6 myoblasts (Figure 3.12). As fluorescent images, 

especially at higher magnification, are often blurry due to scattered light the images 

were deconvoluted to remove blur generated by light diffusion. The resulting images 

were dimmer, but with a clearer indication of the myoblasts’ mitochondrial networks. 

Ionophore exposure affected the mitochondria of the myoblasts as expected, with 

monensin having the greatest impact on mitochondrial morphology. Monensin 

exposure resulted in the total disruption of the mitochondrial network, with the 

individual mitochondria appearing less distinct. The mitochondria were also 

concentrated close the nucleus, which can be explained by the rounding-off of the 

myoblasts as previously seen in Figure 3.10 (red arrows). As 0.1 µM is much 

greater than the EC50 determined for monensin at 48 h it is not surprising to find that 

the mitochondrial network in most of the myoblasts appeared damaged. The same 
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phenomenon can be seen in L6 myoblasts exposed to both salinomycin and 

lasalocid, but to a lesser degree. It should be noted that the MitoTracker Green FM 

dye localises in mitochondria irrespective of their mitochondrial membrane potential, 

therefore the dye does not indicate the functional ability of the mitochondria. In 

Chapter 5, a closer look is taken at the ultrastructural changes that occur in 

mitochondria after ionophore exposure. Further possible quantitative analysis of the 

effects of ionophore exposure on the mitochondrial network is discussed in Chapter 

6.  

Ionophores damage mitochondria through Ca2+ overload, production of ROS and the 

subsequent alteration of the mitochondrial membrane potential (Przygodzki et al., 

2005; Wrogemann and Pena, 1976). Mitochondria are key components in various 

cell death pathways and the loss of mitochondrial membrane potential can lead to 

apoptosis (Galluzzi et al., 2012a; Kroemer et al., 2009). There have been numerous 

reports of ionophores inducing cell death through the production of ROS (Ketola et 

al., 2010; Kiełbasiński et al., 2020; Kim et al., 2017a; Kim et al., 2017b; Kim et al., 

2016; Qin et al., 2015). Additionally, various cell death mechanisms are dependent 

on intracellular Ca2+ levels (Kroemer et al., 2009). Lasalocid directly interferes with 

Ca2+ homeostasis by transporting Ca2+ through cellular membranes (Novilla, 2018). 

Both monensin and salinomycin likewise, indirectly result in increased intracellular 

Ca2+ by firstly affecting the Na+ and K+ ion homeostasis (Novilla, 2018). Increased 

cytoplasmic Ca2+ in turn activates various proteases such as calpains and caspases 

that induce apoptosis (Danese et al., 2017). ATP depletion, in contrast, is linked to 

necrosis, as programmed cell death requires energy to proceed (Golstein and 

Kroemer, 2007; Nicotera and Melino, 2004).  

A TUNEL assay was performed to determine whether ionophore exposure resulted 

in increased DNA fragmentation, an early indicator of apoptosis. Both the negative 

and solvent controls had a minimal number of myoblasts stained positive (Figure 

3.13), while myoblast exposed to the different ionophore, especially monensin, had a 

higher percentage of nuclei with DNA fragmentation. These results imply that toxic 

ionophore concentrations induce apoptosis in some of the affected myoblasts. 

However, the number of myoblasts per slide decreased after ionophore exposure 

and some apoptotic myoblasts could have already detached at the time of the 

experiment. Additionally, it should be noted that, in some cases, necrotic cells can 
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also exhibit DNA fragmentation (de Torres et al., 1997; Fink and Cookson, 2005; 

Zheng et al., 1997). Therefore, whether ionophores cause apoptosis was further 

investigated as discussed in Chapter 5, vide infra, using the ultrastructural changes 

that occurred in the myoblasts after ionophore exposure.  

In conclusion, the results reported in this Chapter indicated that, of the three 

ionophores tested, monensin was the most cytotoxic, followed by salinomycin and 

lasalocid. Ionophore exposure resulted in the excessive vesiculation of the myoblast 

cytoplasm as well as disruption of the mitochondrial network. Finally, ionophore 

exposure resulted in an increase in the percentage myoblasts with DNA 

fragmentation, possibly indicating an increased tendency towards apoptosis among 

affected myoblasts. 
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4. Chapter 4: The In vitro Effect of Monensin, Salinomycin 
and Lasalocid on Certain Cytoskeletal Proteins and 
Filaments of Cardiac and Skeletal Myoblasts 
 

4.1 Introduction 

Cardiac and skeletal muscles are the primary targets of ionophore toxicosis, with 

lesions often evident one to two weeks following ingestion. The distribution and 

severity of the muscle lesions are dependent on time and dosage. Morphologically, 

the effects on cardiac and skeletal muscle fibres include degeneration, necrosis and 

repair. A variable inflammatory reaction is occasionally present with macrophages 

infiltrated between necrotic tissues (Confer et al., 1983; Van Vleet and Ferrans, 

1984a, b). Myofibrillar degeneration is generally accompanied by swollen 

mitochondria, vacuolisation and disruption of the contractile filaments (Confer et al., 

1983; Van Vleet and Ferrans, 1984a, b). In swine fed toxic doses of monensin, atrial 

myocytes underwent contraction band necrosis, likely due to Ca2+ overload (Van 

Vleet and Ferrans, 1984b). The contractile apparatus in myofibers consists of distinct 

cytoskeletal elements and proteins that enable muscles to contract in response to 

intracellular Ca2+ flux. Actin and myosin are the principal components of thin and 

thick filaments, respectively and form part of the sarcomere. Furthermore, 

intermediate filaments such as desmin and synemin are located at the Z-disk and 

play an essential role in structural support (Mizuno et al., 2001). The microtubule 

network does not form a direct part in the sarcomere; however, studies suggest that 

microtubules in combination with desmin mechanically couple the sarcomere to the 

non-sarcomeric cytoskeleton (Robison et al., 2016). Ionophores can affect the 

cytoskeleton directly through their alteration of the ion homeostasis or indirectly via 

their downstream effects e.g., shifting the intracellular pH or activation of various 

proteases (Kanje et al., 1981; Paddock and Albrecht-Buehler, 1986; Schenk et al., 

2015; Tilney et al., 1978).  

In this chapter, immunofluorescent and immunocytochemical methods were utilised 

to determine whether monensin, salinomycin and lasalocid exposure would have an 

effect on certain cytoskeletal proteins and filaments of cultured H9c2, L6 and C2C12 

myoblasts. 
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4.2  Materials and Methods 

4.2.1 Immunofluorescent Staining of Actin & β-Tubulin 

The H9c2 (100 000 myoblasts/ml), L6 (25 000 myoblast/ml) and C2C12 (10 000 

myoblasts/ml) cell lines were seeded into a 24-well plate containing sterile 10 mm 

round coverslips and allowed 24 h to adhere to the surface of the coverslip. All three 

cell lines were exposed to 0.1 and 1 µM monensin, salinomycin and lasalocid for 24, 

48 and 72 h. The negative and solvent controls consisted of myoblasts incubated in 

complete DMEM medium and complete DMEM medium containing 0.1% MeOH, 

respectively. Cytochalasin D (Sigma-Aldrich) and vinblastine sulphate (Sigma-

Aldrich) were used as positive controls since they disrupt the microfilament (Shoji et 

al., 2012) and microtubule networks (Laisne et al., 2021), respectively. The 

myoblasts in the positive control were exposed to either 12 µM cytochalasin D for 15 

min or 5 µM vinblastine sulphate for an hour at 37 °C prior to fixation.  

The myoblasts were washed with PBS for 5 min while being gently shaken using a 

microplate shaker, followed by fixation using 100% acetone (Merck) for 10 min at -20 

°C. The acetone was discarded, and the PBS wash step repeated twice for 5 min 

each. To stain actin 1 µg/ml phalloidin-fluorescein isothiocyanate (FITC) (Sigma-

Aldrich), prepared in PBS, was added to each well and incubated for 30 min at 37 

°C. To stain β-tubulin, the myoblasts were incubated with 1% BSA (Biowest) for 30 

min at 37 °C in PBS to block all nonspecific binding sites, followed by incubation with 

1 µg/ml monoclonal anti-β-tubulin-Cy3 (1:100 in PBS) for 1 h at 37 °C. The 

myoblasts were rinsed three times with PBS, after which the nuclei were stained with 

1.3 µg/ml DAPI (in ddH2O) for 15 min at 37 °C. To remove the excess stain, the 

myoblasts were washed three times with PBS for 5 min each. Finally, the coverslips 

were mounted on microscope glass slides using ProlongTM Gold antifade reagent 

(Molecular Probes) and sealed with clear nail polish to prevent drying of the sample. 

All slides were viewed with an Olympus BX63 Fluorescent microscope using the 

filters described in Table 4.1.  
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Table 4.1 The filters used with the Olympus BX63 fluorescent microscope to analyse the 
immunofluorescent staining of actin and β-tubulin in cardiac and skeletal myoblasts. 

The fluorescent images were merged using Fiji – ImageJ image processing package. 

The images were deconvoluted using the Diffraction PSF 3D and Iterative 

Deconvolve 3D plugins as previously described in Chapter 3. The region of interest 

(ROI), indicated on the right of Figures 4.1 to 4.12 were kept in grayscale and 

magnified from the corresponding image to better indicate the microfilament or 

microtubule networks of selected myoblasts. 

4.2.2 Immunocytochemical Staining of Desmin and Synemin in C2C12 

Myoblasts 

C2C12 myoblasts were cultured in complete DMEM, seeded into an 8-well chamber 

slide (10 000 myoblasts/ml) and allowed 24 h to adhere to the surface. On the day of 

exposure, the myoblasts in each well were exposed to 1 µM monensin, salinomycin 

and lasalocid for 24, 48 and 72 h. The controls used during this study included a 

negative control, a solvent control (0.1% MeOH) and two positive controls i.e., 1 mM 

glyoxal (Sigma-Aldrich) added on the day of exposure as well as 20 µM cytochalasin 

D (Sigma-Aldrich) added 30 min before fixation. Exposure to glyoxal, an advanced 

glycation end product, and cytochalasin D, which inhibits actin polymerisation, 

results in the disorganisation of the desmin network (Diguet et al., 2011). 

After exposure, immunocytochemistry was performed using an indirect 

immunoperoxidase technique, previously described by Botha et al. (2019). All 

immunocytochemical staining techniques were performed by the Pathology Section 

 
Excitation 

(nm) 

Emission 

(nm) 
 

BX3 Fluorescent filter cube 

used 

DAPI 359 461  

U-FUNA  

Excitation Filter BP 360-370 

Emission Filter BA 420-460 

Phalloidin-FITC 496 517  

U-FBNA 

Excitation Filter BP 470-495 

Emission Filter BP 510-550 

Anti-β-Tubulin-Cy3 550 570  

U-FYW 

Excitation Filter BP 540-585 

Emission Filter LP600 



73 
 

of the Department of Paraclinical Sciences, Faculty of Veterinary Science, University 

of Pretoria. The slides were air-dried, fixed in 4% neutral buffered formalin for at 

least 30 min and rinsed with 70% alcohol for 10 min. Each slide was incubated in 3% 

hydrogen peroxide (in MeOH) for 15 min to supress endogenous peroxidase activity 

and rinsed three times with dH2O. Microwave heat-induced epitope retrieval (HIER) 

followed, using either Tris-EDTA (pH 9) or citrate (pH 6) buffers, for 21 min at 96 °C 

for desmin and synemin staining, respectively. The slides were cooled for 15 min 

and rinsed five times with dH2O. To facilitate non-specific immunoglobulin binding, 

slides were incubated with normal HS (1:10 in PBS, pH 7.6) supplemented with 0.1% 

BSA for 20 min in a humidified chamber at room temperature. The myoblasts were 

then incubated with either the desmin or synemin primary antibody (Table 4.2) for 1 

h and subsequently rinsed three times with dH2O followed by PBS buffer for 10 min.  

Table 4.2 Antibodies used for immunocytochemistry staining of the C2C12 myoblasts. 

Primary Antibody Dilution Manufacturer 

Mouse Monoclonal Desmin (D33) Antibody  1:200 DakoCytomation, Denmark 

Goat Polyclonal Synemin (S-16) Antibody 1:100 Santa Cruz Biotechnology, Inc. 

Rabbit-Anti-Goat (link) Antibody 1:500 Dako, Glostrup, Denmark 

Incubation with the synemin primary antibody, was followed by an additional 

incubation step with a rabbit-anti-goat antibody diluted in a PBS buffer (pH 7.6) 

supplemented with 0.1% BSA for 30 min in a humidified chamber at room 

temperature. All slides were incubated with the Dako REAL Envision Rabbit/Mouse 

polymer-based detection system for 30 min, rinsed three times with dH2O as well as 

in PBS buffer for 10 min. The slides were incubated with a 3,3’-diaminobenzidine 

(DAB) chromogen for 2-3 min, rinsed with dH2O, counter stained with haematoxylin 

for 15 sec and washed again with dH2O. Finally, slides were dehydrated using 

increasing concentrations of alcohol, i.e., 70%, 96% and 100% and mounted using 

Entellan (Merck Millipore) for examination under a microscope.  

Each slide was viewed and photographed using a BX63 Olympus Fluorescent 

microscope. Six (692 x 521 µm) images were taken and used for further analysis. 

The total number of myoblasts per image was counted using the positive cell 

detection tool from QuPath (Version 0.3.0) (Bankhead et al., 2017). The myoblasts 

were classified based on the haematoxylin optical density around the nucleus as 

negative (<0.2), light (0.2-0.5), medium (0.5-1.0) or dark (>1.0). The images were 
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manually scanned for any errors and corrected where necessary. The percentages 

of negative to dark stained myoblasts were calculated as a function of the total 

number of myoblasts counted, then averaged over the number of images.  

 

4.3 Results 

4.3.1 The Effect of Ionophores on the Microfilament and Microtubule 

Network 

The morphology of the myoblasts differed between the three cell lines. The H9c2 

myoblasts were relatively large spindle-to-stellate shaped, mono- or multinucleated 

cells. The L6 myoblasts in comparison were smaller, round-to-spindle shaped cells. 

Many of the myoblasts had elongated cell-to-cell protrusions reaching lengths in 

excess of the main body of the cell. C2C12 myoblasts were between H9c2 and L6 

myoblasts in size, were spindle-to-stellate shaped and had long cell-to-cell 

protrusions. After staining, the negative controls (Figure 4.1) and solvent controls 

(Figure 4.2) were similar, having a normal mesh-like arrangement of polymerised 

actin filaments (green) and a dense filament network of β-tubulin (red). One nucleus 

per myoblast was commonly present in the middle of the cytoplasm. Some 

myoblasts undergoing mitosis were observed, with the microtubules forming the 

mitotic spindle visible (Figure 4.1 and Figure 4.2, white arrows).  

Cytochalasin D was used as a positive control and added 15 min before fixation 

which resulted in the disruption of the microfilaments (Figure 4.3). The myoblasts 

clumped together in a stellate shape, with long protrusions reaching outward. The 

microfilament network was broken into shorter filaments but remained intact around 

the nuclei of the myoblasts. Typical examples of affected myoblasts are 

demonstrated in the ROI (Figure 4.3, ROI).  

Vinblastine sulphate was used as a positive control to inhibit microtubule formation 

and added an hour before the fixation step (Figure 4.4). The microfilament network 

of the myoblasts remained mostly normal with a mesh-like appearance. The 

microtubule network, however, became disorganised with short, rod-like stubs 

appearing. The aggregation of the microtubule network occurred more towards the 

periphery of the myoblasts, especially in H9c2 and C2C12 myoblasts. L6 myoblasts 
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appeared more rounded with less outward protrusions however, the microtubule-

stubs were not as prevalent. 

H9c2 myoblasts 

H9c2 myoblasts exposed to monensin showed limited change in their microfilament 

network after 24 h exposure (Figure 4.5 and Figure 4.6). However, after 48 and 72 

h exposure a few myoblasts had disrupted microfilaments (red arrows), especially 

noticeable in shrinking and rounded myoblasts. Still, many of the myoblasts 

remained unaffected with microfilaments stretching uninterrupted across the 

cytoplasm. In contrast, the microtubule network was clearly disrupted (blue arrows), 

with ‘gaps’, most likely due to vesicles developing, visible in many of the myoblasts. 

These ‘gaps’ increased in number with longer exposure times but were not as 

noticeable in the microfilament network. Myoblasts exposed to 1 µM monensin were 

more affected compared to myoblasts exposed to 0.1 µM. In addition to the ‘gaps’, 

the tubulin network demonstrated less integrity and continuity compared to the 

negative and solvent controls. In some cases, it appeared as if tubulin concentrated 

around the position of the nuclei of the myoblasts (green arrowheads). The H9c2 

myoblasts became shrunken and rounded with longer exposure times (white 

circles), in which case the finer architectural structure of both the microfilament and 

microtubule networks became lost whilst they were concentrated around the 

nucleus. 

