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1.1 ROLE OF MITOCHONDRIA IN ANIMAL CELLS 
1.1.1 Overview of mitochondria 

The originated of mitochondria was believed from the engulfment of an α-

proteobacterium by a precursor of the modern eukaryotic cell (Lane & Martin, 2010). 

Mitochondria are organelles that have double layer membrane-bound cytoplasmic 

present in most eukaryotic cells, each of their membranes have different functions. 

Mitochondria are relatively small organelle, mostly from 0.75 to 3 micrometers and 

only visible when they are stained. Mitochondria can be divided into different 

compartments or regions depicted in Figure 1.1, and each of them has their own 

special functions and distinct roles as tabulated in Table 1.1 (Shimizu, 2019). Basically, 

mitochondria have five major regions namely: Outer membrane, small molecules can 

pass freely through this outer membrane; intermembrane space, the region between 

the double layer membranes; inner membrane, proteins are held by this membrane; 

cristae, these are the folds of the inner membrane; and matrix, the space within inner 

membrane and the location of mt-DNA.   

 

 
Figure 1.1 Simplified structure of a mitochondria 

 
Mitochondria have been recognized as the center of metabolic (Nunnari, 2008), 

carried out various metabolic functions, such as the urea cycle (Smith & Garg, 2017) 

and gluconeogenesis (Stark et. al., 2014). At the same time, they are 

controlling/signalling calcium (Ca2+) which is essential for maintaining homeostasis of 
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eukaryotic cells (Schatz, 1995), as it involved in reactive oxygen species (ROS) 

production, synthesis of apo lipids, heme and steroids, and the induction of apoptosis 

(Wallace, 1999; Stöckl et. al., 2006). However, they well are known as the organelle 

that producing energy in cells. Almost all of the energy in cell or adenosine 

triphosphate (ATP) is synthesized during the metabolism of glucose in mitochondria 

and it carried out through the oxidative phosphorylation system (Bertram et. al., 2006). 

 
Table 1.1 Functions of various regions of the mitochondria 

Typical function Key molecules 

Protein transport (outer 

membrane) 
Tom complex 

Adenine nucleotide balance 

(intermembrane space) 
Adenylate kinase 

Oxidative phosphorylation (inner 

membrane) 
Electron transfer complexes 

Metabolism & mtDNA replication 

(matrix) 

Enzyme of TCA cycle, urea cycle, β-

oxidation, gluconeogenesis, and 

mtDNA 

 

1.1.2 Oxidative phosphorylation system 
In the previous sub-chapter, it was explained that each region in mitochondria 

has different and its own specific functions. The inner membrane of mitochondria is 

the energy source of mitochondria, this membrane transposes energy through the 

oxidative phosphorylation (OXPHOS) system, the main process that responsible of 

the energy production in eukaryotic cells by producing ATP, the basic unit of energy 

for metabolic processes (Saraste, 1999). ATP is produced using a proton gradient 

across the inner membrane. Mitchell proposed his chemiosmotic theory which states 

about the entire general sequence of biochemical events leading to ATP synthesis 

(Mitchell, 1966). 
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Figure 1.2 Five major membrane complexes in the electron transport chain 
involved in oxidative phosphorylation system 

 

  
Figure 1.3 Overview of the redox carriers in the mitochondrial respiratory chain 
and their relation to the four respiratory chain complexes 

 
ATP production in the inner membrane of mitochondria is carried out through the 

oxidative phosphorylation system (Figure 1.2). It comprised of a series of five major 

membrane complexes namely NADH dehydrogenase (complex I); succinate 

dehydrogenase (complex II); cytochrome c reductase (complex III); cytochrome c; 

cytochrome c oxidase; COX (complex IV); and ATP synthase (complex V), it called 

electron transport chain (ETC) (Figure 1.3) (Palmeira & Ramalho-Santos, 2011; 
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Hüttemann et. al., 2008). Each complex in ETC has their own function as tabulated in 

Table 1.2. The electron transport chain uses the electrons from electron carriers to 

create a chemical gradient that can be used to power oxidative phosphorylation. The 

electron transport chain transfers electrons through the reduction-oxidation (redox) 

potential span of complex I until complex IV, from NAD+/NADH couple to the O2/2H2O 

couple.  

 
Table 1.2 Functions of electron transport chain complexes 

Protein  Role Citations 

Complex I 

Passage of two electrons from NADH 

to ubiquinone, and pumps four 

protons across the membrane  

Sazanov & Hinchliffe 

(2006) 

Complex II 
Passage of two electrons from 

FADH2 to ubiquinone 

Maklashina & Cecchini 

(2010) 

Ubiquinone/ 

ubiquinol 

Receives electrons from complex I 

and complex II, once ubiquinone is 

reduced to ubiquinol, it delivers its 

electron to complex III 

Maklashina & Cecchini 

(2010) 

Complex III 

Pumps protons across the membrane 

and passes its electron to 

cytochrome c 

Crofts (2004) 

Cytochrome c 
Accept electron from complex III and 

donates it to complex IV 
Lange and Hunte (2002) 

Complex IV 

Pumps protons and transfer of 4 

electrons from the reduced 

cytochrome c to oxygen to produce 

water  

Hyung et. al., (2012) 

Complex V 
Tiny generator turned by the force of 

protons to produce ATP 
Muench et al., (2011) 
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1.1.3 Relationship between mitochondrial disorders and 
cytochrome c oxidase deficiency 

Mitochondria have long been recognized as an essential role for various 

biological process in cells, including in the lifespan of cells (Hwang et. al., 2012). 

Moreover, the functions of mitochondria are the main factor of organism longevity. 

One of the main targets of xenobiotic-induced bioenergetics failure is mitochondria 

(Wallace & Starkov, 2000; Palmeira & Rolo, 2004). Mitochondrial abnormalities are 

strongly involved in the onset and progression of aging and diseases as shown in 

Figure 1.4. Dysfunction in mitochondria were notoriously is a key player in a variety 

of human disorders (Ghezzi & Zeviani, 2018), such as aging, diabetes, cancer, and 

neurodegenerative diseases including Parkinson’s, Huntington’s and Alzheimer 

diseases (Allen et. al., 2018; Gris, 2009; Gris, 2013). Absolutely, dysfunction of 

mitochondria disrupts the ATP synthesis process (Lebiedzinska et. al., 2013). 

Therefore, the dysfunction of mitochondria can lead to cell death by depletion of ATP 

and calcium dysregulation (Di Lisa & Bernardi, 1998).  
 

 
Figure 1.4 Relationship between the conditions of mitochondria and the 
progressing of aging and diseases 
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One of the frequent factors that cause of mitochondrial dysfunction is the 

deficiency of COX and it is associated with a wide spectrum of clinical phenotype 

(Willis et. al., 2009; Coenen. et. al., 1999). COX is the last enzyme in the electron 

transport chain and it is a regulation site for mitochondrial OXPHOS system. COX is 

responsible for catalyzes the transfer of electrons from reduced cytochrome c to 

molecular oxygen (Wilson & Brunori, 1995; Calhoun et.al, 1994). In addition, it also 

reported that changes of COX function were suggested in a wide array of some 

disease conditions such as neurodegenerative diseases, including Alzheimer’s and 

Parkinson’s diseases, and age-related loss of COX activity (Paradies et. al., 1993; 

Sohal, 1993). In the previous experiment, it was reported that COX activities were 

lower in tumors cells compared to normal cells, it can be categorized as defects in the 

oxidative phosphorylation (Sugiyama et. al., 2012; Sugiyama et. al., 2013). Therefore, 

an approach aimed at alleviating the symptoms of mitochondrial dysfunction is needed 

to be carried out. Moreover, the actions to preserve the mitochondrial activity and to 

prevent the inactivation of COX are very important. 

 

1.2 METABOLIC AND BIOACTIVITY EFFECTS OF 5-
AMINOLEVULINIC ACID AND SODIUM FERROUS CITRATE 

1.2.1 Metabolic mechanism of 5-aminolevulinic acid 
5-aminolevulinic acid (ALA) (Figure 1.5) is a type of non-toxic compound and 

this amino acid is naturally synthesized in vivo in plants and animals (Layer et. al., 

2010). ALA is known to be the first compound in the porphyrin biosynthesis pathway, 

the pathways that lead to heme and ALA acts as vital cofactors in vivo. In particular, 

porphyrins that bind to a metal ion called metalloporphyrins are essential and have 

diverse functions and acts as cofactors indispensable for the activity of various 

functional proteins. For instance, porphyrins that bind to an iron ion is heme, an 

essential oxygen-carrying component of functional hemoglobin in red blood cells and 

myoglobin in muscle cells. Therefore, the biosynthesis pathway of ALA is an important 

mechanism for life. 
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Figure 1.5 Molecular structure of ALA 

 

1.2.2 Bioactivity effects of ALA 
 In the previous study it was mentioned that δ-aminolaevulinic synthase (ALAS), 

is the rate-limiting enzyme in porphyrin biosynthesis pathway in mitochondria 

(Woodard & Dailey, 2000). Therefore, the addition of ALA exogenously can be 

expected to increase the number of metalloporphyrins. Since it acts as cofactors 

indispensable for the activity of various functional proteins, promotion of biosynthesis 

of metalloporphyrins such as heme is thought to affect the expression and activity of 

various protein especially hemeprotein. Furthermore, it was reported that in plants the 

addition of ALA increases the chlorophyll precursor Mg-porphyrin, which brings 

promoting effect. In the previous experiments in our laboratory also revealed that the 

addition of ALA to the cells increases heme precursor protoporphyrin IX (PpIX). 

Moreover, it is already clearly shown that the expression and activity of various 

hemoproteins such as COX are likely to increase with the addition of ALA (Sugiyama 

et. al., 2014; Ogura et. al., 2011; Miura et. al., 2015). In addition, ALA has been widely 

used in research on photosensitizers in the medical field. For example, in 

photodynamic therapy (ALA-PDT) and photodynamic diagnosis (ALA-PDD) because 

ALA induces the accumulation of porphyrin in the specific cancer tissues (Stummer et. 

al., 2006; Krammer & Plaetzer, 2008). As mentioned above, ALA has various 

physiologically active functions and, in the future, further applications of ALA as a 

physiologically active substance are expected to be developed.  

 

1.2.3 The properties sodium ferrous citrate 
Sodium Ferrous Citrate (SFC) as shown in Figure 1.6 is an iron provider. It is 

odorless and greenish white powder, and soluble chelated iron (non-ionic iron). It 

contains 10.0 to 11.0% iron. It is synthesized from ferrous sulfate and sodium citrate. 

Because it is an iron provider it can help to increase the iron levels in the cell. Moreover, 

O

O
H2N OH
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it can be widely used as a food additive and supplement ingredient (Yamashita et. al., 

2014; Komatsu et. al., 2021). 
 

 
Figure 1.6 Molecular structure of SFC 

 

1.2.4 The relationship between ALA, SFC, and heme proteins 
Heme is protophorphyrin that binds to iron and is essential oxygen carrying 

component of functional hemoglobin in red cells and myoglobin in muscle cells. A 

heme is an organic compound, ring shaped molecule. Because of its special structure, 

a heme is capable of holding or hosting an iron molecule. Heme has diverse biological 

functions including electron transfer in electron transport chain (ETC) (Reedy, C. J., & 

Gibney, B. R. 2004). The biosynthesis of heme in vivo is shown in Figure 1.7. In 

animals, heme is synthesized in mitochondria. Where the pathway is initiated by the 

synthesis of ALA from glycine and succinyl CoA in mitochondria which is activated by 

the rate-limiting enzyme δ-aminolaevulinic synthase (ALAS), then ALA is once 

transported to the cytoplasm. On the other hand, when ALA was added exogenously 

in cells, it is taken to cytoplasm by the peptide transporter namely PEPT1 and PEPT2. 

