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Chapter 1  

1. Introduction 

1.1  Fungi 

Yeasts and molds containing chitin in their cell wall are classified under the 

eukaryotic super kingdom, Fungi [1]. Some fungi have provided various benefits to 

human being. They are the principal decomposers in the ecological systems and acts as 

bio-fertilizers [2] and extensively used as a food or food processors like leavening agent 

in bread and for fermentation of beer, wine and soy sauce. They are also used in 

production of enzyme, vitamin and various medicinal agents like penicillin 

cephalosporin, immunosuppressant and steroid [3]. On the other hand, other species of 

fungi sometimes caused various diseases to humans. 

 

1.2  Fungi and diseases 

Being ubiquitous in environment, fungal infections, mycoses, are very common. 

The infections in most of clinical cases are limited as superficial infection of skin and 

oral cavity of human body, but in immunocompromised individuals, fungi can invade 

the host and result in systemic infections, often referred as caused by opportunistic 

fungal pathogens. The major opportunistic fungal pathogens are Candida, Aspergillus, 
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Cryptococcus and Pneumocystis spp. and cause more than 90% of human deaths related 

to fungal diseases [4]. The incidence of candidiasis, aspergillosis, cryptococcusis, and 

pneumocystisis is clinically more prevalent in patients receiving organ transplantation, 

AIDS patients, patients receiving cancer chemotherapy and haemato-oncological 

patients [4]. Although current trends showed an increased incidence of invasive fungal 

diseases with high morbidity and mortality rates, their incidence is usually 

underestimated [5]. Their diagnosis and timely treatment to mycoses often depend on 

clinical suspicion and require attention for its better prevention and treatment. 

 

1.3  Candida species-host interaction and pathogenicity 

Over the last decades, fungal diseases have become a major problem especially 

in the clinical settings. Candida species is a ubiquitous commensal of human, generally 

found in the oral cavity and gastrointestinal tract. In this species, C. albicans and C. 

glabrata are ranked as the first and second opportunistic fungal pathogens [6]. 

Collectively, they account for 65-75 % of all systemic candidiasis followed by C. 

parapsilosis and C. tropicalis [7]. 

C. albicans is a diploid fungus, can grow as a yeast cells, pseudohyphae and 

filamentous hyphae forms known as polymorphism [8, 9] (Figure 1.1). This 
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morphological change is thought to aid for the survival, growth and dissemination in 

human host [4, 7, 8]. In contrast, C. glabrata is a haploid that strictly grows as a yeast 

form, actually resembles to a bakers’ yeast Saccharomyces cerevisiae [8]. Compared 

with C. albicans morphological flexibility, the behavior of C. glabrata to the host is 

independent of morphology. Yet, both species are successful commensals of human gut 

flora, that habitually lives in a benign state. Beside human gastro intestine, these fungi 

are frequent colonizer of skin, respiratory and reproductive tract and becomes 

pathogenic in response to changes in human immune state and microflora, brought in 

due to antibiotics, diabetes, cancer, extreme age, immunosuppression, intravenous 

catheters and long-term hospitalization. This overgrowth of Candida species in the host 

is known as candidiasis [4, 10].  

Unlike most other medically important fungi, such as, C. neoformans and A. 

fumigatus, C. albicans is rarely found in environmental niches such as soil. Hence, it is 

highly adapted to and specialized to sustain in host environment [9]. C. albicans causes 

almost of mild cases of fungal infections, furthermore, in some severe cases C. albicans 

is the top pathogen of fungal infection. This fungus can penetrate in the deeper tissue 

and enters the bloodstream leading to invasive into almost all body sites and organs 

causing severe life-threating systemic infections [7, 11, 12].  
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C. albicans constitute various virulent traits to become pathogenic to 

immuno-compromised individuals. These specialized attributes facilitate C. albicans for 

adaptation and survival in various environmental stresses including host immune system, 

pH, nutrition acquisition, and competition with the other microorganisms in the 

microflora. C. albicans implicates a number of strategies to escape and/or evade host 

immune system [13, 14] and cause infections such as morphogenesis; yeast to hypha 

transition, a major virulence trait. Non-filamentous C. albicans strains have been shown 

to be avirulent or less virulent with defective transcriptional factors [15]. Interestingly, 

hyphae locked- and yeast locked- mutants of C. albicans were also found less virulent 

than wild type strains [16]. This implies that the morphological switch between yeast 

phase and hyphae phase is a virulent trait of C. albicans. Likewise, the epithelium 

invasion and the escape from phagocytosis are other important interaction mechanisms 

between C. albicans and host immune response. Shielding C. albicans’ surface 

substrates associated molecular patterns through pattern recognition receptors of 

phagocytes aids in the escape of fungi, which further could be achieved by avoiding 

activation of complement system and reduce production of proinflammatory cytokines 