The H9c2 myoblasts were less affected by salinomycin (Figure 4.7 and Figure 4.8) 

compared to those exposed to monensin, although similar changes were observed 

for both ionophores. The microfilament network remained largely unaffected, but 

limited disruption after 48 and 72 h exposure to 1 µM salinomycin was noticed (red 

arrows). The microtubule network contained ‘gaps’ (blue arrows), visible from 

exposure to 1 µM salinomycin from 24 h onwards. Additionally, the network 

appeared frayed compared to the negative control. A few myoblasts shrunk and lost 

their fine cytoskeletal architecture (white circles). Cytoskeletal debris could be seen 

between myoblasts after 72 h exposure to 1 µM salinomycin (yellow arrows).  

H9c2 myoblasts exposed to 0.1 µM lasalocid (Figure 4.9, ROI) showed the least 

degree of change, with sparse ‘gaps’ visible in the microtubule network (blue 

arrows) after 72 h exposure and only the occasional myoblasts rounding up (white 



76 
 

circles). Both the number of ‘gaps’ and rounded myoblasts increased slightly with an 

increase in lasalocid concentration to 1 µM (Figure 4.10). The microfilament network 

remained largely unaffected, with single myoblasts showing disrupted filaments (red 

arrows). Additionally, cytoskeletal debris (yellow arrows) as well as myoblasts 

undergoing mitosis (white arrows) could be seen after 72 h exposure to lasalocid. 

L6 myoblasts 

The greater cytotoxic effect of monensin, especially on the L6 cell line (see Chapter 

3, Table 3.3), was clearly evident on the microscopic fields available to view. 

Following exposure to 0.1 and 1 µM monensin the filamentous network was 

disrupted and appeared grainy (Figure 4.11 and Figure 4.12, red arrows). The 

microtubule network was also severely disturbed and appeared less dense in 

comparison to the negative controls. ‘Gaps’ were also abundantly present within the 

microtubule network (blue arrows); however, due to the smaller size of the L6 

myoblasts the ‘gaps’ were not as evident when compared to that of the larger H9c2 

myoblasts. The myoblasts appeared smoother, with fewer cell-to-cell protrusions. 

Due to the cytotoxicity of monensin, the majority of the myoblasts rounded up (white 

circles) and clumped together, with the cytoskeletal elements concentrated around 

the nuclei. Cytoskeletal debris were also observed between myoblasts (yellow 

arrows). 

Salinomycin exposure resulted in alterations of both cytoskeletal proteins 

investigated. Exposure to 0.1 µM salinomycin (Figure 4.13) had limited effects on 

the microfilament and microtubule network, with a few ‘gaps’ appearing in the 

microtubule network (blue arrows). Following exposure to 1 µM salinomycin, the 

microfilament network appeared slightly disrupted (Figure 4.14, red arrows) and 

became concentrated around the nuclei, especially after 48 and 72 h. Additionally, 

the microtubule network became disrupted with an increased number of ‘gaps’ 

appearing in the network (blue arrows). Tubulin was concentrated around the edges 

as well as the nuclei (green arrowheads) of some myoblasts exposed to 1 µM 

salinomycin for 48 and 72 h. With longer exposure times, the myoblasts shrunk and 

became round (white circles), and the cell-to-cell protrusions were lost. Some 

cytoskeletal debris (yellow arrows) could also be seen lying in between the 

myoblasts. 
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L6 myoblasts exposed to lasalocid were the least affected (Figure 4.15 and Figure 

4.16). The microfilament network remained relatively undisturbed, while the 

microtubule network of myoblasts exposed to 1 µM lasalocid was slightly disrupted. 

Some myoblasts had ‘gaps’ (blue arrows) present after 48 and 72 h exposure. A 

few myoblasts were shrunken and rounded (white circles). In addition to the 

affected myoblasts, myoblasts undergoing mitosis (white arrows) were also visible.  

C2C12 myoblasts 

After exposure to 0.1 µM monensin (Figure 4.17) no major alteration in the 

microfilament network could be discerned. However, a few myoblasts had disrupted 

microfilaments after 1 µM exposure (Figure 4.18, red arrows). In contrast, the 

microtubule network, similar to the other two cell lines, had ‘gaps’ (blue arrows) 

visible as soon as 24 h post-exposure. The tubulin network had reduced integrity, not 

being as dense as that of the negative and solvent controls and was concentrated 

around the nuclei (green arrowheads) of C2C12 myoblasts. In addition to the typical 

shrinking and round myoblasts (white circles) observed after ionophore exposure, 

some myoblasts also appeared to be slightly elongated. 

Salinomycin exposure had a muted effect on C2C12 myoblasts, with no significant 

alteration in either the microfilament or microtubule network visible after 0.1 µM 

(Figure 4.19, ROI) exposure, except for a few round myoblasts (white circles). After 

exposure to 1 µM salinomycin (Figure 4.20), a few ‘gaps’ (blue arrows) were 

present in the microtubule network. As with monensin, salinomycin caused both 

round and elongated myoblasts to appear. Myoblasts undergoing mitosis were also 

visible (Figure 4.20, white arrows). 

Exposure to either 0.1 or 1 µM lasalocid (Figure 4.21 and Figure 4.22) resulted in 

no major differences in either the microfilament or microtubule network. A small 

number of myoblasts had ‘gaps’ in the microtubule network (blue arrows), but most 

were unaffected. A few myoblasts were shrunken and rounded (white circles) as a 

result of the ionophore exposure; however, there were also some myoblasts 

undergoing mitosis (white arrows).  

It should be noted that debris (yellow arrows) of dead myoblasts were seen for 

most of the myoblasts exposed to the ionophores, especially at higher 



78 
 

concentrations and longer exposure times. The debris of both microfilaments and 

microtubules appeared broken and fractured, with the nuclei missing. 
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Figure 4.1 H9c2, L6 and C2C12 myoblasts cultured in complete DMEM medium (negative control) over a period of 72 h, stained with phalloidin-FITC (green), 
anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes bordering ROI are displayed on the right. White arrows indicate myoblasts undergoing mitosis. Scale bar 
= 50 µm. 
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Figure 4.2 H9c2, L6 and C2C12 myoblasts cultured in the solvent control (0.1% MeOH) over a period of 72 h, stained with phalloidin-FITC (green), anti-β-
tubulin-Cy3 (red) and DAPI (blue). The boxes bordering ROI are displayed on the right. The white arrow indicates myoblasts undergoing mitosis. Scale bar = 
50 µm. 
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Figure 4.3 H9c2, L6 and C2C12 myoblasts exposed to 12 µM cytochalasin D for 15 min and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and 
DAPI (blue). The boxes bordering a ROI are displayed on the right indicating the fragmented microfilament network. Scale bar = 50 µm. 
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Figure 4.4 H9c2, L6 and C2C12 myoblasts exposed to 5 µM vinblastine for 1 h and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI 
(blue). The boxes bordering a ROI are displayed on the right indicating the short, stub-like microtubules. Scale bar = 50 µm. 
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Figure 4.5 H9c2 myoblasts exposed to 0.1 µM monensin and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. The blue and red arrows indicate ‘gaps’ in the microtubule network and myoblasts with disrupted microfilaments, 
respectively. White circles surround some of the shrinking myoblasts and the green arrowheads indicate concentrated tubulin around the nucleus. Scale bar = 
50 µm. 
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Figure 4.6 H9c2 myoblasts exposed to 1 µM monensin and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. The blue and red arrows indicate ‘gaps’ in the microtubule network and myoblasts with disrupted microfilaments, 
respectively. White circles surround some of the shrinking myoblasts and the green arrowheads indicate concentrated tubulin around the nucleus. Scale bar = 
50 µm. 
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Figure 4.7 H9c2 myoblasts exposed to 0.1 µM salinomycin and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. The blue and red arrows indicate ‘gaps’ in the microtubule network and myoblasts with disrupted microfilaments, 
respectively. Scale bar = 50 µm. 
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Figure 4.8 H9c2 myoblasts exposed to 1 µM salinomycin and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. The blue and red arrows indicate ‘gaps’ in the microtubule network and myoblasts with disrupted microfilaments, 
respectively. White circles surround some of the shrinking myoblasts and the green arrowheads indicate concentrated tubulin around the nucleus. 
Cytoskeletal debris are indicated by the yellow arrows. Scale bar = 50 µm. 
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Figure 4.9 H9c2 myoblasts exposed to 0.1 µM lasalocid and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right with most myoblasts appearing unaffected. The blue arrow indicates ‘gaps’ in the microtubule network. Some 
myoblasts are undergoing mitosis (white arrow). Scale bar = 50 µm. 
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Figure 4.10 H9c2 myoblasts exposed to 1 µM lasalocid and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. The blue and red arrows indicate ‘gaps’ in the microtubule network and myoblasts with disrupted microfilaments, 
respectively. White circles surround some of the shrinking myoblasts. Cytoskeletal debris are indicated by the yellow arrows. Some myoblasts are undergoing 
mitosis (white arrow). Scale bar = 50 µm. 
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Figure 4.11 L6 myoblasts exposed to 0.1 µM monensin and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. The blue and red arrows indicate ‘gaps’ in the microtubule network and myoblasts with disrupted microfilaments, 
respectively. White circles surround some of the shrinking myoblasts. The yellow arrows indicate debris. Scale bar = 50 µm. 
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Figure 4.12 L6 myoblasts exposed to 1 µM monensin and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes bordering 
a ROI are displayed on the right. The blue and red arrows indicate ‘gaps’ in the microtubule network and myoblasts with disrupted microfilaments, 
respectively. White circles surround some of the shrinking myoblasts. The yellow arrows indicate cytoskeletal debris. Scale bar = 50 µm. 
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Figure 4.13 L6 myoblasts exposed to 0.1 µM salinomycin and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. The blue arrows indicate ‘gaps’ in the microtubule network and the white circles surround some of the shrinking 
myoblasts. Scale bar = 50 µm. 



92 
 

 

Figure 4.14 L6 myoblasts exposed to 1 µM salinomycin and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. The blue and red arrows indicate ‘gaps’ in the microtubule network and myoblasts with disrupted microfilaments, 
respectively. White circles surround some of the shrinking myoblasts and the green arrowheads indicate concentrated tubulin around the nucleus. 
Cytoskeletal debris are indicated by the yellow arrows. Scale bar = 50 µm. 
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Figure 4.15 L6 myoblasts exposed to 0.1 µM lasalocid and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. The blue arrows indicate gaps in the microtubule network. White circles and yellow arrows indicate rounded 
myoblasts and cytoskeletal debris, respectively. Some myoblasts are undergoing mitosis (white arrows). Scale bar = 50 µm. 
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Figure 4.16 L6 myoblasts exposed to 1 µM lasalocid and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes bordering 
a ROI are displayed on the right. The blue arrows indicate gaps in the microtubule network and the white circles surround a few rounded myoblasts. Some 
myoblasts are undergoing mitosis (white arrow). Scale bar = 50 µm. 



95 
 

 

Figure 4.17 C2C12 myoblasts exposed to 0.1 µM monensin and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. The blue and red arrows indicate ‘gaps’ in the microtubule network and myoblasts with disrupted microfilaments, 
respectively. White circles surround some of the shrinking myoblasts and the green arrowheads indicate concentrated tubulin around the nucleus. Scale bar = 
50 µm. 
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Figure 4.18 C2C12 myoblasts exposed to 1 µM monensin and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. The blue and red arrows indicate ‘gaps’ in the microtubule network and myoblasts with disrupted microfilaments, 
respectively. White circles surround some of the shrinking myoblasts and the green arrowheads indicate concentrated tubulin around the nucleus. Scale bar = 
50 µm. 
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Figure 4.19 C2C12 myoblasts exposed to 0.1 µM salinomycin and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. The blue and red arrows indicate ‘gaps’ in the microtubule network and myoblasts with disrupted microfilaments, 
respectively. White circles surround some of the shrinking myoblasts and cytoskeletal debris are indicated by the yellow arrow. Scale bar = 50 µm. 
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Figure 4.20 C2C12 myoblasts exposed to 1 µM salinomycin and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. The blue arrows indicate ‘gaps’ in the microtubule network and white circles surround some of the shrinking 
myoblasts. Some of the myoblasts are undergoing mitosis (white arrows). Scale bar = 50 µm. 
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Figure 4.21 C2C12 myoblasts exposed to 0.1 µM lasalocid and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. Some of the myoblasts are undergoing mitosis (white arrows). Scale bar = 50 µm. 
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Figure 4.22 C2C12 myoblasts exposed to 1 µM lasalocid and stained with phalloidin-FITC (green), anti-β-tubulin-Cy3 (red) and DAPI (blue). The boxes 
bordering a ROI are displayed on the right. The blue and red arrows indicate ‘gaps’ in the microtubule network and myoblasts with disrupted microfilaments, 
respectively. White circles surround some of the shrinking myoblasts. Some of the myoblasts are undergoing mitosis (white arrow). Scale bar = 50 µm.
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4.3.1 The Effect of the Ionophores on Desmin 

C2C12 myoblasts were stained for desmin with H-DAB (the combination of 

haematoxylin and diaminobenzidine) after exposure to monensin, salinomycin and 

lasalocid for 24, 48 and 72 h. Desmin appeared brown in colour, indicating positive 

staining, while nuclei stained blue.  

Glyoxal and cytochalasin D were used as positive controls. Glyoxal (1 mM) was 

added on the day of exposure, while cytochalasin D (20 µM) was added 30 min 

before fixation. Exposure to glyoxal caused disruption of desmin and a dot-like 

desmin aggregation pattern in the perinuclear region of the myoblasts at all three 

exposure times (Figure 4.23 a, red arrowheads). The perinuclear aggregates 

appeared as early as 24 h after exposure. Cytochalasin D exposure caused desmin 

to form filamentous protrusions radiating outwards from the nucleus (Figure 4.23 b).  

 

Figure 4.23 H-DAB immunocytochemical staining of C2C12 myoblasts for desmin after 
exposure to 1 mM glyoxal for 48 h (a) and 20 µM cytochalasin D for 30 min (b). Red arrows 
indicate dot-like desmin aggregation near the perinuclear region of the myoblasts. Scale bar 
= 50 µm. 

The negative control of the myoblasts for all three exposure periods had desmin 

intermediate filaments distributed from the perinuclear region, appearing diffusely 

filamentous throughout the cytoplasm (Figure 4.24 a-c). The number of myoblasts 

per slide increased with longer exposure times. At 72 h, the intensity of desmin 

staining seemed to have decreased slightly (Figure 4.24 c). The solvent control 

(0.1% MeOH) (not shown) was similar to the negative control. 

After 24 h, the desmin staining intensity and distribution in the C2C12 myoblasts 

exposed to monensin, salinomycin and lasalocid were comparable to that of the 

negative control (Figure 4.24 d, g & j). A few of the myoblasts exposed to either 
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monensin or salinomycin had ‘gaps’ visible between the desmin filaments (yellow 

arrows), with more appearing after 48 h exposure. The number of myoblasts on the 

slides exposed to monensin and salinomycin were visibly less compared to the 

negative control and some desmin debris could be seen. The myoblasts were 

stained darker around the nucleus compared to the control, indicating possible 

perinuclear desmin aggregation (pink arrows). The shape of the myoblasts was also 

narrower, with long protrusions extending from the myoblasts. At 72 h exposure to 

monensin and salinomycin (Figure 4.24 f & i), some of the myoblasts stained 

intense dark brown around the nucleus. Many myoblasts with ‘gaps’ were present 

and desmin debris was visible between myoblasts. Lasalocid had slightly fewer 

myoblasts compared to the negative control. No ‘gaps’ in the desmin network were 

present in the myoblasts exposed to lasalocid (Figure 4.24 j, k & l). 

Semiquantitative analysis (Figure 4.25) revealed the percentage myoblasts stained 

different intensities categorised as negative, light, medium or dark depending on the 

optical density around the nuclei, as described in the Materials and Methods 

(Section 4.2). Myoblasts categorised as negative had no desmin and only the nuclei 

were present. At 24 h there were no significant difference between the percentage of 

negatively stained myoblasts (p > 0.05). Monensin had a larger percentage of 

desmin-negative myoblasts after 48 (p < 0.001) and 72 h (p < 0.01) exposures 

compared to the control. Salinomycin, in contrast, had more desmin-negative 

myoblasts compared to both the control (p < 0.001) and lasalocid (p < 0.05) after 48 

h, but not after 72 h exposure. Lightly stained myoblasts had desmin filament located 

around the nucleus with low optical density. After 48 and 72 h, the negative control 

had significantly more lightly stained desmin myoblasts compared to both monensin 

and salinomycin (p < 0.001). Likewise, lasalocid exposure resulted in more lightly 

stained myoblasts after 48 and 72 h compared to both monensin and salinomycin (p 

< 0.01). The percentage of myoblasts stained and categorised as medium were 

comparable between the control and different ionophores over the 72-h exposure 

period. However, there were exceptions at 24 h between the control and myoblasts 

exposed to monensin (p < 0.05), as well as at 72 h between the control and 

myoblasts exposed to either monensin (p < 0.05) or salinomycin (p < 0.001). Finally, 

after 48 and 72 h both monensin and salinomycin exposure resulted in significantly 

more dark stained myoblasts compared to the control (p < 0.05). 
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Figure 4.24 H-DAB immunocytochemical staining of C2C12 myoblasts for desmin. The myoblasts in the negative control were cultured in complete DMEM 
medium over a period of 72 h (a-c). Additionally, the myoblasts were exposed to 1 µM monensin (d-f), salinomycin (g-i) and lasalocid (j-l) for 24, 48 and 72 h. 
Myoblasts with desmin aggregation in the perinuclear region and ‘gaps’ within the desmin filament network are indicated with pink and yellow arrows, 
respectively. Scale bar = 50 µm. 
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In summary, exposure to lasalocid resulted in a staining pattern that resembled that 

of the control with darkly stained myoblasts remaining at a minimum. In contrasts, 

exposure to either monensin or salinomycin resulted in an increase in both the 

number of negative myoblasts as well as the number of darkly stained myoblasts.  