After that, through the porphyrin pathway, ALA as heme precursor is converted to 

protoporphyrin IX. Heme is generated by the insertion of ferrous ion into 

protoporphyrin IX. Exogenously administered ALA and SFC are absorbed into the 

cytoplasm, and then used as a substrate for protoporphyrin IX and source of free iron 

ion to form heme. Heme is degraded to carbon monoxide (CO), iron, and biliverdin by 

haem oxygenase-1 (HO-1) (Shimura et. al., 2019). 

 

Fe2+

Na+
OH

O
O O

O-

-O--O
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Figure 1.7 Diagram showing the heme biosynthesis pathway and how 
exogenous ALA is involved 

 
Furthermore, Mitochondrial respiratory chain complexes III, IV and cytochrome 

c contain heme (Paoli et. al., 2002), which is generated by the insertion of Fe2+ into 

protoporphyrin IX. ALA combined with SFC was reported to enhance heme production, 

leading to respiratory complex and heme oxygenase-1 (HO-1) upregulation (Wang et. 

al., 2017). Moreover, the increasing of heme production by the addition of ALA, SFC, 

and combined ALA+SFC has the possibility to increase the protein expression level of 

heme proteins in mitochondria as illustrated in Figure 1.8. Taken together, it is 

assumed that the effect of ALA, SFC, and combined ALA+SFC treatment can 

improves mitochondrial respiratory chain functions, leading to an enhances 

cytochrome c oxidase (COX) activity and also increase in oxidative phosphorylation 

(OXPHOS), and ATP production. 
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Figure 1.8 Schematic illustration of the relationship between heme biosynthesis 
pathway and electron transport chain 
 

1.3 AIMS & OBJECTIVES OF THIS STUDY 
The main aim of this research is to study the effects of the addition ALA, SFC, 

and ALA+SFC to the cells on the oxidative phosphorylation system and mitochondrial 

activities. This study also trying to improve the mitochondrial activity and prevent the 

inactivation of COX by the addition of ALA, SFC, and ALA+SFC in myoblast cells. 

Myoblast cell is an ideal cell line to study about mitochondria functions because of 

myotubes are muscle fibers that need a lot of energy (ATP) and rely on OXPHOS 

system. In addition, it is an attractive tissue because of the minimally invasive 

character of sampling and the amount of cell material obtained by culturing. 

Furthermore, for studying the effect of ALA, SFC, and ALA+SFC on cancer cells, a 

human gastric cancer cell namely MKN45 cells were also used in this experiment. In 

cancer cells, the study focused on the effect of ALA during photodynamic therapy 

(PDT). In addition, in the previous study, SFC is reported to increase COX activity. So, 

this study also aims to improve the COX activity by the addition of SFC that can 

promote reactive oxygen species (ROS) generation, which has a cytotoxic effect that 

can kill the cancer cell. 

 

 

Cytosol

I

II

III

Q

Cyt C

IV

V

ALA
Succinyl 

CoA

Glycine}

ALA

ALA
Import

Coproporphyrinogen III

Mitochondria

Coproporphyrinogen III

Protoporphyrin IXHeme
FECH

Fe2+

H+

ATPADP+Pi

e-

H+

H+

H+

e-

e-

e-

e-

SuccinateFumarate

FADH2
FAD + 2H+

NADH

TCA
CYCLE

Extracellular

NAD+

+ H+

O2

2H2O

Cyt C red state Cyt C ox state
H+

H+

H+

H+

H+ H+
H+

Heme

Fe2+ CO

HO-1
Biliverdin Bilirubin

SFC
SFC

Import

Fe2+
Fe2+

Fe2+

Fe2+

Fe2+

Fe2+

H+

H+

H+H+

H+H+

H+
H+H+

H+
H+

H+



 12 

 
CHAPTER 2 

5-AMINOLEVULINIC ACID IMPROVED 
MITOCHONDRIAL ACTIVITIES BY 

STIMULATE OXPHOS SYSTEM 
INDEPENDENT OF MITOCHONDRIAL 

CONTENT AND BIOGENESIS IN 
MYOBLAST CELLS 

 
 

2.1 INTRODUCTION 
2.2 MATERIALS AND METHODS 
2.3 RESULTS 
 2.3.1 Effect of exogenous ALA on heme biosynthesis 
 2.3.2 ALA increases HO-1 protein expression levels 
 2.3.3 Assessment of mitochondrial content 
 2.3.4 Mitochondrial biogenesis analysis 
 2.3.5 Heme triggers the alterations of the electron 

transport chain protein expression levels 
 2.3.6 COX activity measurement 
 2.3.7 Quantification of ATP production levels 
2.4 DISCUSSION 

 
 



 13 

2.1 INTRODUCTION 
It is believed that the number and function of mitochondria decrease (dysfunction 

of mitochondria) during the aging process and disease and resulting decrease in 

energy production and increase mitochondria or oxidative stress that lead further 

development of aging and disease (Desler et. al., 2011; Bonawitz et. al., 2007; Gris, 

2013; Moghaddas et. al., 2003). Therefore, it is really important to maintain the 

function of mitochondria including the mitochondrial content and mitochondrial 

biogenesis. Previous experiments revealed that heme precursor ALA improves the 

heme biosynthesis. Moreover, it also demonstrated that ALA administration both in 

vitro and in vivo increases mitochondrial function including increased in cytochrome c 

oxidase protein expression levels (Sugiyama, 2011). However, the effect of ALA 

towards overall electron transport chain, mitochondrial content, and mitochondrial 

biogenesis remains unclear. Therefore, in this chapter, we focused on those concerns 

in myoblast cell as illustrated in Figure 2.1. 

 
Figure 2.1 Conceptual diagram of addition of exogenous ALA 

 

2.2 MATERIALS AND METHODS  
Chemicals 

DMEM-high glucose medium, DMEM-low glucose medium, and antibiotic-

antimitotic mixed stock medium (ABAM) were purchased from Nacalai Tesque (Kyoto, 

Japan). Fetal bovine serum (FBS) and horse serum (HS) were purchased from 

Myoblast cells
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Invitrogen (Carlsbad, California, USA). Aminolevulinic acid (ALA) was purchased from 

Cosmo Bio Co. Ltd. (Tokyo, Japan). 

 

Cell culture 
Mouse myoblast cells, namely the C2C12 cell line, were obtained from RIKEN, 

Japan. Myoblast cells were cultured in DMEM-high glucose culture medium. Cells 

were incubated and followed by addition of 10% FBS and 10% ABAM, at 37°C in a 

5% CO2 incubator. When cells were reached 70% – 80% confluency previous medium 

was replaced with DMEM-low glucose culture medium (differentiation medium) 

followed by addition of 2% HS and 10% ABAM. Differentiation medium was replaced 

with fresh ones every 48 hours for 6 days. Cell number for seeding in various 

experiments is tabulated in Table 2.1. 

 

Table 2.1 Amount of cell seeded for each experiment 
Experiments Seeding cell number (cells / well) 

Heme production level 

0.5 x 106 cells 

Protein expression level of electron 

transport chain  

mt-DNA expression level  

Mitochondrial content analysis  

mRNA expression level of mitochondrial 

biogenesis related gene 

COX activity measurement 0.5 x 107 cells 

ATP production level quantification  

 

Heme production quantification using High performance Liquid 
Chromatography (HPLC) 

Cells were seeded in 35 mm dishes and incubated at 37°C in a 5% CO2 incubator 

to reach confluency then differentiated to be myotube. Experiments were carried out 

in triplicates per sample. Addition of ALA was carried out and cells were further 

incubated under the same condition for the next 96 hours. In order to quantify 

extracellular heme, medium with serum should be avoided but not if only quantify 

intracellular heme. Cells on 35 mm dishes first were placed on ice and washed with 



 15 

cold PBS 3 times. Cells were lysed with 150 µL 0.1 N NaOH. a volume of 50 µL of cell 

suspension from each sample were taken out and added into a new 1.5 mL centrifuge 

tube containing 150 µL of (1 : 9; 1 M CH3COONH3, 12.5% acetonitrile, pH 5.2 : 50 mM 

CH3COONH3, 80% acetonitrile, pH 5.2). Cells suspension then underwent 

centrifugation under 10,000 x g for 10 minutes. Supernatants were recovered and 

pellets were discarded. 
HPLC analysis of heme was carried out using Type Prominence System 

(Shimadzu Manufacturing Co., Kyoto, Japan) equipped with reverse phase C18 

column (CAPCELL PAK, C18, SG300, 5 µm, 4.6 mm x 250 mm, Osaka Soda Co. Ltd., 

Osaka) while maintaining at temperature of 40°C. Mobile phase A, comprising 1 M 

ammonium acetate solution containing 12.5% acetonitrile (adjusted to pH 5.2), and 

mobile phase B made up of 50 mM ammonium acetate solution containing 80% 

acetonitrile, were used in elution of heme. 50% mobile phase B was first directed at a 

flow rate of 1.0 mL / min for 10 minutes following by driving mobile phase B into column 

from a linear gradient ranging from 90% for 10 minutes and finally 90% mobile phase 

B at a flow rate 2.0 mL / min for another 10 minutes elution program. Protein 

concentration of each samples were determined using Bradford’s method using 

Quickstart Bradford 1 x Dye reagent (Biorad laboratories, Inc., Hercules, California, 

USA). 

 
Real-time polymerase chain reaction (PCR) 

Total RNA extractions from culture cells were carried out using RNA extraction 

kit NucleoSpinâ RNA II (MACHERY-NAGEL, Düren, Mannheim, Germany). Extracted 

RNA were transcript into 1 µg single stranded cDNA via a reverse transcription 

reaction using PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa Bio, Shiga, 

Japan). The expression levels of TFAM, NRF-1, NRF-2, PGC-1α, and actin 

(housekeeping gene / internal control) were then quantified using Thermal Cycler 

Dice® Real Time System Single (TaKaRa Bio, Shiga, Japan). The primers used in 

amplification were tabulated in Table 2.2. Primers set specific to each gene were used 

in quantitative reverse transcription polymerase chain reaction (qRT-PCR). 

Expression level of each targeted gene were then standardized by dividing with the 

expression level of actin which used an internal control. 
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Table 2.2 Primers sequences used in gene amplification 

Gene 
Sense / 

Antisense 
Sequence 

TFAM 
Sense 5’-GCAAAGGATGATTCGGCTCAGGGAA-3’ 

Antisense 3’-CCGGATCGTTTCACACTTCGACGG-5’ 

NRF-1 
Sense 5’-GGTGTTTGGCGCAGCACCTT-3’ 

Antisense 3’-CTCTGGGATAAATGCCCGAAGCT-5’ 

NRF2 
Sense 5’-CAAGACTTGGGCCACTTAAAAGAC-3’ 

Antisense 3’-AGTAAGGCTTTCCATCCTCATCAC-5’ 

PGC-	1𝛼 
Sense 5’-AAGACGATTGCCCTCATTT-3’ 

Antisense 3’-AGTGCTAAGACCGCTGCATT-5’ 

Actin 
Sense 5’-TGAGAGGGAAATCGTGCGTG-3’ 

Antisense 3’-TGCTTGCTGATCCACATCTGC-5’ 

 

Total mitochondrial DNA (mtDNA) from culture cells were carried out using DNA 

extraction kit NucleoSpinâ RNA II (MACHERY-NAGEL, Düren, Mannheim, Germany). 

The expression levels of mt-COX1, mt-COX2, mt-ND1 and actin (housekeeping gene 

/ internal control) were then quantified using Thermal Cycler Dice® Real Time System 

Single (TaKaRa Bio, Shiga, Japan). The primers used in amplification were tabulated 

in Table 2.3. Primers set specific to each gene were used in real-time PCR. 

Expression level of each targeted gene were then standardized by dividing with the 

expression level of actin which used an internal control.  
 