[13]. In addition, C. albicans can inhibit the formation of phagolysosome in phagocytes, 

an important step in pathogen killing by fusion of phagosome containing microorganism 
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and lysosome by phagocytes. Recently, it has been reported that a live C. albicans, but 

not heat-killed C. albicans was able to inhibit phagolysosome formation, suggesting the 

inhibition of phagocytosis is dependent on the viability of fungus. Also, mutants unable 

to grow as filamentous forms fail to show the inhibition of phagolysosome formation in 

comparison to wild type strains [17, 18]. Another important antifungal mechanism 

shown by C. albicans is inhibition of reactive oxygen species (ROS) produced by 

phagocytes. In an experimental model, catalases [19] and superoxide dismutase [20] 

genes were found to be responsible to counteract ROS production. Further, Wellington 

and colleagues have demonstrated that a live C. albicans and C. glabrata, but 

not Saccharomyces cerevisiae, can actively suppress ROS production in a murine 

macrophage cell line [21]. Hence, the interaction between Candida and host defense 

system is of the most important factor in making it opportunistic fungal pathogen.
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1.4  Liver and liver diseases 

Liver has a wide array of functions such as detoxification of various metabolites, 

production of biochemical necessary for digestion, and protein synthesis. Likewise, this 

organ also aids in hormone production, breakdown of red blood cells, regulation of 

glycogen storage and important role in metabolism [22]. It is the largest internal organ, 

receiving the blood supply from both hepatic artery and hepatic portal vein (Figure 1.2). 

Impressive amount of blood, approximately 80 % blood entering liver originates from 

portal vein, while remaining 20% from arterial supply. Hence, liver is continuously 

exposed to blood borne pathogens, most of which are derived from gut [23, 24]. Failure 

in the detection and/or clearance of pathogens in blood might result in systemic 

infection (sepsis) often life threatening. Liver is the first lines of defense between host 

and external environment [25]. To accomplish variety of functions, liver contains 

different cells such as liver resident macrophages (kupffer cells), liver sinusoidal 

epithelial cells, hepatic stellate cells and hepatocytes. Hepatocytes are the parenchymal 

cells, primarily functions in metabolism, protein production, toxin neutralization and 

detection of pathogens and aids in host immune response [22]. 

Being a vital organ and supporting other organs in the body with 

multidimensional functions, liver is vulnerable to different diseases. Liver disease also 
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referred as hepatic disease, means any disturbance in the liver functions as a 

consequence of various factors such as infectious hepatitis virus, drugs and alcohol. One 

of most common and emerging chronic liver conditions is Steatosis. It is accumulation 

of fat (triglycerides and other lipids) in hepatocytes of liver and commonly known as 

fatty liver. This accumulation is a result of defective fatty acid metabolism caused by 

unbalance between energy intake and utilization, mitochondrial damage, insulin 

resistance, and defect in receptors and enzymes involved [26]. Steatosis is classified 

into two types, one is associated with alcohol and known as alcohol-related fatty liver 

disease and the other is not related to alcohol and known as non-alcoholic fatty liver 

disease. These lipid accumulations can progress to develop inflammation and become 

steatohepatitis. Alcohol-related fatty liver with inflammation is known as alcoholic 

steatohepatitis (ASH), Non-alcoholic fatty liver disease with inflammation is known as 

non-alcoholic steatohepatitis (NASH). Both ASH and NASH can progress to cirrhosis 

and later to hepatocellular carcinoma [26, 27]. 

 

1.5  Candida species and liver injury 

Among Candida species, C. albicans and C. glabrata are two common species 

that are commensals of human digestive tract and habitually lives in a benign state [28]. 
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In immuno-compromised individuals such as patients treated with antibiotics, diabetes 

and cancer patients, elderly people and infants overgrowth of these fungi occurs and this 

disease is known as candidiasis. In such cases, these fungi invade intestine and reach 

liver through hepatic portal vein (Figure 1.2). Liver acts as the first barrier against 

spreading of these pathogens and prevents severe systemic fungal infections [6, 29, 30]. 