 

Figure 4.25 The percentage myoblasts categorised as staining negative, light, medium or 
dark for desmin after exposure to the ionophores for 24, 48 and 72 h. Six images were 
randomly taken from the slide and the perinuclear stain intensity was measured using 
QuPath positive cell detection and sorted into negative, light, medium and dark. The average 
myoblasts percentage over each category was calculated and displayed with standard 
deviation. 

4.3.3 The Effect of the Ionophores on Synemin 

The C2C12 myoblasts were stained for synemin after exposure to monensin, 

salinomycin and lasalocid for 24, 48 and 72 h. As with desmin, the synemin 

intermediate filaments stained light beige-brown and the nuclei stained blue. 

Synemin, however, did not stain as intensely as desmin. 

Glyoxal and cytochalasin D were used as positive controls. Myoblasts exposed to 1 

mM glyoxal for 24, 48 and 72 h had small, concentrated points of synemin adjacent 

to the nucleus (Figure 4.26 a, red arrowheads). Cytochalasin D exposure resulted 

in the reduction of the cytoplasm volume around the nucleus and thin filamentous 

protrusions extending between the myoblasts (Figure 4.26 b). 
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Figure 4.26 H-DAB immunocytochemical staining of C2C12 myoblasts for synemin after 
exposure to 1 mM glyoxal for 48 h (a) and 20 µM cytochalasin D for 30 min (b). Red arrows 
indicate dot-like synemin aggregation near the perinuclear region of the myoblasts. Scale 
bar = 50 µm. 

The negative and solvent controls appeared similar, with synemin spread diffusely 

across the cytoplasm (Figure 4.27 a-c). A few myoblasts had a greater 

concentration of synemin filaments in the perinuclear region. The number of C2C12 

myoblasts increased over the 72-h period.  

After exposure to the ionophores, some ‘gaps’ appeared in the cytoplasm of synemin 

stained myoblasts (Figure 4.27, yellow arrows). Myoblasts exposed to monensin, 

had the greatest number of ‘gaps’, which increased with exposure time. Lasalocid, in 

contrast, had the fewest. Some myoblasts became thin, with the protrusions staining 

slightly darker. A few pyknotic nuclei could be seen in the samples as well. No other 

striking differences between the synemin staining pattern of the negative control and 

ionophore exposed myoblasts could be seen. 
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Figure 4.27 H-DAB immunocytochemical staining of C2C12 myoblasts for synemin. The myoblasts in the negative control were cultured in complete 
DMEM medium over a period of 72 h (a-c). Additionally, the myoblasts were exposed to 1 µM monensin (d-f), salinomycin (g-i) or lasalocid (j-l) for 24, 
48 and 72 h. ‘Gaps’ within the synemin filament network are indicated with yellow arrows. Scale bar = 50 µm. 
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4.4 Discussion 

Immunofluorescent techniques were used to determine whether the ionophores 

affected the microfilament and microtubule networks of the myoblasts. Ionophore 

exposure resulted in minimum to moderate change in the microfilament network. 

Most altered were the H9c2 and L6 myoblasts after prolonged exposure to either 

monensin or salinomycin. In contrast, the microfilament network of the C2C12 

myoblasts was comparatively less affected. In the majority of the myoblasts, the 

normal mesh-like appearance of the microfilament network persisted, with long 

filaments stretching across the cytoplasm of larger myoblasts. The degree of 

organisation and length of the microfilaments determine the stiffness of a cell 

(Fletcher and Mullins, 2010). Highly branched and shorter microfilaments are usually 

associated with cellular movement (Fletcher and Mullins, 2010; Insall and Machesky, 

2009; Paddock and Albrecht-Buehler, 1986). Ionophores have previously been 

reported to affect the actin cytoskeleton of cells (Schenk et al., 2015; Sun et al., 

2017; Tilney et al., 1978). Salinomycin, increased the strength and stiffness of the 

microfilament network of liver cancer stem cells via the inhibition of the focal 

adhesion kinase (FAK) and extracellular signal-regulated kinase (ERK1/2) (Sun et 

al., 2017). Ionophores have also been used to trigger the polymerisation of actin in 

Echinoderm sperm by increasing intracellular pH (Tilney et al., 1978). In contrast, 

salinomycin halted pancreatic cancer cell proliferation and migration by disrupting 

the actin stress fibre integrity (Schenk et al., 2015).  

The integrity of the microtubule filaments was obviously affected, and interruptions or 

‘gaps’ in the network could be seen as early as 24 h post-exposure. These ‘gaps’, 

most likely corresponds to vesicles generated after ionophore exposure. ‘Gaps’ were 

more readily observed in the microtubule network compared to the microfilament 

network (e.g., Figure 4.18, ROI). These gaps were also much more distinct in the 

H9c2 cell line, perhaps due to the larger cytoplasm to nucleus ratio. In some cases, 

the microtubule network appeared less dense in exposed myoblasts. The 

microtubule network of a cell is involved in mitosis and transportation of cellular 

cargo (Fletcher and Mullins, 2010; Hohmann and Dehghani, 2019). When exposed 

to lasalocid, the axonal transport and amount of microtubules in frog sciatic nerves 

were decreased (Kanje et al., 1981). Increased Ca2+ concentrations inhibit 

microtubule polymerisation (Olmsted and Borisy, 1975; Weisenberg, 1972) and as 
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the intracellular Ca2+ concentration is elevated, either directly via lasalocid or 

indirectly via monensin or salinomycin, exposure to the ionophores could result in 

decreased microtubule formation. 

Monensin and salinomycin are more toxic compared to lasalocid (Chapter 3, Table 

3.2) and thus, at the concentrations tested, their affects appear to be greater. After 

exposure to lethal ionophore concentrations the myoblasts rounded-up, as seen 

previously with light microscopy (Chapter 3, Figure 3.10). These round myoblasts 

had both the microfilaments and microtubules concentrated around the nucleus, with 

discernment of the finer structural detail of these networks lost. This was most 

apparent in L6 myoblasts exposed to monensin (Figure 4.11 and Figure 4.12). The 

rounding of the myoblasts and loss of architecture possibly indicate degradation of 

the cytoskeleton. Additionally, with higher ionophore concentrations and longer 

exposure times many myoblasts detached and died, leaving behind cytoskeletal 

debris, lacking nuclei. Not all myoblasts, however, were lethally damaged. In some 

cases, specifically after exposure to lasalocid, myoblasts undergoing mitosis were 

visible, with the mitotic spindle evident. This indicates that myoblast proliferation was 

not completely halted under these circumstances. The EC50s obtained for lasalocid 

were equal to or above 1 µM (Chapter 3, Table 3.2), and thus myoblast proliferation 

is not unexpected when exposed to 0.1 µM concentrations. 

In addition to the microfilament and microtubule networks, the effect of ionophores 

on the intermediate filaments, desmin and synemin, was investigated using 

immunocytochemistry. C2C12 myoblasts exposed to either monensin or salinomycin 

for 48 and 72 h had a slightly altered distribution of desmin filaments (Figure 4.24 

and Figure 4.25). In low density cultures, an increase in the number of thin and 

elongated myoblasts were seen. Desmin was aggregated in the perinuclear region of 

the affected myoblasts. In control myoblasts desmin staining was more diffusely 

filamentous throughout the cytoplasm. Synemin is known to co-polymerise with 

desmin at the Z-disk (Mizuno et al., 2001). However, in this study synemin appeared 

minimally affected (Figure 4.27), although akin to both the microtubules and desmin, 

‘gaps’ could be seen dispersed throughout the network. Similar results were 

obtained in a study exposing C2C12 myoblasts to geigerin, a myotoxic compound, 

with desmin aggregating in the perinuclear region while synemin remained unaltered 

(Botha et al., 2019).  



109 
 

Desmin confers both shape and resilience to myoblasts and myofibers, giving 

structural integrity to the cells (Mermelstein et al., 2005). The disorganisation of 

desmin filaments is associated with various myopathies and are characterised by the 

accumulation of desmin in certain inclusions, sarcoplasmic bodies, cytoplasmic 

bodies and granulo-filamentous material. Furthermore, desmin also determines the 

intracellular location of mitochondria in the myocyte and regulates their respiratory 

function (Capetanaki, 2002; Milner et al., 2000). Thus, disorganisation and loss of 

desmin filaments after ionophore exposure could alter mitochondrial distribution and 

feasibly result in energy deficiency. Additionally, the sequestration of excess 

intracellular Ca2+ into the mitochondria could further decrease mitochondrial 

respiration (Wrogemann and Pena, 1976). 

Ultrastructural studies of animals exposed to toxic doses of ionophores indicate 

myofibrillar degeneration and necrosis with the disruption of the contractile apparatus 

(Confer et al., 1983; Van Vleet and Ferrans, 1984a). The intercalated disks in the 

myofibers of sheep exposed to monensin were irregular, with mild Z-disk streaming 

and indistinct A and I bands (Confer et al., 1983). In more chronic stages, dense 

granular material, representing disrupted Z-disks, was present (Confer et al., 1983). 

Desmin is primarily associated with the Z-disk of striated muscle (Agnetti et al., 2021; 

Costa et al., 2004; Paulin and Li, 2004), thus disruption of desmin could contribute to 

myofibrillar degeneration. Desmin is a substrate for Ca2+-activated proteases such 

as calpains (Aweida et al., 2018; Elamrani et al., 1995). It is thus possible that the 

increase in cytoplasmic Ca2+ causes the activation of these proteases, which in turn 

is responsible for the degradation of the desmin filaments. In fact, salinomycin 

activates calpain and triggers calpain-mediated cell death in murine dorsal root 

ganglion neurons (Boehmerle and Endres, 2011). However, various concentrations 

of leupeptin, a protease inhibitor, failed to protect frog skeletal muscles from damage 

after exposure to the ionophore calcimycin in vitro (Duncan et al., 1979), therefore 

implying that myofibrillar damage was not due to Ca2+-activated proteases. 

In conclusion, the primary cytoskeletal filaments affected in this in vitro study 

following ionophore exposure, were the microtubule and desmin intermediate 

filament networks. The microfilament and synemin networks were only slightly 

affected. As the myoblasts shrunk and became more rounded, both the 

microfilament and microtubule networks concentrated around the nucleus.   
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5. Chapter 5: The Effect of Monensin, Salinomycin and 
Lasalocid on the Ultrastructure of H9c2 and L6 myoblasts 
 

5.1 Introduction 

Ionophores, through their disruption of ion homeostasis and various concurrent 

downstream effects, alter tissue and cellular ultrastructure. In cardiac and skeletal 

muscles of sheep and pigs that died as a result of monensin toxicosis, the myofibers 

were often disrupted with swollen mitochondria and an increased number of 

electron-lucent vesicles within the cytoplasm (Confer et al., 1983; Van Vleet and 

Ferrans, 1984a, b). In pigs that died of acute monensin toxicosis, mitochondria were 

either swollen or condensed, depending on the severity of the insult (Van Vleet and 

Ferrans, 1984a, b). The myocytes undergo degeneration and necrosis, followed by 

macrophage infiltration and attempts at repair. Likewise, in horses dosed with 

monensin, hepatocytes suffer similar alterations after ionophore exposure, in 

addition to an increase in the number of smooth ER, peroxisomes and lipid droplets 

within the cytoplasm (Mollenhauer et al., 1981).  

In vitro exposure of cells and tissues to ionophores induces mitochondrial 

condensation and excessive vesiculation within the cytoplasm (Mollenhauer et al., 

1990; Paddock and Albrecht-Buehler, 1986). Various cancer cell lines, following 

ionophore exposure, die via apoptosis with an autophagic component (Ketola et al., 

2010; Kiełbasiński et al., 2020; Kim et al., 2017b; Kim et al., 2016; Park et al., 2003; 

Park et al., 2002). Cells undergoing apoptosis exhibit ultrastructural changes 

including cell shrinkage, karyorrhexis, chromatin condensation and the formation of 

apoptotic bodies (Burattini and Falcieri, 2013; Kerr et al., 1972; Kroemer et al., 

2009). Necrosis, on the other hand, generally exhibit cell swelling with both swollen 

organelles and nuclei present within the cytoplasm (Kroemer et al., 2009). The 

plasma membrane of necrotic cells is compromised, leaking cellular content into the 

surrounding environment. Autophagic vesicles, found in both apoptotic and necrotic 

cells, as well as being the major component in autophagic cell death, are double 

membraned organelles that often contain sequestered and degraded cytoplasmic 

material (Kroemer et al., 2009). 
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This chapter focuses on the ultrastructural changes that occur in H9c2 and L6 

myoblasts after in vitro exposure to 0.1 µM monensin, salinomycin and lasalocid for 

48 h using transmission and scanning electron microscopy (TEM and SEM). 

Additionally, the distribution of β-tubulin in L6 myoblasts after ionophore exposure 

was investigated using immunogold-labelling. 

 

5.2 Materials & Methods 

5.2.1 Sample Preparation and Fixation for Transmission Electron 

Microscopy 

H9c2 and L6 myoblasts were seeded into a 6-well plate (100 000 myoblasts/ml) and 

allowed 24 h to adhere and stabilise. The myoblasts were exposed to 0.1 µM 

monensin, salinomycin and lasalocid for 48 h. A negative (complete DMEM) and 

solvent control (0.1% MeOH) were also included. 

Post-exposure the medium was removed, and the myoblasts fixed with 2.5% 

glutaraldehyde in 0.075 M phosphate buffer (pH 7.4) for at least 1 h. The myoblasts 

were carefully removed from the well surface with a cell scraper, transferred to a 

microtube and centrifuged at 950 x g. The pellets were rinsed three times with 0.075 

M phosphate buffer for 10 min each. A second fixation step, with a 1% osmium 

tetroxide (OsO4) solution for 1 h was performed, followed by washing the pellets 

three times for 10 min with dH2O. 

The samples were dehydrated with increasing ethanol (EtOH) concentrations i.e., 

50, 70, 90, 96 and 100% EtOH for 10 min at a time, and finally left in 100% EtOH for 

at least 1 h. The EtOH was replaced with propylene oxide for 10 min and slowly 

infiltrated with an epoxy resin mixture. The samples were first incubated with 2:1 

propylene oxide/epoxy resin, followed by 1:2 propylene oxide/epoxy resin for 1 h at a 

time. The resin mixture was replaced with pure epoxy for 2 to 3 h, then imbedded in 

TAAB 812 epoxy resin (Luft, 1961) and left in an oven overnight at 65 °C to 

polymerise. 

The resin blocks were cut into thin sections, ~100 nm thick, using a Leica EM UC7 

microtome (Leica Microsystems, Wetzlar, Germany) and placed on a 300 x 75 

copper grid (Agar Scientific). Each grid was stained for 6 min with uranyl acetate and 
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3 min with lead citrate (Reynolds, 1963). The grids were viewed using a JEOL JEM 

1400-FLASH transmission electron microscope (Jeol Ltd., Tokyo, Japan). 

5.2.2 Sample Preparation and Fixation for Scanning Electron Microscopy 

H9c2 and L6 myoblasts were seeded onto 10 mm sterile coverslips in a 24-well plate 

(100 000 myoblasts/ml) and allowed 24 h to adhere and stabilise. The myoblasts 

were exposed to 0.1 µM monensin, salinomycin and lasalocid for 48 h. Both a 

negative (complete DMEM) and solvent control (0.1% MeOH) were also included. 

The fixation and dehydration procedures were carried out on the coverslips as 

described above up to the second dehydration step with 100% EtOH. Afterwards, the 

coverslips were first incubated in a 1:1 EtOH and 1,1,1,3,3,3-hexamethyldisilazane 

(HMDS) (Merck) mixture, then in 100% HMDS both for 30 min at room temperature. 

Finally, the coverslips were left in 100% HMDS overnight to allow all the HMDS to 

evaporate. 

The coverslips were attached to an aluminium stub using 12 mm carbon adhesive 

tabs (Electron Microscopy Sciences) and coated with carbon using the EmiTech 

K950X sputter coater (Emitech, Montigny-le-Bretonneux, France). However, due to 

the samples charging they were later coated with chromium using the Quorum 

Q150T ES sputter coater (Quorum, East Sussex, United Kingdom). Samples were 

viewed using a Zeiss SUPRA 55VP scanning electron microscope at the EM unit of 

the Sefako Makgatho Health Sciences University. 