Table 2.3 Primers sequences used in gene amplification 

Gene 
Sense / 

Antisense 
Sequence 

mt-COX1 
Sense 5’-ACTATACTACTAACAGACCG-3’ 

Antisense 3’-GGTTCTTTTTTTCCGGAGTA-5’ 

mt-COX2 
Sense 5’-AACCATAGGGCACCAATGATAC-3’ 

Antisense 3’-GGATGGCATCAGTTTTAAGTCC-5’ 

Mt-ND1 
Sense 5’-GTTGGTCCATACGCATTTT-3’ 

Antisense 3’-TGGGTGTGGTATTGGTAGGG-5’ 

Actin  
Sense 5’-TGAGAGGGAAATCGTGCGTG-3’ 

Antisense 3’-TGCTTGCTGATCCACATCTGC-5’ 



 17 

Western blotting 
Western blotting experiments were carried out to quantify the expression level of 

proteins in cell using modified method based on Kogot-Levin et. al., (2016). Cells were 

first washed with PBS (-), followed by addition lysis buffer A [50 mM Tris-HCl (pH 7.4), 

20 mM N-methylaleimide, 1 mM DTT, 1% (v/v) Triton X-100 and Protease inhibitor 

cocktail (Nacalai Tesque)]. The cell suspensions were homogenized using a 27 G 

syringe for at least 10 times and centrifuge at 1000 x g for 10 minutes at 4°C. Protein 

samples were then recovered and stored at -80°C freezer for future use. 

Protein samples were next treated with SDS-PAGE electrophoresis using 7.5%, 

11.25, and 15% polyacrylamide gel. These separated proteins were then transferred 

onto an Immobilon-P PVDF membrane (Milipore Corp., M.A) whereby blocking and 

antibody treatment would be carried out next. Blocking was carried out by incubating 

the membrane at room temperature for 60 minutes in 5% (w/v) skimmed milk dissolved 

in TBST (tris-buffered saline) [20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.05% (v/v) 

Tween 20].  

Mouse anti-NDUFB8 antibody (complex I) (Abcam, Cambridge, United Kingdom; 

1:1000 dilution), mouse anti-SDHB antibody (complex II) (Abcam, Cambridge, United 

Kingdom; 1:500 dilution), mouse anti-UQCRC2 antibody (complex III) (Abcam, 

Cambridge, United Kingdom; 1:1000 dilution), mouse anti-cytochrome c antibody 

(Becton Dickinson, Franklin Lakes, New Jersey, USA; 1:200 dilution), mouse anti-

cytochrome c oxidase sub unit I antibody (complex IV) (Santa Cruz Biotechnology Inc., 

Dallas, Texas, USA; 1:200 dilution), mouse anti-ATP5A antibody (complex V) (Abcam, 

Cambridge, United Kingdom; 1:1000 dilution), rabbit anti-PGC-1α (Santa Cruz 

Biotechnology Inc., Dallas, Texas, USA; 1:200 dilution), and human anti-actin antibody 

(MP Biomedicals, Santa Ana, CA, USA; 1:200 dilution) which served as internal control, 

were used in primary antibody treatment. Secondary antibody used in this study were 

horseradish peroxidase (HRP)-conjugated anti-mouse (Cell Signaling Technology, 

Beverly, MA, USA) and anti-rabbit IgG (Santa Cruz Biotechnology Inc., Dallas, Texas, 

USA) concentrate, which were diluted 3000 times in TBST solution. Substrate for HRP 

used in this study were Western Lightning Chemiluminescent Reagent Plus, Western 

Lightning Chemiluminescent Reagent Pro (PerkinElmer Life and Analytical Sciences, 

Waltham, MA, USA), Western Blot Ultra-Sensitive HRP substrate (TaKaRa Bio, Inc., 

Shiga, Japan). Chemiluminescent were used to quantify protein expression levels 
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using Lumino Imaging Analyzer LAS-4000 mini (GE Healthcare UK, Amersham Place, 

England).  

 

Enzymatic activities of cytochrome c oxidase  
Measurement of COX activity was carried out by colorimetric analysis using 

cytochrome c oxidase kit (Sigma Aldrich Corporation, Tokyo, Japan). Protein 

concentration of the extracted mitochondria was determined by the Bradford method. 

Then, mitochondrial fractions were diluted and adjusted to 100 µg protein / 100 µl with 

enzyme dilution buffer containing 1 mM n-dodecyl β-D-maltoside. Reduced 

cytochrome c that reduced by dithiothreitol (DTT) was added to the sample and COX 

enzymatic activity was measured by following the oxidation of reduced cytochrome c 

at 550 nm. Cytochrome c has a large difference in molar absorptivity at 550 nm 

between the reduced and oxidized forms (Bery et. al., 1987). Accordingly, the COX 

activity was calculated based on the absorbance of the oxidation of reduced 

cytochrome c at pH 7.0 and 25°C. Then, the rate of the oxidation of reduced 

cytochrome c (1.0 µmol / min) was defined as a unit. 

 

Adenosine triphosphate (ATP) level determination 
Cellular ATP level in the myoblasts mitochondria homogenates was extracted 

with extraction solution in the XL-ATP kit (APRO, Krefeld, Germany) according to the 

protocol offered by the manufacturer. Cells were first washed twice with PBS after 

harvested by trypsinization for cell count, followed by centrifugation. ATP in cultured 

cells was extracted with ATP extraction reagent containing phenol and chloroform. 

Resulting supernatants called ATP extraction solution, as described previously (Yao 

et. al., 20018). Samples were then recovered and stored at -20°C freezer for future 

use. ATP levels in these extracts were determined by measuring the relative 

luminescence unit (RLU) from samples mixed with assay buffer containing luciferase 

using Lumino Imaging Analyzer LAS-4000 mini (GE Healthcare UK, Amersham Place, 

England) and normalized relative to the protein concentrations or live cell numbers. 

Protein concentration was measured by the Bradford method and live cell numbers 

were counted by a colorimetric method with trypan blue using Countess II FL 

Automated Cell Counter (Invitrogen, Tokyo, Japan). 
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Statistical analysis of data 
Data obtained are presented as the means of the replicates ± standard deviation 

(SD). One-way ANOVA (Tukey’s test) was performed for each set of data, 

and p values < 0.05 and < 0.01 were considered statistically significant. 

 
2.3 RESULTS 
2.3.1 Effect of exogenous ALA on heme biosynthesis  

The concentration of heme was evaluated on mouse myoblast cell. This study is 

required to observe the effect of import of ALA exogenously in myoblast cells. Cells 

were administered with 1 mM ALA and incubated 96 hours minutes at 37°C in a 5% 

CO2 incubator. The result was recorded and a graph was plotted in Figure 2.2. Heme 

produced in myoblast cells treated with ALA showed a significant increase of 30% 

compared to the control (p < 0.05). The high production of heme in myoblast cells 

treated with ALA suggested that addition of ALA exogenously induce heme production, 

in the sense that it demonstrates the accumulation of ALA in cells increased heme 

biosynthesis. 

 
Figure 2.2 Concentration of heme production levels. One-way ANOVA (Tukey’s 
test) was performed for each data set to show significant differences in mean values 
between treated and untreated samples, *P < 0.05, vs. nontreated control group 
(Control). Data are expressed as means ± standard deviation (SD) in three 
independent experiments  
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2.3.2 ALA increases HO-1 protein expression levels 
Heme is degraded by heme oxygenase-1 (HO-1) into iron, carbon monoxide 

(CO), and biliverdin. HO-1 has been reported to have cytoprotective effects against 

oxidative stress and inflammation (Li et. al., 2016). Furthermore, it was mentioned that 

in a mouse fatty liver model and peripheral blood mononuclear cells of healthy humans, 

the addition of ALA or/and SFC enhanced HO-1 protein expression level (Takeda et. 

al., 2017; Ito et. al., 2018). Moreover, the recent investigation found that HO-1 protein 

expression levels were elevated by a combination of ALA and SFC in a concentration-

dependent manner in normal human skin fibroblasts (Shimura et. al., 2016).  Western 

blot analysis was conducted to analyze the HO-1 protein expression level (Figure 2.3 
(A)). Band intensity ratio analysis from western blot results showed that HO-1 protein 

expression elevated by ALA (Figure 2.3 (B); P < 0.01). Consistent with the heme 

concentration, HO-1 protein expression levels increased by ALA treatment. Thus, 

these results showed that the protein expression level of HO-1 dependent on the 

intracellular heme concentration.  

 
Figure 2.3 Protein levels of HO-1. (A) Western blot result of HO-1 protein. (B) 
Graphs of band intensity ratio analysis relative to β-actin are shown. One-way ANOVA 
(Tukey’s test) was performed for each data set to show significant differences in mean 
values between treated and untreated samples, **P < 0.01 vs. nontreated control 
group (Control). Data are expressed as means ± standard deviation (SD) in three 
independent experiments 
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2.3.3 Assessment of mitochondrial content  
The expression levels of mitochondrial DNA (mt-DNA) or mt-DNA copy number 

studies were carried out to identify the mitochondrial content using a modified method 

Larsen (2012). It was well known that mt-DNA is one of the strongest associated with 

mitochondrial content (Boushel et. al., 2007; Phielix et. al., 2008). The expression 

levels of mt-ND1, mt-COX1, and COX2 as the representative of mt-DNA were studied 

in myoblast cell line in the presence and absence of 1 mM ALA and incubated 96 

hours at 37°C in a 5% CO2 incubator. The samples were then collected and were 

analyzed using real-time PCR. Results of mt-DNA expression levels of these genes 

using real-time PCR were presented in Figure 2.4. 

Data from qRT-PCR exhibited there are no significant differences of mt-DNA 

expression levels of mt-ND1, mt-COX1, and mt-COX2 in the addition of ALA compared 

to control. The results here also expressed that the addition of ALA did not affect 

mitochondrial content in myoblast cells.  

 
Figure 2.4 Mitochondrial content analysis. Relative expression levels of mtDNA 
(mt-ND1, mt-COX1, and mt-COX2) copy number by real-time qPCR analysis. 

 
 2.3.4 Mitochondrial biogenesis analysis 

Mitochondrial biogenesis can be defined as the growth and division of pre-

existing mitochondria (François et. al., 2014). The relative mRNA expression levels of 

transcription factors affecting mitochondrial biogenesis namely TFAM, NRF1, and 

NRF2 (Scarpulla, 2006) as shown in Figure 2.5 were analyzed to investigate the 

effects of administration of ALA on the mitochondrial biogenesis. In addition, the 
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expression level of PGC-1α, a transcriptional regulator for genes involved in 

mitochondrial biogenesis was also examined. mRNA expression levels were studied 

in myoblast cells in the presence and absence of 1 mM ALA and incubated 96 hours 

minutes at 37°C in a 5% CO2 incubator. The samples were then collected and were 

analyzed using quantitative reverse transcriptase-polymerase chain reaction (qRT-

PCR). Results of mRNA expression levels of these genes using qRT-PCR were shown 

in Figure 2.6. 

 
Figure 2.5 Conceptual diagram of genes involved in mitochondrial biogenesis 
and how exogenous ALA is involved 

 

 
Figure 2.6 Relative mRNA-expression of mitochondrial biogenesis related genes 
(TFAM, NRF1, and NRF2) 
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Findings from qRT-PCR presented that mRNA expression of TFAM and NRF1 

which mediate mitochondrial biogenesis were similar in the addition of ALA and in the 

control. In addition, mRNA expression of NRF2 that facilitate cellular responses to 

oxidative stress did not change following ALA administration. In agreement, there is 

no different in mRNA expression level of PGC-1α which regulates the genes involved 

in mitochondrial biogenesis as shown in Figure 2.7 (A). These findings suggested that 

the addition of ALA did not affect the mitochondrial biogenesis. 

Furthermore, the protein expression level of PGC-1α was also determined. 