A prospective study from two and half decade ago reported that fungal infection was 

present in 32 % of patients with acute liver failure and Candida species were major 

fungus present [31]. Hepatic Candida infection is still commonly recognized 

complication in patients with acute leukaemia and other haematological malignancies 

[30]. This fact is also anevidence that Candida species play an important role in gut 

microbiota such as bacteria-liver interaction in the pathogenesis of ASH and NASH 

[32-35]. Recently, sequencing of the fecal microbiome showed overgrowth of C. 

albicans in ASH patients [36]. Although prevalence of pathogenic fungi like C. 

albicans and C. glabrata has been shown in the liver injury by several studies, the 

detailed relation between Candida infection and hepatic injury has not been addressed 

yet. 
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1.6  Transglutaminase 2 in liver injury  

Transglutaminases (TGs) is a group of enzymes that catalyze  the formation of 

an isopeptide bond between a free amine group (e.g., protein- or peptide-bound lysine) 

and an acyl group at the end of the side chain of protein- or peptide-bound glutamine. A 

total of eight TGs have been characterized as given in Table 1.1 [37]. Among these TGs, 

Transglutaminase 2 (TG2, EC 2.3.2.13) is the most ubiquitously expressed 

multifunctional protein-crosslinking enzyme of the TG family [38, 39]. Unlike other 

TGs, the transamidase reaction of TG2 is a Ca2+-dependent formation of a covalent 

bond between γ-carboxamide groups of peptide-bound glutamine residues and the 

primary amino groups of a wide range of proteins. This crosslinking activity has been 

implicated in various physiological activities such as cell growth and differentiation, 

cell adhesion and apoptosis [40]. In as low intracellular Ca2+ concentrations as 10 nM, 

ATP/GTP/GDP forms complex with TG2 and render TG2 in a “closed” conformation 

[41, 42]. In this conformation, it mainly acts as a GTPase supporting growth [43-45]. In 

contrast, when cells are injured and the intracellular Ca2+ concentration exceeds 

700–800 nM, Ca2+ binds with TG2 to make an extended “open” conformation [46] 

exposing the catalytic site of TG2 [47, 48]. In this conformation, TG2 mainly acts as a 

crosslinking enzyme and induces apoptosis [45, 49]. TG2 is predominantly a cytosolic 
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protein but can localize in extracellular matrix, the membrane, mitochondria and 

nucleus [39]. Only small portions (5-7 %) is expressed in the nuclear region, which is 

generally stimulated by various stimuli via cellular stress such as ROS and/or an 

increased Ca2+ concentration [38]. Depending upon its cellular location and biological 

activity TG2 induces cell growth, differentiation and apoptosis [37, 39, 50]. 

TG2-dependent hepatic cell death has been previously reported in alcohol, free 

fatty acid, and acyclic retinoid (ACR) treated cell culture systems, animal models and 

patients with ASH and NASH [51-54]. In hepatic cells, treatment with alcohol and free 

fatty acid increases crosslinking activity of TG2 in nucleus. The increased nuclear TG2 

activity causes excessive crosslinking of transcription factor Sp1 and inactivates it. This 

inactivation decreases expression of c-Met, one of the major receptor for hepatocyte 

growth factors, leading to caspase-independent hepatic cell death (Figure 1.3) [51, 52]. 

Increased nuclear TG2 activity dependent cell death was also reported in ACR treated 

hepatic cellular carcinoma cells [53, 54]. 

Prevalence of pathogenic fungi like C. albicans and C. glabrata in liver injury 

has been revealed by number of researches, signifying that an important role of these 

fungi in hepatic injury, but the relation between these fungi infection and hepatic injury 
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remains to be elucidated. Hence, in this study I have investigated on involvement of 

TG2 activity in regulation of Candida species induced liver cell death.
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1.7  Aim, objectives and research contribution 

1.7.1 Aim 

The aim of this study is to explore the hypothesis that C. albicans and C. 

glabrata might increase nuclear activity of TG2 in hepatic cells and apoptosis of hepatic 

cells.  

 

1.7.2 Objective 

This study has been carried out with an objective to  

• investigate the effect of fungus-host interaction to TG2 activity and death of 

the host cells. 

• Screen and identify fungal factor(s) that can affect TG2 activity of the host 

cells 

• establish the role of identified factor in TG2-mediated hepatic cell injury. 