5.2.3 Immunogold Labelling of β-Tubulin in L6 Myoblasts 

Transmission electron microscopy in combination with immunogold labelling was 

used to investigate the distribution of β-tubulin in L6 myoblasts. For future work, the 

primary antibody’s ability to bind to β-tubulin in H9c2 and C2C12 myoblasts were 

also confirmed using a western blot. 
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Table 5.1 Antibodies used for the western blot and immunogold labelling of β-tubulin. 

Western Blot - Protein Extraction 

A western blot was performed as a positive control, to confirm that the primary 

antibody binds to β-tubulin in L6, C2C12 and H9c2 myoblasts. The myoblasts were 

cultured in a 6-well plate and extracted using a radioimmunoprecipitation assay 

(RIPA) buffer (Sigma-Aldrich) supplemented with a protease inhibitor cocktail 

(Thermo Scientific) and ethylenediaminetetraacetic acid (EDTA). The myoblasts 

were removed from the well surface using a cell scraper, transferred to a microtube 

and sonicated for 1 min. Thereafter, the myoblasts were centrifuged at 8 000 x g for 

5 min and the supernatant transferred to a new tube. All the steps described above 

were carried out on ice. The supernatant was stored at -20 °C until further use.  

Western Blot - Bradford Assay 

The protein concentration in each lysate was determined using the Bradford Assay 

(Bradford, 1976). Standards were prepared by diluting 2 mg/ml BSA protein standard 

(Sigma-Aldrich), in diluent (1/10 extraction buffer in PBS). Additionally, each lysate 

was diluted 1/10 in PBS. The protein concentration of both the standards and diluted 

cell lysates were determined by adding 5 µl of standard/lysate and 250 µl Bradford 

Reagent (Sigma-Aldrich) into a 96-well plate. The assay plate was then shaken on a 

QB-9001 Microporous Quick Shaker (Hinotek Group Ltd., Ningbo, China) for 30 sec 

and incubated in the dark for 5 min at room temperature, before reading the 

absorbance at 595 nm. The absorbance of the blank containing only diluent was 

subtracted from all other measurements. A standard curve was plotted using the 

absorbance values versus the known protein concentrations. The linear equation 

generated was used to calculate the concentration of proteins per lysate. The 

concentration was multiplied by the dilution factor of ten as the lysate was initially 

diluted 1/10 in PBS. 

Antibody Manufacturer Technique and Dilution 

Anti-β Tubulin Antibody - Loading 

Control 
Abcam 

Western Blot (1:500) 

Immunogold labelling (1:100) 

Goat Anti-Rabbit IgG H&L (HRP) Abcam Western Blot (1:2000) 

Goat F(ab’)2 Anti-rabbit IgG H&L 

(10 nm Gold) 
Abcam Immunogold labelling (1:50) 
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Western Blot – SDS-Page Electrophoresis and Blotting 

On the day of the experiment the supernatant was combined with Laemmli buffer, 

containing stacking gel buffer, 10% sodium dodecyl sulphate (SDS), glycerol, 

mercaptoethanol and 0.01% bromophenol blue, in a 1:1 ratio. The samples were 

boiled for 10 min at 100 °C, followed by immediate loading into a 10% mini-

PROTEAN TGX precast gel (Bio-Rad Laboratories) alongside a Blue Prestained 

Protein Standard, Broad Range (11-190 kDa) (New England Biolabs). Two gels were 

run simultaneously at 70 V for about 2 h using a BioRad Electrophoresis Unit (Bio 

Rad Laboratories, Hercules, CA, USA). After removing the gels, one gel was stained 

with GelCode Blue Stain Reagent (Thermo Scientific) overnight until protein bands 

were visible.  

The second gel was assembled into a sandwich containing four layers of filter paper 

on both sides of the gel and a Hybond ECL Nitrocellulose membrane (Amersham 

Pharmacia Biotech). All components of the sandwich were soaked in transfer buffer 

(25 mM Tris, 150 mM glycine pH 8.3, 20% MeOH) for 15 min. The proteins were 

transferred onto the membrane using a semi-dry transfer technique. The Biometra 

Fastblot system was used at 30 V for 45 min. The membrane containing the 

transferred proteins was incubated overnight at 4 °C in blocking buffer containing 3% 

milk powder (Skim milk powder, OXOID) and 0.05% Tween in PBS. Afterwards, the 

membrane was washed three times for 10 min each using washing buffer (0.05% 

Tween in PBS) and incubated with the primary antibody (1:500) for 1 h at room 

temperature (Table 5.1). The membrane was again washed three times before and 

after incubation with the secondary antibody (1:2000) for 30 min (Table 5.1). The 

colour on the gel was developed by mixing solution A (60 mg 4-chloro-naphthol and 

20 ml ice cold MeOH) and solution B (60 µl H2O2 and 100 ml PBS) and leaving the 

gel in these solutions for around 20 min. 

Sample Fixation for Immunogold Labelling 

L6 myoblasts were seeded into a 6-well plate and exposed to 0.1 µM monensin, 

salinomycin and lasalocid for 48 h, as previously described. Post-exposure the 

medium was removed from the wells and the myoblasts were fixed with a solution 

containing 0.8% glutaraldehyde and 4% paraformaldehyde in 0.1 M PBS with 50 mM 

lysine (pH 7.2) (Oko and Maravei, 1995). The samples were transferred into a 

microtube and rinsed three times with 0.1 M PBS (pH 7.2-7.4) for 5 min, before being 
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incubated in 50 mM NH4Cl (in 0.1 M PBS) overnight at 4 °C. The samples were 

rinsed with PBS, dehydrated in graded EtOH up to 90% and infiltrated progressively 

with increasing gradients of LR White in 90% EtOH until 100% concentration of LR 

White was achieved. After a final change of LR White containing 0.1% w/v benzoin 

ethyl ether, the embedded tissues in gelatine capsules were polymerised overnight 

at 60 °C. The polymerised samples were sectioned with a Leica EM UC7 microtome 

and placed onto 300 x 75 nickel grids (Agar Scientific). The above fixation method 

was performed at the Electron Microscopy Unit, Department of Anatomy and 

Physiology, Faculty of Veterinary Science, University of Pretoria. 

Immunogold Labelling of L6 Myoblasts 

The grids were first rinsed with ddH2O three times for 1 min each, before being 

incubated in normal goat serum (Merck Millipore) diluted 1/30 with antiserum (0.01 M 

PBS, pH 7.4, 0.15 M NaCl, 0.1% BSA, 0.01% sodium azide) for 30 min at room 

temperature (Sarraf, 2000). Subsequently, the grids were incubated with the primary 

antibody (1:100 in PBS) overnight at 4 °C (Table 5.1). The following day, the grids 

were washed sequentially with 0.05 M Tris-HCl (pH 7.4) and 0.05 M Tris-HCl 

containing 0.1% BSA (pH 7.4) three times for 1 min each, then left in 0.05 M Tris-HCl 

containing 1% BSA (pH 8.2) for 15 min. The grids were incubated with the secondary 

antibody (Table 5.1) in Tris-HCl containing 1% BSA (pH 8.2) for 3 h at room 

temperature and again sequentially washed with 0.05 M Tris-HCl containing 0.1% 

BSA, 0.05 M Tris-HCl and finally ddH2O three times for 1 min each. The grids were 

counterstained with uranyl acetate and lead citrate as described above and viewed 

using a JEM JEOL 1400-FLASH TEM. 

 

5.3 Results 

5.3.1 The Ultrastructural Changes of H9c2 and L6 Myoblasts after Exposure 

to Monensin, Salinomycin and Lasalocid 

The Ultrastructure of H9c2 Myoblasts  

H9c2 myoblasts are relatively large, elongated cells, generally tapered at both ends 

with a layer of microfilaments arranged underneath the plasma membrane (Figure 

5.1 and Figure 5.2, green arrows). Large, oval-shaped nuclei are usually near the 

centre of the myoblasts containing one or two nucleoli. Rough endoplasmic reticulum 

(RER) with homogeneous content were distributed throughout the cytoplasm either 



116 
 

as tubular or vesicular structures (Figure 5.1 c-e, g & h and Figure 5.2 d-g & h). 

Ribosomes were associated with the RER as well as scattered throughout the 

cytoplasm. The Golgi apparatus were generally located in proximity of the nucleus, 

with flat cisternae stacking on top of each other (Figure 5.1 a & e-g and Figure 5.2 

a, e & f). The mitochondria were round to oval and sometimes slightly stretched with 

the mitochondrial membranes and cristae visible (Figure 5.1 f-h and Figure 5.2 d, g 

& h). The cytoplasm contained various vesicles and some autophagic vesicles 

(Figure 5.1 d & e and Figure 5.2 g). A few myelin figures, possibly as an artefact of 

fixation, were also present in some myoblasts (Figure 5.2 f).  

Exposure to 0.1 µM monensin for 48 h, resulted in the formation of a large number of 

electron-lucent vesicles clustered together in the cytoplasm (Figure 5.3). The 

mitochondria were condensed, with a very dark mitochondrial matrix and distinct 

cristae (white asterisks). The mitochondria still maintained their round to slightly 

stretched shape in most cases, however some had a U-shape (Figure 5.3 c & g). 

The cisternae of the Golgi apparatus were swollen, no longer appearing as a flat 

stack. A few necrotic myoblasts with a disrupted plasma membrane and damaged 

cytoplasmic material were observed (Figure 5.3 d). The nuclei remained unaffected, 

except in a few cases where chromatin condensation occurred (red asterisks). In 

Figure 5.3 c, a number of nuclear pores can be seen as a result of the level at which 

the section was cut. Some myelin figures and autophagic vesicles were also visible 

(Figure 5.3 e, g & h). The RER was dispersed in between the vesicles but was 

mostly unaffected with homogeneous content and the ribosomes still associated with 

the ER membrane (Figure 5.3 e-h). 

Salinomycin exposure induced similar changes in the myoblasts compared to 

monensin, but to a lesser extent; for instance, the mitochondria were not as electron-

dense (Figure 5.4 f-h). The Golgi apparatus were swollen, and electron-lucent 

vesicles were present within the cytoplasm (Figure 5.4 b-e, g & h). Myelin figures 

and autophagic vesicles could be seen dispersed throughout the cytoplasm (Figure 

5.4 b-d & f). The RER and nuclei remained mostly unaffected, though some nuclei 

were lobulated (Figure 5.4 c). Lipid droplets could be seen within the cytoplasm of a 

few myoblasts (Figure 5.4 b-d & h). The plasma membrane remained intact. 
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After exposure to lasalocid, H9c2 myoblasts contained electron-lucent vesicles 

(Figure 5.5). The Golgi apparatus were swollen, however some of the cisternae on 

the cis-face of the Golgi remained flat, while large vesicles were present on the 

trans-face (Figure 5.5 b & c). Myelin figures and autophagic vesicles could be seen 

throughout the myoblasts (Figure 5.5 b, e & f). The RER and nuclei of the myoblasts 

were unaffected. The mitochondria remained mostly unaltered, however, a few 

lacked cristae and were slightly damaged. The microfilament network below the 

plasma membrane (green arrows) as well as the plasma membrane remained 

intact. A few myoblasts had lipid droplets within their cytoplasm (Figure 5.5 e). 

The Ultrastructure of L6 Myoblasts 

The L6 myoblasts are round-to-spindle-shaped cells, with a large nucleus near the 

centre of the myoblast (Figure 5.6 and Figure 5.7). The Golgi apparatus were 

generally in close proximity to the nucleus. Rough endoplasmic reticulum were 

dispersed throughout the cytoplasm in continuous stretches with homogeneous 

content. Ribosomes were closely associated with the RER membranes, while also 

present freely throughout the cytoplasm. A few vesicles and autophagic vesicles 

were scattered around the myoblast (Figure 5.6 d, e, & g and Figure 5.7 a, c & f), 

including endo- and exocytotic vesicles (blue arrowheads). The myoblasts 

contained many mitochondria, ranging from small and round, to long and slightly 

stretched. A few relatively large mitochondria were present within some myoblasts 

(Figure 5.6 d). The plasma membrane was intact with small protrusions seen 

budding from the membranes (orange arrows). 

When exposed to 0.1 µM monensin for 48 h the myoblasts’ cytoplasm became filled 

with electron-lucent vesicles of various sizes (Figure 5.8). In some cases, the 

vesicles fused together resulting in larger, less distinct vesicles within the cytoplasm 

(Figure 5.8 d & h). A few vesicles connected to the outside of the myoblast. 

Autophagic vesicles and myelin figures were dispersed between the electron-lucent 

vesicles (Figure 5.8 a, b, d-f & h). Severely affected myoblasts appeared round, 

with a slightly condensed cytoplasm and in these myoblasts, the small membrane 

protrusions were absent (Figure 5.8 a & d). Instead, larger apoptotic bodies were 

seen containing cytoplasmic organelles (red arrows). The nuclei of affected 

myoblasts diverged slightly from the common oval-to-round shape in the negative 

and solvent controls, being more lobulated (Figure 5.8 e). Chromatin condensation 
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was observed in many myoblasts (red asterisks), with dark clumps of chromatin 

located on the periphery of the nucleus. Aggregates of free chromatin were visible in 

myoblasts further along the process of apoptosis, the nuclear envelope having 

disintegrated (Figure 5.8 d). Cellular debris and remnants of apoptotic bodies were 

also observed between myoblasts, indicating necrosis and secondary necrosis (not 

shown). The mitochondria of the myoblasts were condensed with a very dark matrix 

(white asterisks). Additionally, a few, dark and elongated mitochondria were 

present within the cytoplasm (Figure 5.8 e). The Golgi apparatus were swollen, but 

some of the cisternae were still clearly defined stacking neatly on top of each other 

(Figure 5.8 h). The RER and ribosomes were dispersed throughout the cytoplasm, 

while the content of the RER remained homogeneous. In a few myoblasts, the RER 

was encircling the nucleus in long continuous stretches (Figure 5.8 c).  

Salinomycin exposure resulted in electron-lucent vesicles throughout the cytoplasm 

of some myoblasts (Figure 5.9). The affected myoblasts appeared less compared to 

myoblasts exposed to monensin and there were fewer vesicles per cell. Chromatin 

condensation could be seen in the more affected myoblasts (red asterisks). In some 

cases, a large, electron-dense chromatin aggregation was observed free within the 

cytoplasm after the nuclear envelope was disrupted (not shown). The Golgi 

apparatus were relatively swollen, with distended cisternae (Figure 5.9 c & g), while 

the RER and associated ribosomes remained unaffected. The majority of the 

mitochondria were normal with distinct cristae; however, a few were condensed 

(white asterisks). Additionally, a number of large, round-to-square shaped 

mitochondria were found within the cytoplasm of some myoblasts (Figure 5.9 d & h). 

A few myoblasts had a condensed cytoplasm (Figure 5.9 a & e). The small 

membrane protrusions were absent in many of the myoblasts and a few apoptotic 

bodies were noted. A couple of autophagic vesicles, filled with deteriorating cellular 

content, were found within the cytoplasm (Figure 5.9 e & g). 

After lasalocid exposure, fewer myoblasts had electron-lucent vesicles within their 

cytoplasm (Figure 5.10). Some small to medium sized vesicles could be seen in 

proximity to the Golgi apparatus, which was only slightly distended (Figure 5.10 d & 

h). A few autophagic vesicles and myelin figures were observed in between the other 

organelles (Figure 5.10 b, d, f & h). The majority of the mitochondria remained 

unaffected, with a few rare cases where the mitochondria were condensed with 
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swollen cristae (white asterisks). Groups of relatively large mitochondria were 

observed in the cytoplasm in a number of myoblasts. The nuclei remained generally 

unaffected, with the exception of a few having slight irregular forms. A few apoptotic 

myoblasts, with apoptotic bodies were observed amongst the other myoblasts (red 

arrows) and some myoblasts had a condensed cytoplasm (Figure 5.10 c & g). 