Results of the protein expression level of PGC-1α who has a responsibility as a master 

regulator for genes involved in mitochondria biogenesis were showing as 

electropherogram in Figure 2.7 (B) and band intensity graphs were plotted as in 

Figure 2.7 (C) Western blotting results revealed very similar and consistent with the 

results obtained by qRT-PCR analysis. There is no significant different in the protein 

expression level of PGC-1α in addition of ALA and in the control. These findings exhibit 

the addition of ALA in myoblast cells did not alter the mitochondrial biogenesis. 
 

 
Figure 2.7 Mitochondrial biogenesis analysis. (A) Relative mRNA-expression 

level of PGC-1α. (B) Western blot result of PGC-1α protein. (C) Graphs of band 

intensity ratio analysis relative to β-actin are shown. 
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2.3.5 Heme triggers the alterations of the electron transport chain 
protein expression levels 

The protein expression levels of the electron transport chain were studied to 

evaluate the effects of increasing heme biosynthesis on the oxidative phosphorylation 

system. The protein expression levels of cytochrome c and electron transport chain 

were observed in the presence or absence of 1 mM ALA addition for 96 hours at 37°C 

in a 5% CO2 incubator. The samples were then collected and being analyzed by 

western blotting. Results of the protein expression level of these membrane protein 

complexes of the electron transport chain were showing as electropherogram in 

Figure 2.8 (A) and band intensity graphs were plotted as in Figure 2.8 (B). 

Protein expression levels of the electron transport chain were observed in 

myoblast cells with the addition of ALA compared to the control. Protein expression 

levels of complex I and complex II were found to be significantly decreased by 60% 

and 40% respectively in the presence of ALA (p < 0.05). These data might be attributed 

with both complex I and complex II have multiple iron-sulfur clusters, it has the 

possibility to provide a source of iron ion, enhanced heme biosynthesis further in the 

presence of ALA. Therefore, both complex I and complex II protein expression levels 

were decreased with the addition of ALA and followed by increasing of heme 

biosynthesis. On the one hand, it was found out that there was no significant difference 

in the protein expression level of complex V and complex III. On the other hand, the 

current results presented that the protein expression levels of cytochrome c and 

complex IV were significantly increased about 35% and 50% respectively with the 

addition of ALA (p < 0.05). The results of protein expression levels of the electron 

transport chain here suggested that addition of ALA stimulates the oxidative 

phosphorylation system by upregulation mitochondria respiratory chain cytochrome c 

oxidase, it indicated by a significant increase. 
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(A) 

 
 
(B) 

 
Figure 2.8 Protein levels of mitochondrial OXPHOS. (A) The protein expression 
levels of mitochondrial OXPHOS were measured by Western blot. (B) Graphs of band 
intensity ratio analysis relative to β-actin are shown. One-way ANOVA (Tukey’s test) 
was performed for each data set to show significant differences in mean values 
between treated and untreated samples, *P < 0.05, **P < 0.01 vs. nontreated control 
group (Control). Data are expressed as means ± standard deviation (SD) in three 
independent experiments. 
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2.3.6 COX activity measurement 
ALA has been reported to increase COX activity by 40% in the liver of C57BL/6N 

mice (Sugiyama et. al., 2014). To further study this effect, mitochondrial fractions 

extracted from ALA administered myoblast cells were used to measure COX activity. 

COX activity was measured by quantifying the oxidation of reduced cytochrome c. 

COX activity significantly increased in the presence of ALA (Figure 2.9; P < 0.01). 

This result indicates that an increase in mitochondrial OXPHOS system capacity, 

which may suggest an increase in mitochondrial activity. 
 

 
Figure 2.9 Enzymatic activity of COX per mg protein. One-way ANOVA (Tukey’s 
test) was performed for each data set to show significant differences in mean values 
between treated and untreated samples, **P < 0.01 vs. nontreated control group 
(Control). Data are expressed as means ± standard deviation (SD) in three 
independent experiments. 
 
2.3.7 Quantification of ATP production levels 

In the previous report, the ATP production level was significantly higher in ALA 

administered mouse liver cells (Ogura et. al., 2011). To further confirm this, was added 

to the cells. Mitochondrial fractions extracted from each treatment were used to 

measure the total ATP production level. Supporting the occurrence of an increase in 

COX activity, total ATP production level strongly promoted after treatment with ALA 

(Figure 2.10; P < 0.05). These data show that the addition of ALA increased 
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mitochondrial activity through stimulates the mitochondrial OXPHOS system by 

activating COX activity. 

 
Figure 2.10 ATP production levels. One-way ANOVA (Tukey’s test) was performed 
for each data set to show significant differences in mean values between treated and 
untreated samples, **P < 0.01 vs. nontreated control group (Control). Data are 
expressed as means ± standard deviation (SD) in three independent experiments. 
 
2.4 DISCUSSION  

Mitochondria in cells are very important essential organelles for maintaining 

homeostasis system, including heme biosynthesis in the organism. It has been well 

known that abnormalities in number of mitochondria and mitochondrial dysfunctions 

are the key player in variety of disease and human abnormalities/disorders (Wallace, 

2009; Stöckl et. al., 2006; Short et. al., 2005; Conley, 2000) such as aging (Patel, 

2002; Payne & Chinnery, 2015; Srivasta, 2017; Trifunovic & Larsson, 2008; Sun et. 

al., 2016), diabetes (Gerbitz et. al., 1996; Parish & Petersen, 2005; Ritov et. al., 2005), 

cancer, and neurodegenerative diseases including Parkinson’s (Mizuno et. al., 1989), 

Huntington’s and Alzheimer diseases (Candeias et. al., 2012; Sheng et. al., 2012). In 

addition, reduction in mitochondrial respiration has also reported in cancer that leading 

cause of death. Furthermore, in healthy people, with the aging process, the decrease 

in the number of mitochondria, mitochondrial biogenesis capacity, and the associated 

protein of electron transfer system in electron transport chain were reported to be 

decreased (Short, 2005; Conley, 2000). 
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From all of the facts and growing pieces of evidence explained above, it is really 

important to develop a health care treatment to prevent the dysfunction of 

mitochondria and keep maintain its functions. In this study, ALA is proposed to use 

because it has attracted much attention for its great potential applications in the fields 

of medicine. This study also shows the schematic illustration of the addition of ALA in 

cells and its possibilities to make some effects on the oxidative phosphorylation 

system, including in the electron transfer in the electron transport chain. 

This present study revealed that the protein expression levels of the electron 

transport chain in myoblast cells were quantified and tabulated in Table 2.4. It is 

clearly seen that protein expression levels of cytochrome c and complex IV were 

significantly increased by 35% and 50%, respectively, with the addition of ALA. Based 

on these findings, it is strongly believed that the addition of ALA elevated the oxidative 

phosphorylation system.  

 

Table 2.4 Summary on protein expression levels of electron transport chain 
 

Complex I & II ↓ 

Complex III & V No changes 

Cytochrome c & Complex IV ↑ 

  

The results of mitochondrial content studied mt-DNA copy number analysis, it 

revealed there are no significant differences were observed between samples treated 

with ALA compared to the control, which means mitochondrial content in both samples 

relatively equal. Thus, addition of ALA did not affect the mitochondrial content in 

myobloast cells. Following the unchanged on mitochondrial content after ALA 

administered, we hypothesized that mitochondrial biogenesis would not change as 

well. Using qRT-PCR analysis, we demonstrated the relative mRNA-expression of 

mitochondrial biogenesis related genes namely TFAM, NRF1, and NRF2 & PGC-1α 

were similar in the absence and presence of ALA. Supporting mRNA results, the 

protein expression level of PGC-1α did not alter after the addition of ALA.  

All in all, the data in this study reveals that the addition of ALA in myoblast 

(C2C12) cells caused upregulation on heme biosynthesis. The study also 
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demonstrated that ALA stimulated the oxidative phosphorylation system by 

upregulation the mitochondria respiration chain cytochrome c oxidase or complex IV. 

Moreover, the ATP production level was significantly increase after the administration 

of ALA. Nonetheless, the presence of ALA alone did not affect mitochondrial content 

and mitochondrial biogenesis.  
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CHAPTER 3 

5-AMINOLEVULINIC ACID AND SODIUM 
FERROUS CITRATE ENHANCED 

MITOCHONDRIAL ACTIVITIES IN MYOBLAST 
CELLS 
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3.1 INTRODUCTION 
Mitochondria are rod-shaped that can be considered the power generators of the 

cell through the oxidative phosphorylation. Mitochondria perform pivotal cellular 

reactions, including the regulation of cell death, calcium metabolism and the 

production of reactive oxygen species (Spinazzi et. al., 2012). Unit of energy in cells 

is ATP and the main synthesis pathway to aerobic organisms is oxidative 

phosphorylation. During OXPHOS, electrons are transferred from electron donors to 

electron acceptors such as oxygen, in redox reactions. These redox reactions 

generate energy, which is used to convert adenosine diphosphate (ADP) to ATP. 

These redox reactions are carried out by a series of protein complexes embedded in 

the inner mitochondrial membrane called electron transport chain. 

Dysfunction of mitochondria is notorious as a key player in a variety of human 

disorders, such as aging, diabetes, cancer, and neurodegenerative diseases including 

Parkinson’s, Huntington’s and Alzheimer diseases (Allen et. al., 2018; Gris, 2009; Gris, 

2013). In the previous experiment, it was reported that COX activities in mitochondria 

were lower in tumors cells compared to normal cells, it can be categorized as defects 

in the oxidative phosphorylation (Sugiyama et. al., 2012; Sugiyama et. al., 2013). 

Among those findings, it also revealed that the addition of ALA caused an increase in 

COX activity both in vivo and in vitro based on experiments carried out by Sugiyama 

(2011). All of the previous experiments demonstrated that ALA administered both in 

vitro and in vivo stimulates oxidative phosphorylation by upregulation of the 

mitochondrial respiratory chain cytochrome c oxidase.  

The effect of ALA on mitochondrial activity was studied in the previous chapter, 

and it was reported that ALA increased mitochondrial activity by stimulating the 

OXPHOS system. To further increase the mitochondrial activity, SFC is used. Since 

SFC is the iron ion provider, that has the possibility to increase heme biosynthesis and 

HO-1 protein expression level. Moreover, it also has the potential to up-regulate the 

expression levels of heme protein and eventually improve mitochondrial activity by 

stimulating the oxidative phosphorylation system. 

Additionally, during the synthesis of heme, ALA immediately is converted to PpIX 

via several steps. After that, heme is formed by the insertion of iron ion to PpIX; SFC 

can provide the free iron ion for this process. Interestingly, mitochondrial respiration 

chain complex IV and cytochrome c are heme proteins; and it is sensitive to changes 
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in heme concentration in mitochondria. Previous studies have reported that 

exogenously addition of ALA increases heme biosynthesis (Miura et. al., 2015), and it 

is possible to increase mitochondrial activity. Furthermore, ALA combined with SFC in 

healthy humans increased heme oxygenase-1 (HO-1) (Takeda et.al., 2017; Ito et. al., 

2018). This study aims to investigate the effect of ALA and SFC on mitochondrial 

activity in myoblast cells. Moreover, this study also focused on analyzing the effect of 

ALA, SFC, and ALA combined with SFC on the protein that contains iron-sulfur (Fe-

S) clusters in mitochondria in myoblast cells. Myoblast cells are mouse skeletal muscle 

cell lines. This cell is a suitable model for assessing mitochondrial activity because 

muscle cells rely on OXPHOS to produce energy (McMahon et. al., 1994; Chung et, 

al., 2007; Chung et,.al, 2008). Therefore, in this chapter, the effect of exogenous 

addition of ALA and SFC on mitochondrial activity in myoblast cells could be observed 

as illustrated in Figure 3.1. 

 
Figure 3.1 Conceptual diagram of addition of exogenous ALA, SFC, and 
ALA+SFC in myoblast cells. 
 