 

1.7.3 Research contributions 

This study demonstrated that co-incubation of hepatic cells and opportunistic 

fungi such as C. albicans and C. glabrata, but not edible yeasts, such as S. cerevisiae, 

induced hepatic cell death by enhancing TG activity, at least in part through the 
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production of ROS such as hydroxyl radicals (·OH). Pharmacological and genetic 

approaches were used to demonstrate these phenomena. Irreversible inhibitor of TG2, 

6-diazo-5-oxo-norleucine tetrapeptide (ZDON), was used to study C. albicans-induced 

cell death as measured by caspase-3 activation. An inhibitor of ROS, N-acetyl cysteine 

(NAC), and NADPH oxidase gene (NOX1) mutant in C. glabrata were used to confirm 

whether these phenomena were mediated by fungus-derived ROS. 
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Table 1.1 TG family 

 

Name Gene 

Factor XIII A F13A1  

Keratinocyte transglutaminase TGM1 

Tissue transglutaminase TGM2 

Epidermal transglutaminase TGM3 

Prostate transglutaminase TGM4 

TGM X TGM5 

TGM Y TGM6 

TGM Z TGM7 
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Figure 1.1 Polymorphic forms of C. albicans 

a) Yeast form, b) Pseudohyphae form, c) both yeast and hyphae 
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Figure 1.2 Liver and hepatic portal vein
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Figure 1.3 Role of TG2 in cell growth and death of hepatic cells 

a) TG2 mediated cell growth in normal hepatic cell. b) TG2 mediated cell death in 
alcohol, free fatty acid and ACR treated hepatic cells. 
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Chapter 2  

2. Fungi-host interaction and TG activity in the host cells 

 

2.1  Introduction 

Human liver receives majority of blood supply from intestine through portal 

vein. With blood flow, it therefore gets exposed to variety of gut-related factors 

including microbes and their products commensal to gut. A part of the microbes are 

potential systemic pathogens e.g. C. albicans and C. glabrata that habitually live in a 

benign state [28]. In immunocompromised individuals, e.g. in haematological 

malignancies [30], overgrowth of these fungi with invasion of intestinal lining is 

observed and they access to liver through the hepatic portal vein. It's reported that these 

fungi play an important role in gut microbiota in the pathogenesis of ASH and NASH 

[32-35]. However, the detailed relationship between Candida infection and hepatic 

injury has not been addressed yet. 

 

TG2 has been associated with liver diseases. In several experimental models, 

TG2 induction and activation has been shown to cause both caspase-dependent and 

caspase-independent apoptotic cell death [55]. Several studies showed that, in carbon 
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tetrachloride–induced liver injury in rats and in acute human liver, there is an increase 

in TG2 crosslinking activity [56]. Increase in TG2 activity was also reported in the 

alcohol and free fatty acid treated hepatic cells [51, 52]. The role of induced cellular TG 

activity in hepatic cell death during the pathogenesis of both ASH and NASH has been 

linked with excessive crosslinking of Sp1 and trans-inactivation of c-Met. As a result, 

this signalling leads to caspase-independent hepatic cell death [51, 52]. Cell death in 

ACR treated hepatic cellular carcinoma cells induced by increased nuclear TG2 was 

also reported [53, 54]. This shows the important role of TG2 activity in liver injury.  

Hence, to explore the effect of pathogenic fungi in the regulation of liver cell 

death, several fungi species were co-incubated with human hepatic cells and the TG2 

activity in the hepatic cell was investigated.
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2.2  Materials and methods 

2.2.1 Cell culture 

Human hepatic cells, (HC) cells, (Cell Systems, Kirkland, WA, USA) were 

grown in CSC complete medium, prepared by mixing cell system medium 4Z0-500-R 

containing 10% serum with culture boost-R containing human recombinant growth 

factors (Cell Systems, Kirkland, WA, USA). Hepatitis B virus integrated human 

hepatocellular carcinoma cell line (FLC-7) [57] was kindly supplied by Dr. Matsuura 

(The Jikei University School of Medicine, Tokyo, Japan), and human embryonic kidney 

cell line (HEK 298T) were cultured in GibcoTM Dulbecco’s modified Eagle’s medium 

containing low glucose, L-Glutamine, and phenol red (DMEM) and 10% fetus bovine 

serum (FBS, Mediatech, Herndon, VA, USA). at 37 °C in a humidified incubator with 

5 % CO2. For the experiments, cells were plated in 96-well plates (2 × 104 cells) or 

6-well plates (2 × 105 cells) bearing 15 mm round coverslips and cultured overnight.  