Normal RER were dispersed throughout the cytoplasm in continuous stretches or in 

shorter more vesiculated form. Where the RER was dilated, the content was 

homogeneous, and the ribosomes were still associated to the membrane.
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Figure 5.1 Electron micrographs of H9c2 myoblasts incubated in complete DMEM medium for 48 h (negative control). The green arrows mark the layer of 
microfilaments underneath the plasma membrane. A-autophagic vesicles, G-Golgi apparatus, N-nucleus, M-mitochondria and RER-rough endoplasmic 
reticulum. Scale bars are indicated at the bottom right. 
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Figure 5.2 Electron micrographs of H9c2 myoblasts incubated in complete DMEM medium with 0.1% MeOH for 48 h (solvent control). The green arrows mark 
the layer of microfilaments underneath the plasma membrane. A-autophagic vesicles, G-Golgi apparatus, N-nucleus, M-mitochondria, My-myelin figures and 
RER-rough endoplasmic reticulum. Scale bars are indicated at the bottom right. 
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Figure 5.3 Electron micrographs of H9c2 myoblasts exposed to 0.1 µM monensin for 48 h. Condensed mitochondria and condensed chromatin are indicated 
with white asterisks and red asterisks, respectively. A-autophagic vesicles G-Golgi apparatus, N-nucleus, M-mitochondria, My-myelin figures and RER-rough 
endoplasmic reticulum. Scale bars are indicated at the bottom right. 
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Figure 5.4 Electron micrographs of H9c2 myoblasts exposed to 0.1 µM salinomycin for 48 h. The green arrows mark the layer of microfilaments underneath 
the plasma membrane. A-autophagic vesicles, G-Golgi apparatus, L-lipid droplet, N-nucleus, M-mitochondria, My-myelin figures and RER-rough endoplasmic 
reticulum. Scale bars are indicated at the bottom right. 
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Figure 5.5 Electron micrographs of H9c2 myoblasts exposed to 0.1 µM lasalocid for 48 h. The green arrows mark the layer of microfilaments underneath the 
plasma membrane. A-autophagic vesicles, G-Golgi apparatus, L-lipid droplet, N-nucleus, Nu-nucleolus, M-mitochondria and RER-rough endoplasmic 
reticulum. Scale bars are indicated at the bottom right. 
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Figure 5.6 Electron micrographs of L6 myoblasts incubated in complete DMEM medium for 48 h (negative control). The orange arrows show small membrane 
protrusions, and the blue arrowheads indicate endo- and exocytotic vesicles. A-autophagic vesicles, G-Golgi apparatus, N-nucleus, M-mitochondria and RER-
rough endoplasmic reticulum. Scale bars are indicated at the bottom right. 
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Figure 5.7 Electron micrographs of L6 myoblasts incubated in complete DMEM medium with 0.1% MeOH for 48 h (solvent control). The orange arrows show 
small membrane protrusions, and the blue arrowheads indicate endo- and exocytotic vesicles. A-autophagic vesicles, G-Golgi apparatus, N-nucleus, M-
mitochondria and RER-rough endoplasmic reticulum. Scale bars are indicated at the bottom right. 
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Figure 5.8 Electron micrographs of L6 myoblasts exposed to 0.1 µM monensin for 48 h. The red arrows indicate apoptotic bodies. Condensed mitochondria 
and chromatin are indicated with white and red asterisks, respectively. A-autophagic vesicles, G-Golgi apparatus, N-nucleus and RER-rough endoplasmic 
reticulum. Scale bars are indicated at the bottom right. 
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Figure 5.9 Electron micrographs of L6 myoblasts exposed to 0.1 µM salinomycin for 48 h. The orange arrows indicate membrane protrusions. Condensed 
chromatin is indicated with red asterisks. A-autophagic vesicles, G-Golgi apparatus, N-nucleus, M-mitochondria and RER-rough endoplasmic reticulum. Scale 
bars are indicated at the bottom right. 
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Figure 5.10 Electron micrographs of L6 myoblasts exposed to 0.1 µM lasalocid for 48 h. The orange and red arrows indicate membrane protrusions and 
apoptotic bodies, respectively. Condensed mitochondria are indicated with white asterisks. A-autophagic vesicles, G-Golgi apparatus, N-nucleus, M-
mitochondria, My-myelin figures and RER-rough endoplasmic reticulum. Scale bars are indicated at the bottom right.
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5.3.2 The Surface Ultrastructural Changes of H9c2 and L6 Myoblasts after 

Exposure to Monensin, Salinomycin and Lasalocid 

The Surface Ultrastructure of H9c2 Myoblasts  

Analysis of the surface morphology of H9c2 myoblasts in both the negative and 

solvent controls revealed large, flat cells covering the slides (Figure 5.11 and Figure 

5.12). The nuclei of the myoblasts could be seen lying beneath the plasma 

membranes, represented by round-to-oval shaped areas (blue arrowheads). 

Various bumps, likely owing to the presence of cellular organelles, were scattered 

around the nuclei and throughout the myoblasts. A few small finger-like protrusions 

were projecting from the surface of the cell surface (orange arrows). Some 

myoblasts were rounder or had a more defined three-dimensional shape, rather than 

growing flat against the surface of the slide (Figure 5.11 e & f and Figure 5.12 d-f). 

The plasma membranes of these myoblasts contained various ridges and 

protrusions, being less smooth compared to flatter myoblasts. Notably, drying 

artefacts, in the form of cracks, were visible on the myoblasts’ surface. These 

artefacts were present in both cell lines as well as in both the control and treated 

samples. 

After exposure to 0.1 µM monensin for 48 h the majority of the myoblasts had 

indentations distributed throughout, giving them a lunar surface or pockmarked 

appearance (Figure 5.13 a-c). The indentations were up to a few micrometres wide 

and clearly defined. Additionally, the number of round myoblasts increased 

compared to that of the control. A couple of these myoblasts appeared smooth 

lacking surface protrusions, but with some openings visible (green arrow). Others 

were apoptotic with a collection of apoptotic bodies projecting outwards (red arrow). 

Finally, there were several necrotic myoblasts with cell debris attached to the slide 

(Figure 5.13 f). 

Salinomycin exposure had less of an effect on the H9c2 myoblasts compared to 

monensin, with fewer myoblasts displaying a pockmarked appearance (Figure 5.14). 

However, indentations in affected myoblasts were distributed throughout the entire 

cell, except where the nucleus was located (Figure 5.14 a-d). A number of round 

myoblasts lacking surface detail were observed, with some showing openings 
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(green arrow). A few apoptotic myoblasts were present (red arrow), but not as 

many as after monensin exposure. 

After exposure to lasalocid, the majority of the myoblasts resembled that of the 

controls (Figure 5.15). The position of the nucleus was clearly defined (blue 

arrowheads), while bumps, due to cellular organelles, were visible throughout the 

rest of the myoblast. Various protrusions could be seen originating from the myoblast 

surface (orange arrows), especially in rounded myoblasts. A limited number of 

myoblasts contained indentations close to the area around the nucleus (pink arrow).  

The Surface Ultrastructure of L6 Myoblasts  

The L6 myoblasts were commonly elongated and covered in surface protrusions 

(Figure 5.16 and Figure 5.17). These protrusions were either small, finger-like or 

bulkier bleb-like structures (orange arrows). Additionally, the controls had many 

rounded myoblasts with a three-dimensional conformation featuring various 

membrane structures such as small protrusions and frills. As with the H9c2 

myoblasts, drying artefacts were seen in the controls as well as in myoblasts 

exposed to the different ionophores. 

Monensin exposure resulted in a large number of both pockmarked and rounded 

myoblasts (Figure 5.18). The pockmarked myoblasts had large, well-defined 

indentations clearly visible throughout the entire cell, except for at the location of the 

nucleus (Figure 5.18 a-d). The overall number of protrusions were less compared to 

the control myoblasts. Rounded myoblasts were either smooth, appearing to have 

lost their surface structures, but containing openings in their membranes (green 

arrows), or were apoptotic (red arrows). Some necrotic myoblasts were observed, 

with cellular debris clinging to the surface of the slide (Figure 5.18 f). In these, the 

remanent structures of vesicles responsible for the surface indentations were visible. 

After salinomycin exposure, less myoblasts had visible indentations, however these 

indentations were still clearly defined (Figure 5.19). There were a number of smooth, 

rounded myoblasts lacking surface structures, distributed in between the other 

myoblasts. Furthermore, a few apoptotic myoblasts were present (red arrow). 

However, many of the myoblasts remained unaffected, being elongated or rounded 

with small surface protrusions (orange arrows).  
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Finally, lasalocid exposure resulted in the least change to the surface of the 

myoblasts, with the majority of the myoblasts resembling that of the control (Figure 

5.20). The myoblasts were either elongated or rounded and contained many surface 

projections (orange arrows). Very few myoblasts had any indentations, and they 

were not as well defined as after monensin and salinomycin exposure (pink arrow). 

Individual apoptotic myoblasts were observed (red arrow).
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Figure 5.11 Scanning electron micrographs of H9c2 myoblasts incubated in complete DMEM for 48 h. The blue arrowheads and orange arrows 
indicate the position of the nuclei and membrane protrusions, respectively. Scale bars are indicated at the bottom left. 
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Figure 5.12 Scanning electron micrographs of H9c2 myoblasts incubated in the solvent control (0.1% MeOH) for 48 h. The blue arrowheads 
and orange arrows indicate the position of the nuclei and membrane protrusions, respectively. Scale bars are indicated at the bottom left. 
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Figure 5.13 Scanning electron micrographs of H9c2 myoblasts exposed to 0.1 µM monensin for 48 h. The blue arrowheads and orange arrow 
indicate the position of the nuclei and membrane protrusions, respectively. A myoblast undergoing apoptosis is indicated by the red arrow and 
an opening within a rounded myoblast is indicated by the green arrow. Scale bars are indicated at the bottom left. 
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Figure 5.14 Scanning electron micrographs of H9c2 myoblasts exposed to 0.1 µM salinomycin for 48 h. The blue arrowheads indicate the 
position of the nuclei. A myoblast undergoing apoptosis is indicated by the red arrow and an opening within a rounded myoblast is indicated by 
the green arrow. Scale bars are indicated at the bottom left. 
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Figure 5.15 Scanning electron micrographs of H9c2 myoblasts exposed to 0.1 µM lasalocid for 48 h. The blue arrowheads and orange arrows 
indicate the position of the nuclei and membrane protrusions, respectively. The pink arrow indicates shallow indentations. Scale bars are 
indicated at the bottom left. 
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Figure 5.16 Scanning electron micrographs of L6 myoblasts incubated in complete DMEM medium for 48 h. The blue arrowhead and orange 
arrows indicate the position of a nucleus and membrane protrusions, respectively. Scale bars are indicated at the bottom left. 
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Figure 5.17 Scanning electron micrographs of L6 myoblasts incubated in the solvent control (0.1% MeOH) for 48 h. The blue arrowhead and 
orange arrows indicate the position of a nucleus and membrane protrusions, respectively. Scale bars are indicated at the bottom left. 
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Figure 5.18 Scanning electron micrographs of L6 myoblasts exposed to 0.1 µM monensin for 48 h. The blue arrowheads indicate the position 
of the nuclei. Myoblasts undergoing apoptosis are indicated with red arrows and openings within rounded myoblasts are indicated by the green 
arrows. Scale bars are indicated at the bottom left. 
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Figure 5.19 Scanning electron micrographs of L6 myoblasts exposed to 0.1 µM salinomycin for 48 h. The blue arrowheads and orange arrows 
indicate the position of the nuclei and membrane protrusions, respectively. A myoblast undergoing apoptosis is indicated with the red arrow. 
Scale bars are indicated at the bottom left. 
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Figure 5.20 Scanning electron micrographs of L6 myoblasts exposed to 0.1 µM lasalocid for 48 h. The blue arrowhead and orange arrows 
indicate the position of a nucleus and membrane protrusions, respectively. The pink arrow indicates shallow indentations. A myoblasts 
undergoing apoptosis is indicated with the red arrow. Scale bars are indicated at the bottom left. 
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5.3.3 Immunogold Labelling of β-Tubulin in L6 Myoblasts 

Protein Extraction and Western Blot 

To support the immunogold-labelling results, a western blot was performed to 

confirm that the primary anti-β-tubulin antibody binds to β-tubulin in L6, C2C12 and 

H9c2 myoblasts. The Bradford protein assay was used to determine the total protein 

concentration in the cell lysates. A linear standard curve was generated using known 

BSA concentrations (Figure 5.21). 

 

Figure 5.21 The Bradford standard curve with the absorbance at 595 nm for known BSA 
concentrations (mg/ml). The standard curve was used to calculate the protein concentrations 
of the lysates using the linear equation generated. 

The absorbance values generated for the cell lysates were inserted in the equation 

in Figure 5.21, reflecting the linear relationship for the BSA concentration range 

tested, to determine the protein concentrations (Table 5.2). As the lysates were 

diluted 1:10 in PBS to prevent the extraction buffer from interfering with the Bradford 

reagent, the calculated concentrations were multiplied with 10. 
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Table 5.2 The protein concentrations (mg/ml) of the myoblast lysates calculated using the 
equation generated from the Bradford assay standard curve. 

After determining that the protein concentrations of the lysates were sufficient, an 

SDS-PAGE gel and subsequent Western Blot were performed (Figure 5.22). Two 

gels were run in parallel. The first gel was stained with GelCode Blue Stain Reagent 

to visualise the protein bands on the gel (Figure 5.22, Left). The protein bands 

separated according to size, with a similar band pattern appearing for all three cell 

lines. The proteins were transferred over to the nitrocellulose membrane during the 

western blot and stained with the primary anti-β-tubulin antibody and a secondary 

goat anti-rabbit IgG H&L (HRP) antibody. All three lanes developed a dark band 

close to the 50 kDa molecular weight marker almost immediately after exposing the 

double-labelled membrane to the developing solution (Figure 5.22, Right). Thus, the 

primary antibody can be used to bind to β-tubulin in all three cell lines with very little 

non-specific binding to other proteins within the myoblasts. 

Description 
Average 

Absorbance 
Dilution Factor 

Total Protein 

Concentration (mg/ml) 

L6 Myoblast Lysate 0.121 10 2.86 

C2C12 Myoblast Lysate 0.062 10 0.98 

H9c2 Myoblast Lysate 0.152 10 3.87 
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Figure 5.22 An SDS-PAGE gel and western blot of the proteins in the myoblast lysate. The 
lysate extracted from L6, C2C12 and H9c2 myoblasts was first run on an SDS-PAGE gel 
(left) then transferred over to a nitrocellulose membrane and labelled for β-tubulin (right). 
The protein ladder sizes are indicated on the left.  

 

Immunogold Labelling of L6 Myoblasts for β-Tubulin 

To determine the distribution of β-tubulin in L6 myoblasts, immunogold-labelling in 

combination with electron microscopy was used. As the samples were fixed and 

embedded using a method to preserve the epitopes for antibody binding, the 

ultrastructural detail and contrast were compromised. The cellular membranes 

lacked definition and contrast; however, the RER and nuclei could be identified. 

When incubated with only the secondary antibody the myoblasts had very few to no 

markers visible within the myoblasts themselves or in the surrounding areas (Figure 

5.23). Interference by non-specific immunogold labelling by the secondary antibody 

could thus be ruled out or considered minimal. The negative and solvent controls 

had a consistent distribution of β-tubulin throughout the myoblast’s cytoplasm. 

However, there was no clear difference observed in terms of the distribution of β-

tubulin between the controls (Figure 5.23) and myoblasts exposed to the ionophores 

(Figure 5.24). The immunogold markers did not concentrate around the nuclei of the 

myoblasts exposed to the ionophores and were found in between the RER, but 

seldom within. Both the controls (as a result of the fixation method) and the 



146 
 

myoblasts exposed to the ionophores had electron-lucent vesicles present within the 

cytoplasm, with the latter having more. Almost no immunogold particles were found 

in these electron-lucent vesicles. Notably, β-tubulin was located within the nuclei of 

all myoblasts, though less abundant when compared to the cytoplasm. 

 

Figure 5.23 Immunogold labelling of β-tubulin in L6 myoblasts incubated with no primary antibody, 
cultured in complete DMEM medium (negative control) and in DMEM medium containing 0.1% MeOH 
(solvent control). N-nucleus and RER-rough endoplasmic reticulum. Scale bars are indicated at the 
bottom right. 
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Figure 5.24 Immunogold labelling of β-tubulin in L6 myoblasts exposed to 0.1 µM monensin, 
salinomycin and lasalocid for 48 h. N-nucleus and RER-rough endoplasmic reticulum. Scale bars are 
indicated at the bottom right. 
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5.4 Discussion 

Ionophore exposure induced ultrastructural changes in both the H9c2 and L6 

myoblasts. With TEM, the most prominent findings were the swollen Golgi apparatus 

and an increased number of electron-lucent vesicles present within the myoblasts. 

After exposure to monensin, these vesicles entirely filled the cytoplasm of some 

myoblasts, with other organelles distributed in between. The vesiculated appearance 

of the myoblasts were similar to that seen with the light microscope in Figure 3.10. 

Comparable changes within the Golgi apparatus, specifically at the trans-face of the 

Golgi, were observed following exposure of cells and tissue sections to ionophores 

(Mollenhauer et al., 1990; Paddock and Albrecht-Buehler, 1986). This was verified in 

Figure 5.5 (a & b) where the cis-face of the Golgi apparatus remained flat while 

larger vesicles could be seen accumulating at the trans-face. Ionophore exposure 

results in the concentration of osmotically active ions within the cisternae of the Golgi 

apparatus in exchange for H+, leading to an influx of water and subsequent swelling 

(Boss et al., 1984; Mollenhauer et al., 1990). The disrupted osmotic balance as well 

as the inhibition of cellular transport at the trans-face of the Golgi apparatus 

contributed to the accumulation of vesicles within the cytoplasm (Mollenhauer et al., 

1990). Furthermore, scanning electron micrographs of myoblasts exposed to the 

ionophores, especially to monensin, revealed the surface of the myoblasts covered 

with indentations. These indentations presumably also correspond to the vesicles 

generated within the cytoplasm and were distributed throughout the affected 

myoblasts. 