3.2 MATERIALS & METHODS  
Chemicals 

DMEM-high glucose medium, DMEM-low glucose medium, and antibiotic-

antimycotic mixed stock medium (ABAM) were purchased from Nacalai Tesque (Kyoto, 

Japan). Fetal bovine serum (FBS) and horse serum (HS) were purchased from 

Invitrogen (Carlsband, California, USA). Aminolevulinic acid (ALA) was purchased 

from Cosmo Bio Co. Ltd. (Tokyo, Japan).  
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Cell culture 
Mouse myoblast cells, namely the C2C12 cell line, were obtained from RIKEN, 

Japan. Myoblast cells were cultured in DMEM-high glucose culture medium. Cells 

were incubated and followed by addition of 10% FBS and 10% ABAM, at 37°C in a 

5% CO2 incubator. When cells were reached 70% – 80% confluency previous medium 

was replaced with differentiation medium, DMEM-low glucose followed by addition of 

2% HS and 10% ABAM. Differentiation medium was replaced with fresh ones every 

48 hours for 6 days. Cell number for seeding in various experiments is tabulated in 

Table 3.1. 

 

Table 3.1 Amount of cell seeded for each experiment 
Experiments Seeding cell number (cells / well) 

Heme production level 

0.5 x 106 cells 

HO-1 protein expression level 

Protein expression level of electron 

transport chain  

Protein expression level containing Fe-S 

clusters in mitochondria 

COX activity measurement 0.5 x 107 cells 

ATP production level quantification  

 

Heme production quantification using High performance Liquid 
Chromatography (HPLC) 

Cells were seeded in 35 mm dishes and incubated at 37°C in a 5% CO2 incubator 

to reach confluency then differentiated to be myotube. Experiments were carried out 

in triplicates per sample. Addition of ALA was carried out and cells were further 

incubated under the same condition for the next 96 hours. In order to quantify 

extracellular heme, medium with serum should be avoided but not if only quantify 

intracellular heme. Cells on 35 mm dishes first were placed on ice and washed with 

cold PBS 3 times. Cells were lysed with 150 µL 0.1 N NaOH. a volume of 50 µL of cell 

suspension from each sample were taken out and added into a new 1.5 mL centrifuge 

tube containing 150 µL of (1 : 9; 1 M CH3COONH3, 12.5% acetonitrile, pH 5.2 : 50 mM 

CH3COONH3, 80% acetonitrile, pH 5.2). Cells suspension then underwent 
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centrifugation under 10,000 x g for 10 minutes. Supernatants were recovered and 

pellets were discarded. 

HPLC analysis of heme was carried out using Type Prominence System 

(Shimadzu Manufacturing Co., Kyoto, Japan) equipped with reverse phase C18 

column (CAPCELL PAK, C18, SG300, 5 µm, 4.6 mm x 250 mm, Osaka Soda Co. Ltd., 

Osaka) while maintaining at temperature of 40°C. Mobile phase A, comprising 1 M 

ammonium acetate solution containing 12.5% acetonitrile (adjusted to pH 5.2), and 

mobile phase B made up of 50 mM ammonium acetate solution containing 80% 

acetonitrile, were used in elution of heme. 50% mobile phase B was first directed at a 

flow rate of 1.0 mL / min for 10 minutes following by driving mobile phase B into column 

from a linear gradient ranging from 90% for 10 minutes and finally 90% mobile phase 

B at a flow rate 2.0 mL / min for another 10 minutes elution program. Protein 

concentration of each samples were determined using Bradford’s method using 

Quickstart Bradford 1 x Dye reagent (Biorad laboratories, Inc., Hercules, California, 

USA). 

 

Western blotting 
Western blotting experiments were carried out to quantify the expression level of 

proteins in cell using modified method based on Kogot-Levin et. al. (2016). Cells were 

first washed with PBS (-), followed by addition Lysis Buffer A [50 mM Tris-HCl (pH 7.4), 

20 mM N-methylaleimide, 1 mM DTT, 1% (v/v) Triton X-100 and Protease inhibitor 

cocktail (Nacalai Tesque)]. The cell suspensions were homogenized using a 27 G 

syringe for at least 10 times and centrifuge at 1000 x g for 10 minutes at 4°C. Protein 

samples were then recovered and stored at -80°C freezer for future use. 

Protein samples were next treated with SDS-PAGE electrophoresis using 7.5% 

and 11.25 polyacrylamide gel. These separated proteins were then transferred onto 

an Immobilon-P PVDF membrane (Milipore Corp., M.A) whereby blocking and 

antibody treatment would be carried out next. Blocking was carried out by incubating 

the membrane at room temperature for 60 minutes in 5% (w/v) skimmed milk dissolved 

in TBST [20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.05% (v/v) Tween 20].  

Mouse anti-cytochrome c oxidase sub unit I antibody (complex IV) (Santa Cruz 

Biotechnology Inc., Dallas, Texas, USA; 1:200 dilution), and human anti-actin antibody 

(MP Biomedicals, Santa Ana, CA, USA; 1:200 dilution) which served as internal control, 
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were used in primary antibody treatment. Secondary antibody used in this study were 

horseradish peroxidase (HRP)-conjugated anti-mouse (Cell Signaling Technology, 

Beverly, MA, USA) and anti-rabbit IgG (Santa Cruz Biotechnology Inc., Dallas, Texas, 

USA) concentrate, which were diluted 3000 times in TBST solution. Substrate for HRP 

used in this study were Western Lightning Chemiluminescent Reagent Plus, Western 

Lightning Chemiluminescent Reagent Pro (PerkinElmer Life and Analytical Sciences, 

Waltham, MA, USA), Western Blot Ultra-Sensitive HRP substrate (TaKaRa Bio, Inc., 

Shiga, Japan). Chemiluminescent were used to quantify protein expression levels 

using Lumino Imaging Analyzer LAS-4000 mini (GE Healthcare UK, Amersham Place, 

England).  

 

Enzymatic activities of cytochrome c oxidase  
Measurement of COX activity was carried out by colorimetric analysis using 

cytochrome c oxidase kit (Sigma Aldrich Corporation, Tokyo, Japan). Protein 

concentration of the extracted mitochondria was determined by the Bradford method. 

Then, mitochondrial fractions were diluted and adjusted to 100 µg protein / 100 µl with 

enzyme dilution buffer containing 1 mM n-dodecyl β-D-maltoside. Reduced 

cytochrome c that reduced by dithiothreitol (DTT) was added to the sample and COX 

enzymatic activity was measured by following the oxidation of reduced cytochrome c 

at 550 nm. Cytochrome c has a large difference in molar absorptivity at 550 nm 

between the reduced and oxidized forms (Bery et. al., 1987). Accordingly, the COX 

activity was calculated based on the absorbance of the oxidation of reduced 

cytochrome c at pH 7.0 and 25°C. Then, the rate of the oxidation of reduced 

cytochrome c (1.0 µmol / min) was defined as a unit. 

 

Enzymatic activities of cytochrome c oxidase  
Measurement of COX activity was carried out by colorimetric analysis using 

cytochrome c oxidase kit (Sigma Aldrich Corporation, Tokyo, Japan). Protein 

concentration of the extracted mitochondria was determined by the Bradford method. 

Then, mitochondrial fractions were diluted and adjusted to 100 µg protein / 100 µl with 

enzyme dilution buffer containing 1 mM n-dodecyl β-D-maltoside. Reduced 

cytochrome c that reduced by dithiothreitol (DTT) was added to the sample and COX 

enzymatic activity was measured by following the oxidation of reduced cytochrome c 
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at 550 nm. Cytochrome c has a large difference in molar absorptivity at 550 nm 

between the reduced and oxidized forms (Bery et. al., 1987). Accordingly, the COX 

activity was calculated based on the absorbance of the oxidation of reduced 

cytochrome c at pH 7.0 and 25°C. Then, the rate of the oxidation of reduced 

cytochrome c (1.0 µmol / min) was defined as a unit. 

 

Cytotoxicity assay 
Cytotoxicity level of specific reagents that used in various purposes was carried 

out by colorimetric analysis using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium 

bromide (MTT). Cells were grown in 96 well microplates, a specific chemical was 

added and dilution series was made by shift each 100 µL to the right lane, after that 

96 well microplates was incubated for 96 hours at 37°C in a 5% CO2 incubator. A 10 

µL mixed PBS and MTT was added in each well then incubated for 4 hours at 37°C in 

a 5% CO2 incubator, 100 µL 10% SDS was added then incubated for another 24 hours. 

Absorbance were measured in 2 different wavelengths at 570 nm and 650 nm using 

Multiskan FC (Thermo Fischer,  Massachusetts, USA). The obtained data was 

analyzed using Microsoft Excel program. 

 

Adenosine triphosphate (ATP) level determination 
Cellular ATP level in the myoblast mitochondria homogenates was extracted with 

extraction solution in the XL-ATP kit (APRO, Krefeld, Germany) according to the 

protocol offered by the manufacturer. Cells were first washed twice with PBS after 

harvested by trypsinization for cell count, followed by centrifugation. ATP in cultured 

cells was extracted with ATP extraction reagent containing phenol and chloroform. 

Resulting supernatants called ATP extraction solution, as described previously (Yao 

et. al., 20018). Samples were then recovered and stored at -20°C freezer for future 

use. ATP levels in these extracts were determined by measuring the relative 

luminescence unit (RLU) from samples mixed with assay buffer containing luciferase 

using Lumino Imaging Analyzer LAS-4000 mini (GE Healthcare UK, Amersham Place, 

England) and normalized relative to the protein concentrations or live cell numbers. 

Protein concentration was measured by the Bradford method and live cell numbers 

were counted by a colorimetric method with trypan blue using Countess II FL 

Automated Cell Counter (Invitrogen, Tokyo, Japan). 
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Statistical analysis of data 
Data obtained are presented as the means of the replicates ± standard deviation 

(SD). One-way ANOVA (Tukey’s test) was performed for each set of data, 

and p values < 0.05 and < 0.01 were considered statistically significant. 

 

3.3 RESULTS 
3.3.1 Intracellular heme production levels  

ALA is the heme precursor in the PpIX biosynthesis pathway that leads to heme 

production. ALA, SFC, and ALA+SFC have previously been reported to enhance 

heme production. To further clarify this effect, intracellular heme levels were measured. 

Figure 3.2 shows that ALA and SFC increases intracellular heme significantly (Figure 
3.2; P < 0.05); furthermore, the escalation was more evident in ALA+SFC (Figure 3.2; 

P < 0.01). To conclude, the addition of ALA increased PpIX biosynthesis and led to 

increased intracellular heme levels. Alongside the existence of ALA, SFC as a source 

of iron ions was further induced by heme biosynthesis. 

 
Figure 3.2 Concentration of heme production levels. One-way ANOVA (Tukey’s 
test) was performed for each data set to show significant differences in mean values 
between treated and untreated samples, *P < 0.05, **P < 0.01 vs. nontreated control 
group (Control). Data are expressed as means ± standard deviation (SD) in three 
independent experiments 
 

3.3.2 HO-1 protein expression levels  
Western blot was performed to analyze the HO-1 protein expression level. Band 

intensity ratio analysis from western blot results showed that HO-1 protein expression 
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was elevated by the addition of ALA and SFC as shown in Figure 3.3. Thus, these 

results showed that the protein expression level of HO-1 is in line and consistent with 

the intracellular heme concentration. 

 
Figure 3.3 Protein levels of HO-1. (A) Western blot result of HO-1 protein. (B) 
Graphs of band intensity ratio analysis relative to β-actin are shown. One-way ANOVA 
(Tukey’s test) was performed for each data set to show significant differences in mean 
values between treated and untreated samples, *P < 0.05, **P < 0.01 vs. nontreated 
control group (Control). Data are expressed as means ± standard deviation (SD) in 
three independent experiments 
 

3.3.3 ETC protein expression levels 

Heme is synthesized through the porphyrin pathway, in which ALA is the 

precursor. Then, ALA is converted into PpIX. Lastly, the insertion of ferrous ions then 

produces heme, while SFC can provide the source of free iron ions. Heme functions 

as a protein-bound prosthetic group in mitochondrial OXPHOS complex IV and 

cytochrome c. A further effect of ALA on mitochondrial OXPHOS protein was studied 

by Western blot analyses (Figure 3.4 (A)). The protein expression of 
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cytochrome c and complex IV were significantly up-regulated following the 

administration of ALA and ALA+SFC (Figure 3.4 (B); P < 0.05). Whereas the addition 

of SFC increases complex IV only (Figure 3.4 (B); P < 0.05). On the one hand, 

complex I and complex II protein (both have iron-sulfur clusters) expression levels 

were significantly down-regulated after treatment with ALA (Figure 3.4 (B); P < 0.01). 

Contrarily, it was notably up-regulated after treatment with SFC (Figure 3.4 (B); P < 

0.05) and recovered back to the control level in ALA+SFC. On the other hand, ALA, 

SFC, and ALA+SFC did not significantly impact complex III and complex V protein 

expression levels (Figure 3.4 (B)). Taken together, hemeproteins in mitochondrial 

OXPHOS have shown a remarkable increase after the addition of ALA and ALA+SFC, 

where SFC only increased the complex IV. Moreover, SFC significantly increased the 

OXPHOS protein expression containing iron-sulfur clusters in mitochondria. However, 

it was remarkably down-regulated in the presence of ALA. 
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(B) 

      

      

      
Figure 3.4 Protein levels of mitochondrial OXPHOS. (A) The protein expression 
levels of mitochondrial OXPHOS were measured by Western blot. (B) Graphs of band 
intensity ratio analysis relative to β-actin are shown. One-way ANOVA (Tukey’s test) 
was performed for each data set to show significant differences in mean values 
between treated and untreated samples, *P < 0.05, **P < 0.01 vs. nontreated control 
group (Control). Data are expressed as means ± standard deviation (SD) in three 
independent experiments 
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3.3.4 Measurement of enzymatic activities of COX 
COX is one of five proteins in mitochondrial OXPHOS, which regulates the 

mitochondrial OXPHOS system (Sugiyama et. al., 2012) ALA has been reported to 

increase COX activity in C57BL/6N mice (Ogura et. al., 2011). To further study this 

effect, mitochondrial fractions extracted from ALA, SFC, and ALA+SFC administered 

myoblast cells were used to measure COX activity. COX activity was measured by 

quantifying the oxidation of reduced cytochrome c. COX activity obviously increased 

in the presence of ALA, SFC, and ALA+SFC (Figure 3.5; P < 0.01). This result 

indicates increased mitochondrial OXPHOS system capacity, suggesting increased 

mitochondrial activity. 

 
Figure 3.5 Enzymatic activity of COX per mg protein. COX activity was enhanced 
by ALA, SFC, and ALA+SFC. One-way ANOVA (Tukey’s test) was performed for each 
data set to show significant differences in mean values between treated and untreated 
samples, *P < 0.05, **P < 0.01 vs. nontreated control group (Control). Data are 
expressed as means ± standard deviation (SD) in three independent experiments  

 

3.3.5 Determination of ATP production levels 

ALA, SFC, and ALA+SFC were added to the myoblast cells to confirm this further. 

Mitochondrial fractions were extracted from each treatment (ALA, SFC, and 
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P < 0.01). These data show that ALA and SFC increased mitochondrial activity by 

activating COX activity by stimulating the mitochondrial OXPHOS system. 

 
Figure 3.6. ATP production levels. ATP levels were promoted by adding ALA, SFC, 
and ALA+SFC. One-way ANOVA (Tukey’s test) was performed for each data set to 
show significant differences in mean values between treated and untreated samples, 
*P < 0.05, **P < 0.01 vs. nontreated control group (Control). Data are expressed as 
means ± standard deviation (SD) in three independent experiments  

 
 

3.3.6 Expression levels of the protein containing Fe-S clusters in 
mitochondria 

In the aerobic growth of cells, iron-sulfur clusters have significant roles, including 

regulating enzyme activity and gene expression (Staples et. al., 1996). Previously, 
Figure 3.4 revealed that ALA significantly down-regulated the protein expression 

levels of mitochondrial OXPHOS complex I and complex II. Complex I and complex II 

containing iron-sulfur clusters, and the formation of these clusters requires free ion 

iron. Therefore, the decline of protein expression in both complexes was assumed 

because the formation of iron-sulfur clusters is disrupted by a lack of free ions in 

mitochondria. This phenomenon is caused by the increase in heme biosynthesis by 

the adding ALA that requires a tremendous amount of free iron. Therefore, the other 

proteins containing iron-sulfur clusters in mitochondria ferrochelatase (FECH) and 

aconitase 2 were analyzed; besides ALA, SFC was added as the free iron ion source. 

Protein expression levels of FECH and aconitase 2 are independent of mitochondrial 

OXPHOS, and both complexes were evaluated by Western blot (Figure 3.7 (A)). Band 

intensity graphs were plotted in Figure 3.7 (B). Expression levels of aconitase 2 and 
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FECH were significantly down-regulated following the addition of ALA (Figure 3.7 (B); 

P < 0.01) and (Figure 3.7 (B); P < 0.05), respectively; on the contrary, administration 

of SFC showed a significant upregulation in both proteins (Figure 3.7 (B); P < 0.05). 

Besides, SFC reverses the reduction of protein expression of aconitase 2 and FECH 

caused by ALA addition back to the control level. Therefore, this evidence 

demonstrated that proteins containing iron-sulfur clusters are sensitive to the changes 

of free ion iron in mitochondria. 
 

(A) 

 
(B)  

      
Figure 3.7 Protein levels of proteins containing iron-sulfur-clusters in 
mitochondria. (A) Expression levels of proteins that have the iron-sulfur clusters were 
measured by Western blot. (B) Graphs of band intensity ratio analysis relative to β-
actin are shown. ALA down-regulated the protein expression levels of aconitase 2 and 
FECH. On the one hand, it was significantly increased by SFC, and it recovered back 
to the control level in ALA+SFC. One-way ANOVA (Tukey’s test) was performed for 
each data set to show significant differences in mean values between treated and 
untreated samples, *P < 0.05, **P < 0,01 vs. nontreated control group (Control). Data 
are expressed as means ± standard deviation (SD) in three independent experiments. 
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3.4 DISCUSSION  
Mitochondria have been recognized as the powerhouse of cells. It is the primary 

site to produce ATP in cells through the OXPHOS system and carries various 

metabolic functions. These include a central hub for multiple transducing in immune 

response and maintaining the heme homeostatis (Leighton et. al., 1995; Mehta et. al., 

2017). Dysfunction in mitochondrial activities has been notorious as the cause of a 

variety of human disorders, such as aging, diabetes, cancer, and neurodegenerative 

diseases (Wallace, 1999; Stöckl et. al., 2006). Consequently, maintaining 

mitochondrial activity is very important to prevent those diseases.  

One of the functions of mitochondria is to regulate the heme homeostatis. Heme 

has a diverse biological function in cells, including electron transfer in the electron 

transport chain of the OXPHOS system (Lill et. al., 2015). Moreover, changes in heme 

concentration directly impact heme proteins and mitochondrial activity. This study 

revealed the importance of heme precursor ALA and SFC as the source of free iron 

ions on mitochondrial activity in myoblast (C2C12) cells. This research has shown that 

ALA or SFC alone and a combination of ALA and SFC significantly enhanced heme 

production. These results correspond to several previous studies that showed that 

ALA stimulates the PpIX biosynthesis. Also, SFC is a source of free iron and induces 

ferrochelatase (Miura et. al., 2015). Accordingly, these data suggest that ALA and SFC 

are necessary to generate heme. To the best of our knowledge, this is the first study 

to investigate the effects of ALA and SFC on myoblast cells. 

HO-1 degraded heme into iron, CO, and biliverdin. Furthermore, HO-1 and heme 

concentration in mitochondria is inseparable. This research demonstrated that HO-1 

protein expression levels were significantly up-regulated in the addition of ALA or SFC 

alone. Moreover, these effects were further enhanced in the combination of ALA+SFC. 

The protein expression levels of HO-1 had the same trend as intracellular heme in the 

presence of ALA and SFC. Based on these outcomes, intracellular heme 

concentration and the expression levels of HO-1 have a consistent linear relationship. 

The addition of ALA and ALA+SFC resulted in a significant increase of heme 

proteins in mitochondrial OXPHOS, such as cytochrome c and complex IV, where 

SFC only increased the complex IV. This phenomenon is supported by the fact that 

both ALA and SFC significantly increased intracellular heme. These data suggest that 

ALA and SFC trigger the activation of OXPHOS. Conversely, complex III and complex 
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V protein expression levels were most likely not affected by ALA, SFC, and ALA+SFC. 

On the other hand, ALA markedly reduced complex I and complex II protein 

expression levels. However, in the abundance of free iron ions by SFC addition, 

complex I and complex II significantly up-regulated. Then, the addition of ALA+SFC 

reversed the effect of ALA and recovered the protein expression levels of complex I 

and complex II back to the control level. 

Further investigation revealed the decrease of complex I and complex II protein 

expression levels because both possess the iron-sulfur clusters that are sensitive to 

the changes of free ion iron in mitochondria. Iron-sulfur clusters are a versatile 

chemical utilized in prime life processes such as energy production, gene expression 

regulation, protein translation, and antiviral response (Fuss et. al., 2015) Moreover, 

protein contains iron-sulfur clusters strongly associated with mitochondria, especially 

electron transfer in the electron transport chain (Johnson et. al., 2005). 

In mitochondria, free ion iron deficiency is caused by the tremendous amount of 

free iron ion required during the increased heme biosynthesis followed by the ALA 

administration. Similar results confirmed these findings on aconitase 2 and FECH 

protein expression levels in mitochondria. Both aconitase 2 and FECH have iron-sulfur 

clusters and are independent of the mitochondrial OXPHOS system but showed a 

similarity in profile with complex I and complex I in the presence of ALA and SFC. In 

addition, iron-sulfur clusters type [2Fe-2S] are present in complex I and complex II 

(Sheftel et. al., 2010). 

COX is the mitochondrial OXPHOS system enzyme that catalyzes the electron 

transfer from reduced cytochrome c to molecular oxygen (Flint et. al., 1996); the 

electrons and hydrogen ions reduce molecular oxygen into water (Calhoun et. al., 

1994). In most mitochondrial disorders, COX activity was reported to be declined (Rak 

et. al., 2016). Myoblast cells rely on mitochondrial OXPHOS to produce ATP (Chung 

et. al., 2007; McMahon et. al., 1994). In this study, it was observed that ALA, SFC, 

and ALA+SFC increased the activity of COX significantly. This finding is correlated 

with the up-regulation in the protein expression levels of heme protein after the 

addition of ALA, SFC, and ALA+SFC, except cytochrome c was not affected by the 

addition of SFC. Thus, these results illustrated that ALA, SFC, and ALA+SFC stimulate 

the OXPHOS system by increasing complex IV protein expression level and activity. 

In line with the increase of the OXPHOS system, the addition of ALA, SFC, and 

ALA+SFC effectively enhanced the ATP levels.  
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4.1 INTRODUCTION  
Mitochondria have essential functions in cellular reactions, importantly in 

generation of energy in cells (Friedman et. al., 2014; Brand et. al., 2013). Mitochondria 

generate energy through OXPHOS system, it comprises five major membrane 

complexes and two-electron carriers in the inner mitochondrial membrane (Johnson 

et. al., 1980). However, in cancer cells, there is a phenomenon, namely the Warburg 

effect, where cancer cells preferentially metabolize glucose by glycolysis in cytosol, 

producing lactate as an end product, despite the presence of oxygen (Gogvadze et. 

al., 2010). In a recent study, deprivation of COX leads to mitochondrial disorders, such 

as cancer. Therefore, improving COX activity can shift this phenomenon to the usual 

citric acid cycle and OXPHOS in the mitochondria. Furthermore, COX activity can 

generate reactive oxygen species (ROS) (Hüttemann et. al., 2012). Eventually, it can 

be an approach to killing the cancer cell.  