In addition to the effect on the Golgi apparatus, monensin exposure resulted in 

mitochondrial condensation in both the H9c2 and L6 myoblasts. Furthermore, a 

number of mitochondria were likewise condensed after exposure to salinomycin and 

lasalocid, though to a lesser degree compared to monensin. As with the swelling of 

Golgi apparatus, mitochondrial condensation is frequently demonstrated after in vitro 

exposure to ionophores (Mollenhauer et al., 1990; Paddock and Albrecht-Buehler, 

1986). The skeletal and cardiac muscles of livestock suffering from ionophore 

toxicosis have swollen mitochondria distributed throughout the myofibers (Confer et 

al., 1983; Mollenhauer et al., 1981; Van Vleet and Ferrans, 1984a, b). Of note 

however, is the elongated, condensed mitochondria seen in L6 myoblasts exposed 

to monensin (Figure 5.8 e). Although not universally present in all monensin treated 
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myoblasts, some myoblasts had mitochondria elongated up to 4 µm. Abnormal 

mitochondria elongation can occur as a result of ionic stress. In the freshwater alga, 

Micrasterias denticulate, ionic stress induced mitochondrial elongation and fusion 

(Steiner et al., 2018). The authors hypothesised that the elongation of the 

mitochondria could assist with the maintenance of mitochondrial processes such as 

respiration, as elongation increases the matrix volume and may prevent stress-

induced rupture of the mitochondrial outer membrane. Since ionophores disturb 

mitochondrial ion homeostasis and membrane potential, the mitochondria could 

conceivably elongate to maintain their oxidative phosphorylation capacity.  

The nuclei of the myoblasts were affected with chromatin marginalisation and 

condensation was observed (Figure 5.3, Figure 5.8 and Figure 5.9, red asterisks). 

This is usually indicative of apoptosis, as discussed below. Furthermore, some of the 

nuclei appeared lobulated. Nuclear lobulation is dependent on various factors 

including the cytoskeletal network, specifically microtubules and microtubule motor 

proteins that create tension in the nuclear envelope promoting distortions (Biedzinski 

et al., 2020; Olins and Olins, 2004). During the early stages of apoptosis, 

cytoplasmic condensation is followed by nuclear lobulation before the cell eventually 

fragments into various apoptotic bodies (Burattini and Falcieri, 2013; Krajčí et al., 

2000). However, slight nuclear lobulation, when viewed under TEM, does not 

necessarily indicate an aberration in nuclear morphology as the TEM sections 

viewed is only a very thin section of the entire sample.  

Autophagy is a process by which cells recycle nutrients and assists with energy 

homeostasis. Although autophagic vesicles were present in the controls, there were 

slightly more autophagic vesicles after the myoblasts were exposed to the 

ionophores. Autophagy have been reported to play a cytoprotective role after 

ionophore exposure, with its inhibition resulting in enhanced apoptosis (Kim et al., 

2017a; Kim et al., 2017b; Kim et al., 2016). Additionally, ionophores could affect 

autophagy either by increasing the number of autophagic vesicles or lowering their 

degradation ability as a result of shifting lysosomal pH (Grinde, 1983; Mahtal et al., 

2020; Mollenhauer et al., 1990). 

After ionophore exposure, several of the myoblasts, especially the L6 myoblasts, 

were undergoing apoptosis with clear chromatin condensation and apoptotic body 
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formation as viewed using TEM (Figure 5.8 to Figure 5.10). Scanning electron 

micrographs also revealed apoptotic myoblasts in both the H9c2 and L6 cell lines 

(Figure 5.13, Figure 5.14 and Figure 5.18 to Figure 5.20), with monensin exposure 

resulting in more apoptotic myoblasts compared to both salinomycin and lasalocid 

exposure. Additionally, many rounded myoblasts lacking surface structures were 

observed, which could be an indication of early apoptosis (Burattini and Falcieri, 

2013). Toxic ionophore concentrations can cause Ca2+ overload, increased 

production of ROS and disrupt the mitochondrial membrane potential (Boehmerle 

and Endres, 2011; Novilla, 2018; Przygodzki et al., 2005), which can lead to 

apoptosis. In fact, ionophores induce apoptosis in various cancer cell lines, which 

was attributed to oxidative stress and disrupted mitochondrial membrane potential 

(Ketola et al., 2010; Kim et al., 2017a; Kim et al., 2016). In cell cultures, apoptotic 

bodies cannot be disposed of by phagocytic cells and are left to undergo secondary 

necrosis; leaving behind cellular debris as noted after exposure of L6 myoblasts to 

monensin (not shown). In contrast to apoptosis, necrotic cells feature swollen 

organelles and a disrupted plasma membrane (Kroemer et al., 2009). Although a 

majority of the myoblasts exhibited swollen Golgi apparatus and a collection of 

electron-lucent vesicles, the other organelles such as the nuclei, RER and 

mitochondria were not swollen, and the plasma membranes remained intact. 

However, some necrotic H9c2 and L6 myoblasts were observed after monensin 

exposure (Figure 5.3 d). Additionally, more necrotic myoblasts and cellular debris 

were identified using the SEM in both the cell lines (Figure 5.13 and Figure 5.18). It 

is possible that necrotic myoblasts were lost during the washing steps of TEM 

preparation, thus resulting in them being underrepresented in the TEM sections and 

more readily viewed using SEM. Various factors such as excess Ca2+, lipid 

peroxidation and a lack of cellular energy can drive a cell towards favouring necrosis. 

Additionally, cells can exhibit a combination of apoptotic and necrotic features 

(Nicotera and Melino, 2004). 

The slight disparity between ultrastructural changes in vitro and in vivo caused by 

ionophore exposure can be attributed to the systemic effect of ionophores on the 

whole organism. Ionophores are directly added to the cells or tissues in vitro, 

exposing them to much higher ionophore concentrations than what would be present 

within the extracellular fluid around tissues (Mollenhauer et al., 1990). After 
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ingestion, ionophores are transformed by the liver into metabolites that could 

potentially have additional properties and toxic effects. Moreover, damage to one 

organ can subsequently impact the function of another, as is the case with 

congestive heart failure (Decloedt et al., 2012). Finally, ionophores affect the release 

of humoral agents such as catecholamines which contribute to Ca2+ overload, which 

can affect the muscles (Shen and Patel, 1977). 

The distribution of β-tubulin, as demonstrated by immunogold labelling, did not differ 

between the control myoblasts and myoblasts exposed to the ionophores. The 

increased number of vesicles within the cytoplasm, resulting from ionophore 

exposure, lacked any gold particles, indicating that no β-tubulin was present in the 

vesicles. This corroborates the presence of ‘gaps’ observed within the microtubule 

network using immunofluorescence (Chapter 4). Without the additional osmium 

fixation step, both the contrast and ultrastructural preservation of the samples were 

affected since osmium binds to and stabilise lipids. The nuclei, however, could be 

easily distinguished and contained immunogold labelled β-tubulin, though less 

compared to the cytoplasm. It has been reported that the βII-tubulin isotype occurs in 

the nuclei of transformed cells (Walss-Bass et al., 2002). The primary antibody used 

in this study to detect β-tubulin is a β-tubulin loading control and have previously 

been used with L6 myoblasts (Abcam). The western blot has also confirmed that the 

antibody binds to β-tubulin in both H9c2 and C2C12 myoblasts (Figure 5.22) and 

can be used in future studies.  

In conclusion, the ultrastructure of H9c2 and L6 myoblasts was affected following 

exposure to monensin, salinomycin and lasalocid. Using TEM, ionophore exposure 

primarily affects the Golgi apparatus and mitochondria of the myoblasts, and results 

in the accumulation of electron-lucent vesicles within the cytoplasm. Using SEM, 

these vesicles appear as indentations on the surface of affected myoblasts, resulting 

in the myoblasts having a pockmarked appearance. After ionophore exposure H9c2 

and L6 myoblasts exhibit both necrotic and apoptotic features.  
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6. Chapter 6: General Discussion and Conclusion 
 

6.1 Discussion  

The overall aim of this project was to investigate the cytotoxic-, subcellular- and 

ultrastructural effects of selected carboxylic ionophore antibiotics, namely monensin, 

salinomycin and lasalocid, on cardiac and skeletal myoblasts in vitro.  

Monensin was the most cytotoxic of the ionophores, having the greatest effect on 

cell viability, cell morphology and cell ultrastructure at the concentrations tested. 

Salinomycin resulted in similar alterations, but to a slightly lesser extent, while 

lasalocid exposure induced the least effects on the different myoblasts. The marked 

difference in toxicity of the ionophores could potentially be attributed to their 

transport kinetics as well as their binding affinities to selected cations and H+  

(Pressman, 1976). Additionally, myoblasts might be more tolerant to changes in 

certain cation concentrations compared to other cations. For instance, there are 

various organelles such as the mitochondria and RER that serve as buffers that 

protect the cell from increased intracellular Ca2+ concentrations (S Smaili et al., 

2013). 

Due to the different growth rates of the myoblasts, the initial seeding concentration of 

the cell lines for the experiments varied. Nevertheless, the rat L6 cell line appeared 

to be most affected following ionophore exposure, while the mouse C2C12 cell line 

was the least affected. Correspondingly, in vivo results suggest that rats are more 

susceptible to ionophore exposure compared to mice (see Table 2.2). Differences in 

susceptibility of animal species towards ionophores are influenced by a variety of 

toxicokinetic factors such as absorption, metabolism and excretion. Horses, for 

instance, are much more susceptible to ionophore toxicosis as they are unable to 

rapidly clear ionophores from the blood due to the limited oxidative efficiency of P450 

demethylating enzyme compared to other species (Donoho, 1984; Nebbia et al., 

2001). 

The MTT viability assay used to determine the cytotoxic effect of the various 

ionophores on the myoblasts (Chapter 3), is based on mitochondrial function 

(Mosmann, 1983). Ionophores affect mitochondrial membrane potential and 

oxidative phosphorylation, through increased intracellular Ca2+ and the production of 
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ROS (Ketola et al., 2010; Kim et al., 2017a; Kim et al., 2017b; Przygodzki et al., 

2005). In this project, both fluorescent imaging (Figure 3.12) and TEM (Figures 5.8 - 

5.10) demonstrated that the ionophores affect the mitochondrial network, 

morphology and matrix density. Cellular energy deficiency, as a result of the 

disruption of mitochondrial oxidative phosphorylation, reduces the efficiency of 

ATPases and exacerbates the disruption of ion homeostasis. Moreover, the 

intermediate filament desmin binds directly to mitochondria and affect both their 

location and respiratory ability (Capetanaki, 2002; Dayal et al., 2020; Milner et al., 

2000). Thus, ionophores could also perturb mitochondrial function considering their 

effect on desmin distribution (Figure 4.24 and Figure 4.25). 

Furthermore, exposing cardiac and skeletal myoblasts to ionophores in vitro resulted 

in the formation of vesicles within the cytoplasm as seen in Figure 3.10 as well as in 

Figures 5.3 to 5.5 and Figures 5.8 to 5.10. Additionally, the vesicles in the 

myoblasts caused a pockmarked appearance on their surfaces, as observed with 

SEM (Figures 5.13 to 5.15 and Figures 5.18 to 5.20). These vesicles probably 

arises from the disruption of the osmotic balance as well as from the inhibition of 

intracellular trafficking at the Golgi apparatus (Mollenhauer et al., 1990). As the Golgi 

apparatus is usually located near the nuclei of the myoblasts (Figure 5.1 to 5.10), it 

could explain why the vesicles often first appeared around the perinuclear region of 

the myoblasts (Figure 3.10). Furthermore, these vesicles were visible within the 

cytoskeletal networks of the myoblasts (Chapter 4). Both the microtubule and 

desmin filaments demonstrated clear ‘gaps’ where these vesicles formed. The 

synemin network, and to a lesser extent the microfilament network, also displayed 

these ‘gaps’. Besides, no immunogold labelling of β-tubulin was present in the 

vesicles (Figure 5.24), thus corroborating the gaps observed in the microtubular 

network. 

The ionophores affected the cytoskeletal networks of both the cardiac and skeletal 

myoblasts (Chapter 4). The microtubule and microfilament networks of the H9c2 and 

L6 myoblasts were noticeably affected, while the microfilament network of the 

C2C12 myoblasts was less affected. In contrast, immunocytochemical studies and 

semiquantitative analysis showed that the desmin intermediate filament network of 

C2C12 myoblasts exposed to toxic concentrations of monensin and salinomycin 

aggregated around the perinuclear region (Figure 4.24 and Figure 4.25). Increased 
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intracellular Ca2+ concentrations induced by ionophore exposure could trigger Ca2+ 

activated proteases which, in turn, targets and disrupts cytoskeletal proteins, for 

example desmin (Aweida et al., 2018; Elamrani et al., 1995). Similarly, to desmin 

aggregation, an increase in the concentration of β-tubulin around the nuclei of 

exposed myoblasts were observed in fluorescent imaging (see ROI of Figures 4.5; 

4.6; 4.8; 4.14; 4.17 and 4.18, green arrowheads), however this could not be 

confirmed using immunogold labelling (Figure 5.24). This discrepancy could be due 

to TEM sections representing a very thin fraction of the entire sample, as well as the 

impaired preservation of cellular ultrastructure in the embedded myoblasts labelled 

with immunogold. Still the marked effect of toxic ionophore concentrations on the 

different cytoskeletal components could contribute to the disrupted contractile 

apparatus and muscle lesions reported in animals exposed to toxic ionophore doses 

(Confer et al., 1983; Van Vleet and Ferrans, 1984a, b). Additionally, the 

concentration of microtubules around the nuclei could potentially result in the 

lobulation of the nuclear envelope as depicted in Figure 5.4.  

Ionophore exposure resulted in cell death either via apoptosis or necrosis as seen 

during ultrastructural analysis (Chapter 5). Apoptosis is usually characterised as an 

energy dependent process driven by the activation of caspases, that result in several 

distinct morphological features including shrinking cells, chromatin condensation and 

the formation of apoptotic bodies (Kerr et al., 1972). Both H9c2 and L6 myoblasts 

exposed to 0.1 µM of the ionophores for 48 h, exhibited these features as identified 

with TEM, as well as myoblasts with a damaged plasma membrane and a disrupted 

cytoplasm indicating the myoblasts were undergoing necrosis (Figure 5.3, Figure 

5.8 and Figure 5.10). Interestingly, necrosis is often associated with the swelling of 

intracellular organelles, however, other than the Golgi apparatus, most of the 

organelles remained unaffected. Investigating the surface of the myoblasts with SEM 

revealed both apoptotic (Figure 5.13, Figure 5.14 and Figure 5.18 to Figure 5.20, 

red arrows) and necrotic myoblasts (Figure 5.13, f and Figure 5.18, f) in H9c2 and 

L6 cell lines following ionophore exposure. More apoptotic myoblasts were present 

after monensin exposure when compared to either salinomycin or lasalocid 

exposure. Accordingly, the percentage myoblasts with DNA fragmentation, an early 

indicator of apoptosis, were the highest after monensin exposure as determined 
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using a TUNEL assay (Figure 3.14). The percentage myoblasts with DNA 

fragmentation also increased following exposure to higher ionophore concentrations. 

6.2 Future Research and Recommendations 

Future research possibilities into the effects of ionophores in vitro are discussed 

below. The project can be expanded into different directions depending on the area 

of focus (Figure 6.1).  

One of the first focus areas might be to differentiate the various myoblast cell lines 

and then investigate the effects of the ionophores on the myotubes. Due to the 

ongoing problems experienced, as well as time and budget constraints, it was 

decided not to continue with further experiments involving the differentiated cell lines 

during this project. However, this could be an area of future research as 

differentiated myotubes resemble muscle more closely. A lower H9c2 passage 

number could assist with differentiating the cardiac myoblasts into myotubes. 

Additionally, investigations to increase attachment between the myotubes and the 

coverslip/well surface need to be performed. In this project, various methods to 

facilitate attachment were attempted including covering the coverslips in poly-L-

lysine as well as using PermanoxTM plastic slides (Thermo Scientific), with minimal 

success (not shown). In the case where the successful, robust differentiation and 

attachment of the myotubes are achieved, an additional study could be to investigate 

whether ionophore exposure inhibits differentiation. A previous study has concluded 

that depolymerisation of cells reduced their differentiation ability (Blackiston et al., 

2009).  

This project focused on the effects of ionophores on selected cytoskeletal proteins, 

specifically microtubules, microfilaments, desmin and synemin. However, there are 

many cytoskeletal proteins and investigation focusing on αβ-crystallin, troponin and 

myosin etc, can further increase our understanding of the effects of ionophores on 

cytoskeletal elements. Western blots can be used to determine the effect of 

ionophore exposure on the quantity and degradation of cytoskeletal proteins. In this 

project it was confirmed that the primary anti-β-tubulin antibody will bind to β-tubulin 

of all three cell lines i.e., H9c2, L6 and C2C12 (Figure 5.22), and could thus be used 

for further experimentation. Additionally, the increased intracellular Ca2+ 

concentrations caused by ionophore exposure could activate various Ca2+ 
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proteases, such as calpain which can target the cytoskeleton for degradation. 