5-aminolevulinic acid (ALA) is used widely used for photodynamic therapy (PDT). 

In this PDT, protoporphyrin IX (PpIX), which is converted from ALA (Paul et. al., 2017; 

Casas et. al., 2001; Lai et. al., 2019), can generate reactive oxygen species (ROS) 

that kill the cancer cell. ALA is also reported to promote cytochrome c oxidase (COX) 

activity, which can generate ROS (Peng et. al., 1997). This study focused on the effect 

of ALA during PDT. In addition, in the previous study, sodium ferrous citrate (SFC) is 

reported to increase COX activity (Nishio et. al., 2014). 

Previous studies have also reported that ALA increases heme biosynthesis 

(Miura et. al., 2015), possibly increasing heme protein. Furthermore, mitochondrial 

respiration chain complex IV and cytochrome c are heme proteins. Moreover, ALA 

combined with SFC was reported to increase heme oxygenase-1 (HO-1) (Ito et. al., 

2018) However, in the previous studies, treatment in human gastric cancer cell line 

MKN45 has never targeted the COX activity that can generate ROS to reduce the cell 

viability with the combination of ALA and SFC (Yoshimoto et. al., 2015). Therefore, 

this study focused on the effect of ALA during PDT. In addition, it also aims to 

investigate the ROS generation that kills the cancer cell with ALA and SFC as 

illustrated in Figure 4.1 and its contribution to the effect of PDT. 
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Figure 4.1 Conceptual diagram of addition of exogenous ALA, SFC, and 
ALA+SFC 
 

4.2 MATERIALS & METHODS  
Chemicals 

ALA hydrochloride was purchased from Cosmo Bio Co., Ltd. (Tokyo, Japan). 

Sodium ferrous citrate (SFC) was purchased from Komatsuya Corporation (Osaka, 

Japan). Roswell Park Memorial Institute medium (RPMI) medium and antibiotic-

antimycotic (ABAM) mixed-stock medium were purchased from Nacalai Tesque (Kyoto, 

Japan). Fetal bovine serum (FBS) was purchased from Equitech-Bi (Texas, USA).  

 

Cell culture 
Table 4.1 Amount of cell seeded for each experiment 

Experiments Seeding cell number (cells / well) 

Heme production level 

0.5 x 106 cells 

HO-1 protein expression level 

Heme proteins expression level  

Intracellular ROS 

Cell viability  

COX activity measurement 0.5 x 107 cells 
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The human gastric cancer cell line MKN45 was obtained from Riken (Saitama, 

Japan). Cells were cultured and grew in growth medium (GM), GM [RPMI, D–(+)–

glucose, L-glutamine, 10% FBS, and 10% ABAM] at 37°C in a 5% CO2 incubator. For 

heme quantification, western blot, cell viability assay, and ROS measurement, (0.3 × 

106 cells/mL) cells were seeded, while (5.0 × 106 cells/mL) cells were seeded for COX 

activity assay. Cells were treated with ALA (1 mM), SFC (0.05 mM), and ALA+SFC (1 

mM+0.05 mM) for 96 hours, except for ROS measurement only for 24 hours under 

dark conditions considering the instability of SFC in light in all experiments. Cell 

number for seeding in various experiments is tabulated in Table 4.1. 

 

Quantification of intracellular heme 
Samples were lysed using NaOH, then cell suspensions were added into a 

mixture solution [1:9; (1 M CH3COONH3, 12.5% acetonitrile, pH 5.2):(50 mM 

CH3COONH3, 80% acetonitrile, pH 5.2)]. Heme concentration was measured by HPLC 

using the Type Prominence System from Shimadzu Corporation (Kyoto, Japan). The 

protein concentration of each sample was determined by Bradford’s method using 

Quickstart Bradford 1x dye reagent from Biorad laboratories, Inc. (California, USA). 

 

Enzymatic activities of cytochrome c oxidase  
Measurement of COX activity was carried out by colorimetric analysis using 

cytochrome c oxidase kit (Sigma Aldrich Corporation, Tokyo, Japan). Protein 

concentration of the extracted mitochondria was determined by the Bradford method. 

Then, mitochondrial fractions were diluted and adjusted to 100 µg protein / 100 µl with 

enzyme dilution buffer containing 1 mM n-dodecyl β-D-maltoside. Reduced 

cytochrome c that reduced by dithiothreitol (DTT) was added to the sample and COX 

enzymatic activity was measured by following the oxidation of reduced cytochrome c 

at 550 nm. Cytochrome c has a large difference in molar absorptivity at 550 nm 

between the reduced and oxidized forms (Bery et. al., 1987). Accordingly, the COX 

activity was calculated based on the absorbance of the oxidation of reduced 

cytochrome c at pH 7.0 and 25°C. Then, the rate of the oxidation of reduced 

cytochrome c (1.0 µmol / min) was defined as a unit. 
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Western blotting 
Western blotting experiments were carried out to quantify the expression level of 

proteins in cell using modified method (Kogot-Levin et. al. 2016). Cells were first 

washed with PBS (-), followed by addition Lysis Buffer A [50 mM Tris-HCl (pH 7.4), 20 

mM N-methylaleimide, 1 mM DTT, 1% (v/v) Triton X-100 and Protease inhibitor 

cocktail (Nacalai Tesque)]. The cell suspensions were homogenized using a 27 G 

syringe for at least 10 times and centrifuge at 1000 x g for 10 minutes at 4°C. Protein 

samples were then recovered and stored at -80°C freezer for future use. 

Protein samples were next treated with SDS-PAGE electrophoresis using 7.5% 

and 11.25 polyacrylamide gel. These separated proteins were then transferred onto 

an Immobilon-P PVDF membrane (Milipore Corp., M.A) whereby blocking and 

antibody treatment would be carried out next. Blocking was carried out by incubating 

the membrane at room temperature for 60 minutes in 5% (w/v) skimmed milk dissolved 

in TBST [20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.05% (v/v) Tween 20].  

Mouse anti-cytochrome c oxidase sub unit I antibody (complex IV) (Santa Cruz 

Biotechnology Inc., Dallas, Texas, USA; 1:200 dilution), and human anti-actin antibody 

(MP Biomedicals, Santa Ana, CA, USA; 1:200 dilution) which served as internal control, 

were used in primary antibody treatment. Secondary antibody used in this study were 

horseradish peroxidase (HRP)-conjugated anti-mouse (Cell Signaling Technology, 

Beverly, MA, USA) and anti-rabbit IgG (Santa Cruz Biotechnology Inc., Dallas, Texas, 

USA) concentrate, which were diluted 3000 times in TBST solution. Substrate for HRP 

used in this study were Western Lightning Chemiluminescent Reagent Plus, Western 

Lightning Chemiluminescent Reagent Pro (PerkinElmer Life and Analytical Sciences, 

Waltham, MA, USA), Western Blot Ultra-Sensitive HRP substrate (TaKaRa Bio, Inc., 

Shiga, Japan). Chemiluminescent were used to quantify protein expression levels 

using Lumino Imaging Analyzer LAS-4000 mini (GE Healthcare UK, Amersham Place, 

England).  

 

Cytotoxicity assay 
Cytotoxicity level of specific reagents that used in various purposes was carried 

out by colorimetric analysis using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium 

bromide (MTT). Cells were grown in 96 well microplates, a specific chemical was 

added and dilution series was made by shift each 100 µL to the right lane, after that 
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96 well microplates was incubated for 96 hours at 37°C in a 5% CO2 incubator. A 10 

µL mixed PBS and MTT was added in each well then incubated for 4 hours at 37°C in 

a 5% CO2 incubator, 100 µL 10% SDS was added then incubated for another 24 hours. 

Absorbance were measured in 2 different wavelengths at 570 nm and 650 nm using 

Multiskan FC (Thermo Fischer,  Massachusetts, USA). The obtained data was 

analyzed using Microsoft Excel program. 

 

Cell viability measurement 
Cell viability analysis was performed using an MTT assay. The MTT substrate is 

prepared in a physiologically balanced solution to cells cultured in 96-well plates at a 

concentration of (5 mg/ml) and incubated for 4 hours. Then, the same amount of 10% 

(w/v) sodium dodecyl sulfate (SDS) was added, and the cell was cultured overnight. 

The quantity of formazan, an MTT metabolite, was measured by recording changes in 

absorbance at a measurement wavelength of 570 nm and a reference wavelength of 

630 nm using a multiskan FC absorption microplate reader from Thermo Fisher 

Scientific (California, USA). 

 

Measurement of intracellular ROS 

Cells were grown until confluent, then ALA, SFC, and ALA+SFC were added and 

incubated. After 24 h, cells were washed with PBS. Then, 10 µM 2',7'-

dichlorodihydrofluorescin diacetate DCFH-DA in HBSS (+) was added and incubated 

for 30 minutes. Subsequently, DCFH-DA in HBSS was discarded and replaced with 

500 µL HBSS (-). Fluorescent intensity was measured using an f-7000 Fluorescence 

spectrophotometer from Hitachi (Tokyo, Japan). The excitation was set at 480 nm, 

whereas the emission was set at 525 nm. 

 

4.3 RESULTS 
4.3.1 Intracellular heme production levels 

ALA is the heme precursor of heme production. Furthermore, intracellular heme 

levels were measured. Figure 4.2 shows that ALA and SFC increase intracellular 

heme significantly. Moreover, the escalation was more evident in ALA+SFC. To 

conclude, the addition of ALA increased intracellular heme levels. Alongside the 
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existence of ALA, SFC as a source of iron ions was further induced by heme 

biosynthesis. 

 
Figure 4.2 Intracellular heme concentration. Heme concentration was enhanced 
by ALA, SFC, and ALA+SFC. One-way ANOVA (Tukey’s test) was performed for 
each data set to show significant differences in mean values between treated and 
untreated samples, *P < 0.05, **P < 0.01 vs. nontreated control group (Control). Data 
are expressed as means ± standard deviation (SD) in three independent experiments. 

 

4.3.2 HO-1 protein expression levels 
Western blot was performed to analyze the HO-1 protein expression level 

(Figure 4.3 (A)). Band intensity ratio analysis from western blot results showed that 

HO-1 protein expression was elevated by the addition of ALA and SFC (Figure 4.3 
(B)). Thus, these results showed that the protein expression level of HO-1 is in line 

and consistent with the intracellular heme concentration. 
 

 
 
 
 

 

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1

Control ALA SFC ALA+SFC

H
em

e 
 C

on
ce

nt
ra

tio
n 

[n
m

ol
 / 

m
g・

pr
ot

ei
n]

**

**

**



 53 

 
Figure 4.3 Protein levels of HO-1. (A) Western blot result of HO-1 protein. (B) 
Graphs of band intensity ratio analysis relative to β-actin are shown. HO-1 proteins 
were up-regulated by ALA, SFC, and ALA+SFC. One-way ANOVA (Tukey’s test) was 
performed for each data set to show significant differences in mean values between 
treated and untreated samples, **P < 0.01 vs. nontreated control group (Control). Data 
are expressed as means ± standard deviation (SD) in three independent experiments. 
 
4.3.3 Heme proteins expression levels 

Heme is synthesized through the porphyrin pathway, in which ALA is the 

precursor. Then, ALA is converted into PpIX. Lastly, the insertion of ferrous ions 

produces heme, while SFC can provide the source of free iron ions. Heme functions 

as a protein-bound prosthetic group in mitochondrial OXPHOS complex IV and 

cytochrome c. A further effect of ALA on mitochondrial OXPHOS protein was studied 

by Western blot analyses (Figure 4.4 (A)). The protein expression of 

cytochrome c and complex IV were significantly up-regulated following the 

administration of ALA, SFC, and ALA+SFC (Figure 4.4 (B)). Taken together, 

hemeproteins in mitochondrial OXPHOS have shown a remarkable increase after the 

addition of ALA, SFC, and ALA+SFC. 
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Figure 4.4 Protein levels of mitochondrial OXPHOS. (A) The protein expression 
levels of mitochondrial OXPHOS were measured by Western blot. (B) Graphs of band 
intensity ratio analysis relative to β-actin are shown. Cytochrome c and complex IV 
proteins were up-regulated by ALA, SFC and ALA+SFC. On the one hand, complex 
III and complex V were unaffected by ALA or SFC. One-way ANOVA (Tukey’s test) 
was performed for each data set to show significant differences in mean values 
between treated and untreated samples, *P < 0.05 vs. nontreated control group 
(Control). Data are expressed as means ± standard deviation (SD) in three 
independent experiments. 
 

4.3.4 COX activity measurement 
COX is one of five proteins in mitochondrial OXPHOS, which regulates the 

mitochondrial OXPHOS system (Brunori et. al., 1995). Mitochondrial fractions 

extracted from ALA, SFC, and ALA+SFC administered human gastric cancer cell line 

MKN45 were used to measure COX activity. COX activity was measured by 

quantifying the oxidation of reduced cytochrome c. COX activity significantly increased 

in the presence of ALA, SFC, and ALA+SFC, as shown in Figure 4.5. COX, as 

previously mentioned, can generate ROS. This result suggests an increasing 

generation of ROS itself. 
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Figure 4.5 Enzymatic activity of COX per mg protein. COX activity was enhanced 
by ALA, SFC, and ALA+SFC. One-way ANOVA (Tukey’s test) was performed for each 
data set to show significant differences in mean values between treated and untreated 
samples, **P < 0.01 vs. nontreated control group (Control). Data are expressed as 
means ± standard deviation (SD) in three independent experiments. 
. 
4.3.5 Intracellular ROS  

DCFH-DA probe was used to measure intracellular ROS in human gastric cancer 

cell line MKN45 following the administration of ALA, SFC, and ALA+SFC. When using 

this probe, 2',7'-dichlorodihydrofluorescein (DCF) fluorescence is positively correlated 

with levels of ROS; thus, fluorescence intensity is considered proportional to the 

amount of intracellular ROS. In Figure 4.6 relative fluorescent intensity showed 

enhanced fluorescence with the addition of ALA, SFC, and ALA+SFC. 
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Figure 4.6 Cellular ROS levels. ROS was measured after the administration of ALA, 
SFC, and ALA+SFC after 24 hours of treatment. One-way ANOVA (Tukey’s test) was 
performed for each data set to show significant differences in mean values between 
treated and untreated samples, *P < 0.05, **P < 0.01 vs. nontreated control group 
(Control). Data are means ± standard deviation (SD) of results in three independent 
experiments. 
 

4.3.6 Cell viability  
The viability of autologous cells is closely related to human health. Therefore, 

monitoring cell viability is vital for human health, sub-health, and disease detection 

(Zhang et. al., 2020; Teodoro et. al., 2012). In particular, cell viability monitoring also 

plays an essential role in drug screening, including drug development and efficacy 

evaluation (Ramirez et. al., 2010). The standard method commonly used for detecting 

cell viability is the MTT assay (Kumar et. al., 2018). Due to reduction by mitochondrial 

reductase, MTT with yellow color will turn into formazan with deep purple color. Cell 

viability assessed in the MTT assay after ALA, SFC, and ALA+SFC treatment is shown 

in Figure 4.7. Cell viability in human gastric cancer cell line MKN45 was significantly 

decreased in a concentration-dependent manner. This result corresponds to ALA that 

induced substantial intracellular ROS generation. Moreover, the combination of 

ALA+SFC generates more intracellular ROS. 
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Figure 4.7. Cell. Viability. MTT assay was used ot evaluate the cell viability after the 
addition of (A) ALA, (B) SFC, and (C) ALA+SFC after 4 days of treatment. 
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4.4 Discussion  
Mitochondria have been recognized as the powerhouse of cells. It produces 

energy through oxidative phosphorylation (OXPHOS) for cellular activities. Moreover, 

it is also maintaining the heme homeostatis (Chen et. al., 2012; Krishnamurthy et. al., 

2007; Atamna et. al., 2002). Furthermore, dysfunction in COX activity has been 

notorious as the cause of mitochondrial dysfunctions, including cancer (Fiorito et. al., 

2012; Perks et. al., 2017; Rak et. al., 2016). Heme has a diverse biological function in 

cells, including electron transfer in the electron transport chain of the OXPHOS system. 

This study revealed the combination of heme precursor ALA and SFC as the source 

of free iron ions increased the heme biosynthesis in mitochondria. Accordingly, these 

data suggest that ALA and SFC are essential to generate heme. 

HO-1 degraded heme into iron, CO, and biliverdin. Furthermore, HO-1 and heme 

concentration in mitochondria is inseparable. This research demonstrated that HO-1 

protein expression levels were significantly up-regulated in the presence of ALA and 

SFC. Based on these outcomes, intracellular heme concentration and the expression 

levels of HO-1 have a consistent linear relationship. Furthermore, the addition of ALA 

and SFC resulted in a significant increase of heme proteins of OXPHOS in 

mitochondria, namely cytochrome c and complex IV. This phenomenon suggests that 

ALA and SFC can trigger the activation of OXPHOS, including the COX activity. 

COX is the last enzyme of the mitochondrial respiratory chain, and it is a 

regulation site for the mitochondria OXPHOS system (Kogot-Levin et. al., 2016). It was 

observed that ALA and SFC increased the activity of COX significantly. This finding 

correlates with the up-regulation in the protein expression levels of heme protein after 

the addition of ALA and SFC. Thus, these results showed that ALA and SFC stimulate 

the OXPHOS system and COX activity. The increase in COX activity can reverse the 

Warburg effect. Consequently, it shifts back the preferentially metabolized glucose by 

glycolysis in the cytosol to generate energy in the cancer cell to the usual citric acid 

cycle and OXPHOS in the mitochondria. The increasing COX activity also causes 

electron leakage during the electron transport within the mitochondria.  

Furthermore, the increased electron leakage during the electron transport in 

mitochondria causes excessive intracellular ROS production. It is proven that the 

addition of ALA and SFC effectively enhanced the generation of intracellular ROS. 

The occurrence of excessive ROS production cause cell death. This study shows that 
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cell viability decreases in a concentration-dependent manner following the addition of 

ALA and SFC. 

In conclusion, ALA combined with SFC is proven to improve ROS generation, 

which causes rapid and substantial cytotoxic that reduces the cell viability of human 

gastric cancer cell line MKN45. Together, this study can detect ROS generation with 

ALA and SFC. Furthermore, this generation of ROS that has cytotoxic can contribute 

to the efficacy of PDT. 
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5.1 CONCLUSION 
Mitochondria is the organelle that perform aerobic respiration and produce 

energy (ATP) through oxidative phosphorylation system which necessary for cellular 

activities (Bertram et. al., 2006). It also plays an important role in controlling/signaling 

calcium (Ca2+) which is essential for maintaining homeostasis of eukaryotic cells 

(Schatz, 1995). However, it has been found that the number and functions of 

mitochondria decrease in the process of aging and disease, then led to an abnormality 

in mitochondria. It is becoming very clear that the progress will be adversely affected, 

so improving the mitochondrial function and number are needed to eliminate the 

negative cycle due to mitochondrial abnormalities.  

In the previous study, it has been investigated the differences of iron metabolism 

in tumor cells and in normal cells and found that the amount of mitochondrial labile 

iron ion in cancer cells was lower than that in normal cells (Hayasi et. al., 2015). In 

addition, COX activity has been reported to decline in mitochondrial dysfunction, 

including in cancer cells (Rak et. al., 2016). Therefore, in the present study, SFC was 

added for the free iron ions source, and the effect of ALA and SFC on cancer cells 

was analyzed.   

This study has purpose to investigate the effect of ALA and SFC on mitochondrial 

activity in myoblast (C2C12) cells. Additionally, in cancer cells, this study also focused 

on the effect of ALA during PDT. Moreover, in the previous study, SFC is reported to 

increase COX activity. So, this study also aims to improve the COX activity by the 

addition of SFC that can promote ROS generation, which has a cytotoxic effect.  

In summary, the findings in this study can be concluded as follows: 

• The addition of ALA stimulates oxidative phosphorylation by upregulation COX 

in myoblast cells. 

• The presence of ALA did not affect the mitochondrial content and mitochondrial 

biogenesis in myoblast cells. 

• Mitochondrial activities were significantly improved by the addition of ALA in 

myoblast cells. 

• The addition of ALA, SFC and ALA+SFC stimulates oxidative phosphorylation 

by upregulation of COX in myoblast cells. 

• ALA markedly reduced the expression levels of the protein-containing Fe-S 

cluster. However, the abundance of free iron ions by SFC addition significantly 
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up-regulated the expression levels of protein-containing Fe-S cluster in 

myoblast cells. 

• The addition of ALA, SFC, and ALA+SFC stimulates oxidative phosphorylation 

by upregulation COX in cancer cells. 

• ALA, SFC, and ALA+SFC markedly reduced the cell viability in cancer cells by 

increasing ROS production. 

 

In this study, it demonstrated that the addition of ALA as the heme precursor, 

SFC as an iron source, and the combination of ALA+SFC successfully increase heme 

production and contribute to the upregulation of heme proteins, resulting in the 

increase of COX activity and an increase in ATP levels in myoblast (C2C12) cells. 

Furthermore, the result showed that the addition of ALA, SFC, and the combination of 

ALA+SFC increased COX activity that shifts back the preferentially metabolized 

glucose by glycolysis in the cytosol to generate energy in the cancer cell to the usual 

citric acid cycle and OXPHOS in the mitochondria.  

COX activity increases in both myoblast cells and cancer cells. Basal COX 

activity is higher in myoblast cells compared to in cancer cells 0.06 and 0.01 [units / 

mg-protein] consecutively. Then, with the addition of ALA, COX activity significantly 

increases in both cells 0.12 and 0.04 [units / mg-protein] consecutively. The 

administration of SFC also significantly increases the COX activity in both cells 0.11 

and 0.16 [units / mg-protein] consecutively. Moreover, the combination of ALA+SFC 

obviously increase COX activity in both cells 0.21 and 0.18 [units / mg-protein] 

consecutively. Thus, the addition of ALA, SFC, and the combination ALA+SFC has 

more effective to increase the COX activity in myoblast cells compared to cancer cells. 

The increasing of COX activity causes electron leakage during the electron 

transport within the mitochondria. Subsequently, excessive intracellular ROS 

production occurred, that leads to cell death. The basal level of COX activity is six 

times higher in myoblast compared to cancer cells. The ROS quenching system in 

myoblast is better compared to the cancer cells, even though ROS is produced in both 

cells. In cancer cells, the excessive amount of ROS that is accumulated that can cause 

the cell death. This phenomenon is not observed in myoblast cells.  

In conclusion, this study demonstrated that ALA and SFC improve mitochondrial 

properties in myoblast (C2C12) cells. Furthermore, the same results were obtained in 

the cancer cells, which reduced their cell viability by increasing ROS production. In 
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conclusion, mitochondrial properties increase in myoblast, and this study also provides 

a novel treatment for mitochondrial dysfunction, especially cancer.  

 

5.2 FUTURE CONSIDERATIONS 
This research has successfully demonstrated that ALA and SFC are useful for 

improving mitochondrial activities through stimulating OXPHOS, which provides viable 

treatment options for mitochondrial diseases. Moreover, this study also can detect 

ROS generation with ALA and SFC. Furthermore, this generation of ROS has a 

cytotoxic effect. Therefore, this phenomenon contributes to the effect of PDT. However, 

further depth investigation should be considered, such as increasing the generation of 

ROS to maximize its contribution to the effect of PDT. 
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