However, conflicting results have been reported (Boehmerle and Endres, 2011; 

Duncan et al., 1979). Therefore, whether and under what circumstances ionophore 

exposure will result in the activation of calpain should be investigated. It should also 

be evaluated if calpain is one of the major causes of the disruption and perinuclear 

aggregation of desmin in C2C12 myoblasts after monensin and salinomycin 

exposure. 

One of the primary cellular targets of ionophore toxicosis is the mitochondria and the 

in vitro effects of the ionophores on mitochondria can be further explored. Confocal 

microscopy and tomography are tools that can be used to investigate mitochondria in 

more detail. Quantitative analysis can be carried out using a combination of confocal 

fluorescent images (either 2D or 3D) and the Mitochondrial Analyzer plugin for Fiji 

ImageJ. Additionally, tomography is a TEM technique that allows for the 3D 

modelling of cellular constructs from conventional TEM samples. As mitochondria 

form branched networks, tomography can be used to gain a better understanding of 

the effects of ionophores on these mitochondrial networks. 

The method of cell death induced by ionophore exposure can be further analysed 

using techniques such as gene knockouts and flow cytometry. The results of the 

current studies suggest that myoblasts exhibit the morphological features of both 

apoptosis and necrosis. However, morphological examination alone is not sufficient 

to classify the method of cell death and need to be supported by biochemical and 

molecular techniques (Kroemer et al., 2009). It should be interesting to see whether 

the cell death pathway depends on the concentration and duration of the insult. 

The last recommendation for future research is to determine the cytotoxic, 

subcellular and ultrastructural effects of ionophores on neuronal cell lines in vitro. 

Both salinomycin and lasalocid have previously been reported to have neurotoxic 

effects and cases of accidental ionophore intoxication have resulted in neurotoxic 

effects in both cats and dogs (Bosch et al., 2018; Pakozdy et al., 2010; Segev et al., 

2004; Van der Linde-Sipman et al., 1999). The effect of ionophores on the 

cytoskeleton of neuronal cell lines can be investigated. In fact, lasalocid exposure 

resulted in decreased quantities of microtubules in frog sciatic nerves (Kanje et al., 

1981). 
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Figure 6.1 Possible future research areas regarding ionophores. 

 

6.3 Conclusion 

Of the three ionophores evaluated, monensin was the most cytotoxic in vitro. 

However, the effects of all three ionophores on the myoblasts were similar, although 

varying in degree and intensity. This indicates that the disruption of ion homeostasis 

is the primary cause of ionophore toxicity, rather than the direct effect of any one 

specific ionophore. The main cytoskeletal elements affected by ionophore exposure 

was the microtubules and desmin intermediate filaments. The microfilament network 

was also affected, but only in H9c2 and L6 myoblasts. Transmission electron 

microscopy indicated the mitochondria and Golgi apparatus as being the cellular 

organelles most affected by ionophore exposure. Most prominently featured 

following ionophore exposure is vesicles distributed throughout the cytoplasm of 

affected myoblasts. These vesicles were even detected in the various cytoskeletal 

networks, as well as on the surface of the myoblasts demonstrated with SEM. 

Finally, this project has the potential to be further expanded into various areas of 

research.  

This in vitro study addressed the pathophysiological changes of lesions observed in 

cardiac and skeletal muscles of animals affected with ionophore toxicosis, by using 
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cardiac and skeletal myoblasts. The effect of monensin, salinomycin and lasalocid 

seen on certain filaments of the cytoskeletal network and ultrastructure of the 

myoblasts could potentially contribute to the explanation of the lesions observed 

during histopathological examination of cardiac and skeletal muscles of affected 

animals. 
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Abstract: Carboxylic ionophores, such as monensin, salinomycin and lasalocid, are polyether antibi-
otics used widely in production animals for the control of coccidiosis, as well as for the promotion
of growth and feed efficiency. Although the benefits of using ionophores are undisputed, cases of
ionophore toxicosis do occur, primarily targeting the cardiac and skeletal muscles of affected animals.
The 3-[4,5-dimethylthiazol-2yl]-2,5-diphenyl tetrazolium bromide (MTT) viability assay was used
to determine the cytotoxicity of monensin, salinomycin and lasalocid on mouse skeletal myoblasts
(C2C12). Immunocytochemistry and immunofluorescent techniques were, in turn, performed to
investigate the effects of the ionophores on the microfilament, microtubule and intermediate fila-
ment, i.e., desmin and synemin networks of the myoblasts. Monensin was the most cytotoxic of
the three ionophores, followed by salinomycin and finally lasalocid. Monensin and salinomycin
exposure resulted in the aggregation of desmin around the nuclei of affected myoblasts. The syne-
min, microtubule and microfilament networks were less affected; however, vesicles throughout the
myoblast’s cytoplasm produced gaps within the microtubule and, to a limited extent, the synemin
and microfilament networks. In conclusion, ionophore exposure disrupted desmin filaments, which
could contribute to the myofibrillar degeneration and necrosis seen in the skeletal muscles of animals
suffering from ionophore toxicosis.

Keywords: C2C12 myoblasts; cytoskeleton; cytotoxicity; desmin; ionophores

Key Contribution: Monensin, followed by salinomycin and lasalocid, was the most cytotoxic in vitro.
Ionophore exposure affects the intermediate filament desmin in C2C12 myoblasts.

1. Introduction

Carboxylic ionophores are polyether antibiotics widely used in the production animal
industry due to their selective toxicity against bacteria and protozoan parasites, as well as
their ability to improve feed efficiency in ruminants [1–5]. However, it is not uncommon
for animals to ingest a dosage that exceeds safety margins, either resulting from feed-
mixing errors or extra-label use, and subsequently suffer from ionophore toxicosis [6–15].
Treatment of ionophore toxicosis is largely symptomatic and supportive [12–14], and a
poor prognosis is associated with suspected myocardial damage [11,16]. Ionophores act by
forming dynamically reversible, lipid-soluble cation complexes and facilitating the move-
ment of ions across biological membranes. The resulting changes in the net movement
of ions within the cell disrupt ion homeostasis, causing, among others, calcium overload,
production of reactive oxygen species (ROS) and disruption of cellular membranes [3].
Striated muscles are the primary targets of ionophore toxicosis, and clinical signs are thus
mainly associated with skeletal muscle and myocardial dysfunction. Signs and symptoms
of ionophore toxicosis include anorexia, ataxia, depression, diarrhea, dyspnea, hypoactivity,
recumbency and weakness [6,8,12,16–21]. On auscultation of the heart, tachycardia and
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cardiac arrhythmias are present [6,8,11,15,17,18]. Lesions are time- and dosage-dependent
and are often absent in animals that die immediately after ionophore exposure. Morpho-
logical effects of ionophore toxicosis on cardiac and skeletal muscle comprise degeneration,
necrosis, and repair with a variable inflammatory component [7,8,21–24].

Ultrastructural examination of the skeletal muscles from sheep that suffered from
experimental monensin toxicosis revealed disorganization of the sarcomere, exhibit-
ing mild Z-disk streaming and indistinct A- and I-bands [22]. Further progression of
ionophore toxicosis later developed into total disruption of the Z-disk with granular
material visible. The sarcomere is the most basic contractile unit of a muscle, with actin
(thin) and myosin (thick) filaments, working in tandem alongside various other proteins,
adenosine triphosphate (ATP), and calcium to facilitate contraction. Desmin, a muscle-
specific intermediate filament is found primarily at the Z-disk of the sarcomere and
assists with maintaining muscle cytoarchitecture [25–28]. Additionally, desmin regulates
the positioning of mitochondria within the cytoplasm, thus affecting their respiratory
ability [29,30]. Synemin, another intermediate filament, co-polymerizes with desmin
at the Z-disk and assists with structural support, connects desmin to the extracellular
environment [31–33] and functions in various signaling pathways [34,35]. Although not
part of the sarcomere, the microtubule network is associated with desmin at the Z-disk
and mechanically couples the sarcomere to the non-sarcomeric cytoskeleton [36,37]. The
aim of this study was to investigate the in vitro cytotoxicity of monensin, salinomycin
and lasalocid on C2C12 myoblasts and to determine the effects of the ionophores on the
cytoskeletal proteins, desmin, synemin, β-tubulin and actin.

2. Results
2.1. The In Vitro Cytotoxic Effect of Monensin, Salinomycin and Lasalocid on C2C12 Myoblasts
2.1.1. The Effect of Ionophore Exposure on Cell Viability

The effect of monensin, salinomycin and lasalocid on C2C12 myoblast viability was
investigated over a 72 h exposure period using the MTT viability assay. The ionophore
toxicity was dose- and time-dependent, with the percentage cell survival inversely
proportional to the ionophore concentrations and exposure duration (Figure 1). The
log dose–response curves after 48 and 72 h exposure closely resembled each other, with
the percentage cell survival being slightly lower after 72 h. Increased concentrations of
both monensin and salinomycin resulted in a sharp decline in the percentage of viable
cells after 48 and 72 h of exposure, whereas after 24 h exposure, ionophores exhibited a
smaller effect on cell survival.
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The half-maximal effective concentrations (EC50s) ranged from the low micromolar
to low nanomolar range, decreasing sharply from 24 to 48 h exposure (Table 1). There
were significant differences (p < 0.05) between the EC50s at 24 h a compared to the EC50s
at both 48 b and 72 h b exposures of salinomycin and lasalocid, respectively. Of the three
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ionophores, monensin c was the most toxic, having significantly lower EC50s compared to
both salinomycin d and lasalocid d after 48 and 72 h exposure (p < 0.05). Salinomycin was
the second most cytotoxic ionophore tested, while lasalocid was the least cytotoxic, with
EC50s remaining within the low micromolar range even after 72 h exposure.

Table 1. The EC50s (µM) of monensin, salinomycin and lasalocid on C2C12 myoblasts reported as the
mean ± the standard error of the mean.

Monensin Salinomycin Lasalocid

C2C12 cells

24 h † (n = 5) 4.04 ± 1.01 (n = 5) a 8.68 ± 5.38 (n = 4) a

48 h 0.04 ± 0.01 (n = 5) c 0.45 ± 0.13 (n = 5) b,d 1.38 ± 0.54 (n = 4) b,d

72 h 0.02 ± 0.01 (n = 5) c 0.26 ± 0.06 (n = 5) b,d 1.46 ± 0.59 (n = 4) b,d

† The EC50 falls between 0.15 and 10 µM. n = biological repeats. Significant differences between the EC50s of the
ionophores as well as between the EC50s at different exposure periods are indicated using a & b (vertical columns)
and c & d (horizontal columns), respectively.

2.1.2. Morphological Alterations of C2C12 Myoblasts

Investigation of the myoblast morphology after ionophore exposure using phase-
contrast microscopy (Figure 2) revealed that affected myoblasts were filled with translucent
vesicles (yellow arrows). The vesicles initially appeared around the perinuclear region,
eventually filling up the cytoplasm. Some myoblasts became spherical and detached from
the surface. Monensin exhibited the greatest effect on the myoblasts (Figure 2), in terms
of reduction in adherent myoblasts and with the majority of the myoblasts containing
cytoplasmic vesicles.
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2.2. The In Vitro Effect of Ionophores on Desmin and Synemin in C2C12 Myoblasts
2.2.1. Desmin

Desmin is seen in the C2C12 myoblasts, stained a light brown color following an-
tibody binding and visualization with the chromogen, 3,3′-diaminobenzidine (DAB). In
the negative control, desmin appeared as a diffusely filamentous network throughout the
cytoplasm, exhibiting slight condensation in the perinuclear region (Figure 3). The increase
in the number of myoblasts was also concomitant with an increase in incubation time.
At 72 h, the labelling intensity of desmin seemed to have decreased slightly. The solvent
control (0.1% methanol (MeOH)) (not shown) was similar to that of the negative control.
Glyoxal (1 mM) and cytochalasin D (20 µM) were used as positive controls. Exposure to
glyoxal caused a dot-like desmin aggregation pattern near the perinuclear region of the
myoblasts (Figure 3, red arrows). In contrast, cytochalasin D exposure caused desmin to
form filamentous protrusions radiating outwards from the nucleus.
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Figure 3. C2C12 myoblasts stained for desmin. The negative control consisted of C2C12 myoblasts
incubated in DMEM medium over a 72 h period. Glyoxal and Cytochalasin D were used as positive
controls. Desmin aggregates are indicated by the red arrows. Scale bar = 50 µm.

Ionophore exposure affected the distribution of desmin within the C2C12 myoblasts
(Figure 4a). After 24 h exposure, the myoblasts appeared similar to that of the negative
control. Gaps (yellow arrows) were visible within the desmin network after 48 h exposure,
particularly in myoblasts exposed to monensin and salinomycin. Desmin debris were also
present, and the number of myoblasts on the slides was visibly less compared to that of
the negative control. Myoblasts were stained darker around the nuclei (purple arrows),
indicating possible perinuclear desmin aggregation, and appeared elongated compared to
that of the negative control. Lasalocid exposure resulted in slightly fewer myoblasts, while
few to no gaps were present within the desmin network.

Semiquantitative analysis (Figure 4b) revealed the percentage of myoblasts stained
with different intensities. At 24 h, no significant difference in the percentage of negatively
stained myoblasts were observed (p > 0.05). After 48 h, myoblasts exposed to 1 µM of either
monensin or salinomycin had a larger percentage of negatively stained myoblasts com-
pared to the control (p < 0.001). Salinomycin also had more negatively stained myoblasts
compared to lasalocid (p < 0.5). However, at 72 h exposure, only myoblasts exposed to
monensin had a significantly larger percentage of desmin-negative myoblasts compared to
the control (p < 0.01).
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analysis of the desmin staining intensity.
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Lightly stained myoblasts had desmin filaments visible within the cytoplasm, usually
located around the nucleus, but with low optical density. After 48 and 72 h exposure,
both the negative control (p < 0.001) and lasalocid (p < 0.01) had significantly more lightly
stained myoblasts compared to either salinomycin or monensin.

In general, myoblasts stained and categorized as medium were similar between
the control and the different ionophores over the 72 h exposure period, with exceptions
between the control and monensin at 24 h (p < 0.05), as well as between the control and
both monensin (p < 0.05) and salinomycin (p < 0.001) at 72 h.

Finally, in case of exposure to monensin and salinomycin, a significantly (p < 0.05)
higher percentage of myoblasts stained dark after 48 and 72 h compared to both the control
and lasalocid.

In summary, the percentage of darkly stained myoblasts remained minimal in the
negative control over the 72 h exposure period, while the number of myoblasts stained
with medium intensity decreased with longer exposure times. However, the number of
lightly stained myoblasts increased with the exposure time. Desmin labelling of C2C12
myoblasts, exposed to either monensin or salinomycin, had a significantly larger number
of myoblasts (p < 0.05) classified as either medium or dark. Additionally, there were
more desmin-negative myoblasts after 48 and 72 h exposure to monensin and salinomycin
compared to the negative control. Myoblasts exposed to 1 µM lasalocid resembled those of
the negative control.

2.2.2. Synemin

As with desmin, synemin distribution within the C2C12 myoblasts were investigated
using a primary antibody followed by DAB staining; however, synemin exhibited a consid-
erably less intense brown color. The negative and solvent (not shown) controls were similar,
with synemin spread diffusely across the cytoplasm (Figure 5). A few myoblasts exhibited a
higher concentration of synemin in the perinuclear region. The number of C2C12 myoblasts
increased over the 72 h period. Glyoxal and cytochalasin D were used as positive controls.
Myoblasts exposed to 1 mM glyoxal had small, concentrated dots of synemin adjacent to
the nucleus (Figure 5, red arrows). Cytochalasin D exposure resulted in the reduction in the
cytoplasm volume around the nucleus with thin filamentous protrusions reaching between
the myoblasts.
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After ionophore exposure, faint gaps appeared within the synemin network of the
myoblasts (Figure 6, yellow arrows). Myoblasts exposed to monensin had the greatest
number of gaps, which correlated with an increase in exposure time. Lasalocid, in contrast,
exhibited the lowest number of gaps. Some myoblasts were elongated, with the protrusions
staining slightly darker. A few pyknotic nuclei could be seen in the samples as well. No
other obvious differences could be observed between synemin staining of the negative
control and ionophore-exposed myoblasts.
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2.3. The In Vitro Effect of the Ionophores on the Microfilament and Microtubule Networks of
C2C12 Myoblasts

Immunofluorescence techniques were used to investigate the effect of ionophore
exposure on the microfilaments and microtubules of C2C12 myoblasts. After staining,
the negative and solvent controls had a normal mesh-like arrangement of polymerized
actin filaments (green) and a dense network of β-tubulin filaments (red) (Figure 7). The
myoblasts generally contained one centrally located nucleus (blue) per myoblast. A
few myoblasts were in the process of mitosis, as indicated by the visible mitotic spindle
(white arrows). Cytochalasin D and vinblastine sulphate were used as positive controls,
since they are known inhibitors of actin polymerization and microtubule formation,
respectively. Cytochalasin D was added 15 min before fixation, which resulted in the
disruption of the microfilament network. Typical examples of affected myoblasts are
demonstrated in Figure 7, under the region of interest (ROI). Vinblastine sulphate, added
an hour before fixation, resulted in a disorganized microtubular network with short,
stub-like threads appearing.
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stained using phalloidin-FITC and anti-β-tubulin-Cy3, respectively. The nuclei were counterstained Figure 7. The microfilament (green) and microtubule (red) network of C2C12 myoblast controls

stained using phalloidin-FITC and anti-β-tubulin-Cy3, respectively. The nuclei were counterstained
with DAPI (blue). The ROI shows a close-up of selected myoblasts. White arrows indicate myoblasts
undergoing mitosis. Scale bar = 50 µm.

After exposure to 0.1 µM monensin for 48 h, the microfilament network was minimally
affected (Figure 8). However, a few myoblasts showed disruption of the filamentous
network after 1 µM exposure. In contrast, the microtubule network exhibited clear gaps
(blue arrows) and stained darker around the nuclei of the cells compared to that of the
controls. In addition to ‘rounded’ myoblasts, others appeared to be elongated.
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to monensin for 48 h, stained using phalloidin-FITC and anti-β-tubulin-Cy3, respectively. The
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Salinomycin exposure resulted in similar, but less obvious effects on these networks
within C2C12 myoblasts (Figure 9). The microtubule network contained a few gaps (blue
arrows); however, the microfilament network remained mostly unaffected. As with monensin,
salinomycin exposure prompted the appearance of both round and elongated myoblasts.
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Figure 9. The microfilament (green) and microtubule (red) network of C2C12 myoblasts exposed
to salinomycin for 48 h, stained using phalloidin-FITC and anti-β-tubulin-Cy3, respectively. The
nuclei were counterstained with DAPI (blue). Blue arrows indicate myoblasts with gaps within the
microtubule network. The ROI shows a close-up of selected myoblasts. Scale bar = 50 µm.
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Exposure to 0.1 or 1 µM lasalocid resulted in no obvious effects in either the micro-
filament or microtubule network (Figure 10). A small number of myoblasts contained
gaps (blue arrows) within the microtubule network; however, most remained unaffected.
Noticeably, a few myoblasts were undergoing mitosis (white arrows).
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Figure 10. The microfilament (green) and microtubule (red) network of C2C12 myoblasts exposed to
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were counterstained with DAPI (blue). White arrows indicate myoblasts undergoing mitosis; blue
arrows indicate myoblasts with gaps within the microtubule network. The ROI shows a close-up of
selected myoblasts. Scale bar = 50 µm.

3. Discussion

The cytotoxicity of the carboxylic ionophores, monensin, salinomycin and lasa-
locid, were evaluated in C2C12 myoblasts using the MTT assay. Of the three ionophores
tested, monensin had the greatest cytotoxicity, followed by salinomycin and, finally,
lasalocid (Table 1). These results follow a similar trend as LD50 data reported in the
literature [3,16,18,20,21,38]. Mice are more susceptible to salinomycin (57.4 mg/kg)
compared to monensin (70–96 mg/kg); however, lasalocid (100–146 mg/kg) exhib-
ited the lowest toxic effect, which corroborates findings of the current in vitro study.
Pharmacokinetic aspects such as absorption, distribution, metabolism, and excretion,
have a large impact on in vivo toxicity. After ingestion, ionophores are extensively
metabolized within the liver and subsequently excreted in bile [3]. However, in the
presence of drugs that interfere with the metabolic degradation of the ionophores,
e.g., tiamulin [2,10], tissues are exposed to higher concentrations of ionophores and
for longer periods, thus increasing their toxic effect. Comparatively, the toxicity of
the ionophores, at the exposure times measured, increased considerably during the
72 h maximum exposure period, with initial EC50s in the micromolar range, decreas-
ing to the low nanomolar range at longer exposure times. The in vitro cytotoxicity of
ionophores on various cancer cell lines have previously been investigated with the
EC50s ranging from the high micromolar range to the low nanomolar range depending
on the cell line and the duration of exposure [39–42].

Investigation of the myoblast’s morphology using phase-contrast microscopy revealed
the formation of abundant translucent vesicles following exposure to the ionophores,
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especially for monensin (Figure 2). In severely affected myoblasts, the entire cytoplasm was
filled with these vesicles. It is surmised that the vesicles originate from the Golgi apparatus
as a result of blocked cellular transport [43] or due to the disrupted osmotic balance. The
Golgi apparatus is commonly located near the nuclei of the cells, possibly explaining why
the vesicles usually first appear within the perinuclear region. Initially, C2C12 myoblasts
are spindle-to-stellate shaped cells that can exhibit long cell-to-cell protrusions, especially
noticeable in low density cultures. However, following exposure, the myoblasts ‘rounded-
up’ and detached from their surroundings. Ionophores induce cytotoxicity by disruption of
the ion homeostasis and resultant downstream effects [3]. Toxic ionophore concentrations
can disrupt the mitochondrial membrane potential, affecting oxidative phosphorylation
and increasing the production of ROS [44]. Subsequently, the lack of energy exacerbates
the ion imbalance, and the ROS further damages the organelles and plasma membrane.
Additionally, calcium overload, lipid peroxidation and altered cellular pH also contributes
to cellular toxicity [3].

In this study, monensin and salinomycin had a greater cytotoxic effect on the my-
oblasts compared to lasalocid, which agrees with the cytotoxic effects observed within
the cytoskeletal network after exposure to these ionophores. For example, some of the
C2C12 myoblasts exposed to lasalocid still continued to undergo mitosis, indicating that
proliferation was still ongoing (Figure 10). As the EC50s obtained for lasalocid was above
1 µM, it is not unexpected that a few myoblasts were actively proliferating.

After monensin and salinomycin exposure, the desmin intermediate filament aggre-
gated perinuclearly (Figure 4). Desmin is a critical component in the myofiber network, and
various myopathies are associated with its disruption and aggregation [27]. Additionally,
desmin plays a role in determining the intracellular location of mitochondria and regulating
their respiratory function [29,30]. Therefore, the disruption and loss of desmin filaments
could potentially exacerbate the energy deficiency caused by ionophore exposure.

The integrity of the microtubule network was slightly affected as well. Gaps were
visible within the microtubule network and the microtubules were concentrated around
the nuclei of the myoblasts (Figures 8–10). The gaps correspond to vesicles generated
after ionophore exposure (Figure 2). As previously mentioned, ionophore exposure in vitro
disrupts cellular transport and increases the number of vesicles found within the cyto-
plasm [43]. Various functions such as the transportation of cellular “cargo” and mito-
sis require a functioning microtubular network. Increased cytoplasmic calcium could
also potentially disrupt these functions as it results in decreased microtubule forma-
tion [45,46]. For example, both axonal transport and the quantity of microtubules were
decreased in frog sciatic nerves after exposure to lasalocid, which increased intracellular
calcium concentrations [47].

The synemin and microfilament networks were not greatly affected by ionophore
exposure, except for the slight gaps within both networks.

The cytoskeleton performs an important role in the structural integrity and function-
ing of muscle. Ultrastructural studies of skeletal muscles of animals affected following
ionophore exposure reported myofibrillar degeneration and necrosis, with disrupted con-
tractile apparatus [22,23]. The disruption in the desmin intermediate filament network
observed in the current study could thus contribute to the myofibrillar degeneration previ-
ously reported, as desmin is primarily associated with the Z-disk of striated muscle [25–28].

Desmin is also a substrate for various calcium-activated proteases, such as calpains,
which could potentially be responsible for the degradation of desmin filaments. Salino-
mycin reportedly activates calpain in murine dorsal root ganglion neurons [48]. In contrast,
a study using leupeptin, a protease inhibitor, failed in protecting frog skeletal muscles from
damage after exposure to the ionophore, calcimycin, in vitro, implying that myofibrillar
damage might be due to another mechanism other than calcium activated proteases [49].
Future studies could focus on whether ionophores activate calpain within myoblasts and
muscle tissues.
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4. Conclusions

Of the three carboxylic ionophores investigates, monensin was the most cytotoxic
in vitro, followed by salinomycin and lasalocid. The main cytoskeletal element of C2C12
myoblasts affected by ionophore exposure was the desmin intermediate filament network.
The microtubule network was also affected, but to a lesser extent.

5. Materials and Methods
5.1. Cell Culture

The mouse skeletal muscle cell line, C2C12, obtained from the American Type Culture
Collection (ATCC® CRL-1772TM) was used for this study. The myoblasts were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) (PAN Biotech, Aidenbach, Germany)
supplemented with 100 U penicillin/mL and 100 U streptomycin/mL (Lonza, Verviers,
Belgium) and 10% fetal calf serum (Gibco, Origin Brazil, Grand Island, NY, USA). The my-
oblasts were incubated in a humidified atmosphere with 5% CO2, at 37 ◦C and periodically
sub-cultured to prevent the culture from reaching confluency.

5.2. Exposure to the Ionophores

C2C12 myoblasts were seeded into 96-well plates at a concentration of 10,000 myoblasts/mL
and incubated for 24 h to allow the myoblasts time to attach and reach the log-phase of
growth prior to commencing with exposure.

Monensin sodium (MW: 692.85 g/mol), salinomycin sodium (MW: 772.98 g/mol) and
lasalocid A sodium (MW: 612.77 g/mol) were obtained from Dr Ehrenstorfer® (Augsburg,
Germany). The purity of the ionophores, as indicated on the certificate of analysis, were
98.4, 78.8 and 96.8%, respectively.

As the ionophores were easily solubilized in MeOH, stock solutions were prepared by
dissolving the ionophores in MeOH up to a concentration of 40 mM. The solutions were
then further diluted with DMEM media, with a final solvent concentration of 0.1% MeOH.
The cytotoxic effect of the ionophores were determined after 24, 48 and 72 h.

5.3. Cell viability Assay

Cell viability was measured using a modified MTT assay first described by Mos-
mann et al. (1983) [50]. Briefly, post exposure, the 96-well plates were washed with
phosphate-buffered saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA), followed by
the addition of 200 µL complete DMEM medium and 20 µL 5 mg/mL MTT (in PBS)
(Sigma-Aldrich, St. Louis, MO, USA). Incubation was continued for 2 h in the dark, in a
humidified atmosphere with 5% CO2, at 37 ◦C, before the medium was decanted and
100 µL DMSO added to each well. The absorbance and background absorbance were
read at 570 nm and 630 nm, respectively, using a Synergy HT BioTek microplate reader
(BIO-TEK Instruments, Winooski, VT, USA). Viability was expressed as a percentage of
the solvent control after subtracting the media control. Additionally, doxorubicin was
used as a positive control for the MTT assay (not shown).

5.4. Immunocytochemical Detection and Analysis of Desmin and Synemin Intermediate Filaments

C2C12 myoblasts were cultured in DMEM supplemented with 10% FBS,
100 U penicillin/mL and 100 U streptomycin/mL. Myoblasts were seeded into an 8-well
chamber slide (10,000 cells/mL) and allowed 24 h to attach to the surface, before being
exposed to 1 µM monensin, salinomycin and lasalocid for 24, 48 and 72 h, respectively.
Due to the varying cytotoxicity between the different ionophore and exposure times, it was
decided to use 1 µM as it falls slightly below the EC50s of lasalocid, but above those of
monensin and salinomycin after 48 and 72 h exposure. The controls used during this study
included a negative control (complete DMEM medium), a solvent control (0.1% MeOH)
and two positive controls (1 mM glyoxal added on the day of exposure, as well as 20 µM
cytochalasin D added 30 min before fixation).
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After exposure, immunocytochemistry was performed using an indirect immunoper-
oxidase technique as previously described by Botha et al. (2019) [51]. The slides were
air-dried and fixed in 4% neutral buffered formalin for at least 30 min, followed by rinsing
the slides using 70% alcohol for an additional 10 min. To suppress any endogenous perox-
idase activity, each slide was incubated in 3% hydrogen peroxide (in MeOH) for 15 min.
Microwave heat-induced epitope retrieval (HIER) followed, using Tris-EDTA (pH 9) and
citrate (pH 6) buffer solutions, for desmin and synemin staining, respectively. To facilitate
non-specific immunoglobulin binding, slides were incubated with normal horse serum
(1:10 in PBS, pH 7.6) containing 0.1% bovine serum albumin (BSA) for 20 min in a humidi-
fied chamber at room temperature. The myoblasts were incubated with either the mouse
monoclonal desmin (D33) antibody (1:200) (DakoCytomation, Glostrup, Denmark) or the
goat polyclonal synemin (S-16) antibody (1:100) (Santa Cruz Biotechnology, Inc. Santa Cruz,
CA, USA) for 1 h. Following this, slides incubated with the synemin polyclonal antibody
were incubated with a rabbit anti-goat antibody (Dako, Glostrup, Denmark), diluted 1:500
in PBS containing 0.1% BSA, for 30 min in a humidified chamber at room temperature.
All slides were incubated with the Dako REAL Envision Rabbit/Mouse polymer-based
detection system (Dako, Glostrup, Denmark) performed according to the manufacturer’s
instructions. The slides were incubated with DAB chromogen for 1–2 min, rinsed with
distilled water, counter stained with hematoxylin for 15 sec and washed again with distilled
water. Finally, slides were dehydrated with 70%, 96% and 100% alcohol and mounted
using Entellan (Merck Millipore, Darmstadt, Germany) and coverslips for examination
under a microscope. Each slide was viewed and photographed using the BX63 Olympus
microscope (Tokyo, Japan). Six (692 × 521 µm) images were taken and used for further
analysis. Semiquantitative analysis on the staining intensity of desmin was performed
using QuPath (Version 0.3.0, open-source software) [52] positive cell detection function
(Figure 4b). The staining intensity was categorized based on different threshold values of
the DAB optical density mean. The total number of nuclei per image was counted and
classified as negative (<0.2), light (0.2–0.5), medium (0.5–1.0) or dark (>1.0) depending on
the optical density around the nucleus. Myoblasts categorized as negative had no desmin
surrounding the nucleus. Each image was then manually scanned for errors and corrected
where necessary. The percentages were calculated as a function of the total number of
myoblasts counted, then averaged over the six images.

5.5. Immunofluorescent Detection of Actin and β-Tubulin

Immunofluorescent staining was performed as previously described by Botha et al.
(2019) [51]. The C2C12 myoblasts were seeded onto sterile 10 mm-diameter coverslips
placed in a 24-well plate and given 24 h to adhere to the coverslips. The myoblasts
were exposed to 0.1 and 1 µM monensin, salinomycin and lasalocid, respectively, for
48 h. Cytochalasin D (Sigma-Aldrich, St. Louis, MO, USA) and vinblastine sulphate
(Sigma-Aldrich, St. Louis, MO, USA) were used as positive controls for microfilament
and microtubule network disruption, respectively. The myoblasts were exposed to 12 µM
cytochalasin D for 15 min and 5 µM vinblastine sulphate for an hour at 37 ◦C, just prior to
fixation. Exposure was followed by a washing step, gently shaking the myoblasts in PBS for
5 min, before fixing the myoblasts with 100% ice-cold acetone (Merck) at −20 ◦C for 10 min.
The acetone was removed, and the 5 min wash step was repeated twice. Actin was stained
by the addition of 1 µg/mL phalloidin-fluorescein isothiocyanate (FITC) (Sigma-Aldrich,
St. Louis, MO, USA) prepared in PBS and incubated for 30 min at 37 ◦C. Before staining
for β-tubulin, the myoblasts were first incubated with 1% BSA (Biowest, Nuaillé, France)
in PBS to block all nonspecific binding cites, followed by incubation with 1 µg/mL (1:100
in PBS) monoclonal anti-β-tubulin-Cy3 (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at
37 ◦C. After washing three times with PBS to remove the excess stain, the nuclei were
counterstained with 1.3 µg/mL DAPI (in ddH2O) for 15 min at 37 ◦C. The washing step
was then again repeated 3 times. Finally, the coverslips were mounted on a microscope
slide with ProlongTM Gold antifade reagent (Molecular Probes, Eugene, OR, USA) and
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sealed to prevent drying of the sample. The samples were viewed with an Olympus BX63
Fluorescent microscope (Tokyo, Japan). The fluorescent images were merged using Fiji–
ImageJ (open-source software) [53]. The images were deconvoluted using the Diffraction
PSF 3D and Iterative Deconvolve 3D plugins [54].

5.6. Statistical Analysis

All EC50s were calculated using the non-computational method first described by
Alexander et al. (1999) [55]. Further statistical analysis was performed using GraphPad
Prism version 9.0 (GraphPad Software, San Diego, CA, USA). Normality was determined
using the Shapiro–Wilk normality test. Significant differences were determined using
analysis of variance (ANOVA), followed by an ad hoc Tukey’s test, to determine differences
between individual samples from the cytotoxicity assays as well as the semi-quantitative
desmin analysis.
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