 

2.2.2 Fungal strains and culture conditions 

All fungal strains given in Table 2.1 were grown on yeast peptone dextrose 

(YPD, 1 % yeast extract, 2 % peptone, 2 % dextrose) with 2 % agar. For co-incubation 

with HC cells, HEK 293T, and FLC-7 cells these fungi were pre-cultured in liquid YPD 
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medium with shaking at 160 rpm for 8 to 16 hours at 30 °C. The pre-cultures were 

washed twice with phosphate-buffered saline (PBS) and adjusted to the desired cell 

density per plate by measuring the optical density at 600 nm (OD600) using an 

Ultrospec 2000 spectrophotometer (Pharmacia Biotech, Piscataway, NJ, USA).  

 

2.2.3 Immunostaining and immunofluorescence study  

After the required incubation period, the treated cells were fixed for 15 mins 

with 10 % formaldehyde solution. They were then washed twice with PBS solution 

containing 1% tween-20 (PBST). The cells were permeabilized for 15 mins with PBS 

containing 0.1% Triton-X and washed with PBST twice for blocking with 2.5% bovine 

serum albumin (BSA) for 30 mins. After washing twice with PBST, the cells were 

immune-stained for 60 mins with streptavidin-tetramethylrhodamine isothiocyanate 

(TRITC) (1:5000, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 

detection of incorporated 5-BAPA as TG activity. In some cases, the cells were also 

treated with primary antibody against cleaved caspase-3 (Asp175) (1:400, Cell 

Signaling Technology, Danvers, MA, USA) for detection of cleaved caspase-3. In the 

cases of cells treated with a primary antibody against cleaved caspase-3, after washing 

twice with PBST the cells were allowed to stand for 30 mins with a secondary antibody 
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anti-rabbit Alexa 488 (1:200, Jackson ImmunoResearch Laboratories, Inc. West Grove, 

PA, USA). The cells were also treated for 15 mins with Hoechst 33258 (1:5000) 

(Dojindo, Japan) to stain DNA and hence, the nuclei. The samples were washed and 

stored with PBST when the cells were grown in 96 well plates or mounted into slide 

using Fluromount (Diagnostic Biosystems, Pleasanton, CA, USA) when the cells were 

grown in coverslips. TG activity, cleaved caspase-3, and nuclei were detected as a 

fluorescence signal from TRITC, Alexa 488 and H 33258 using LSM 700 laser 

scanning confocal microscope (Carl Zeiss, Inc., Germany). Fluorescence intensities 

from TRITC in both the cytoplasm and nucleus and Alexa 488 were quantitated using 

ZEN 2011 software. 

 

2.2.4 Determination of in vitro TG activity 

The overnight human cell cultures were incubated for 4 hours in DMEM 

supplemented with 0.2 % FBS for serum starvation and co-incubated directly or 

indirectly with fungi in the presence of 0.2 mM 5-(biotinamido) pentylamine (5-BAPA, 

Thermo Scientific, Rockford, IL, USA) and 0.1 mM aminoguanidine in serum-free 

DMEM for 24 hours. For indirect co-incubation, a transwell with a 0.4 µm pore size 

membrane was used creating a barrier between the HC cells and the fungal cells. After 
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the required incubation period, the treated cells were fixed, permeabilized and blocked 

and immunostained against 5-BAPA and cellular activity of TG was measured based on 

the incorporation of 5-BAPA into the cells as described previously 

 

2.2.5 Treatment with a TG inhibitor(s) 

Some HC cell cultures co-incubated with fungal cells were treated for 24 hours 

with 100 µM cystamine, a broad TG inhibitor [58] or 100 µM R283, a site-directed 

specific TG inhibitor [37], or 50 µM ZDON (Zedira, Darmstadt, Germany), a synthetic 

specific inhibitor to TG2 [59] or 10 µM phenosafranin (Sigma-Aldrich Co., St. Louis, 

MO, USA), an inhibitor to block nuclear localization of TG2 [60]. 

 

2.2.6 Determination of TG2 mRNA level 

The overnight HC cell cultures were incubated alone and co-incubated with 5 × 

106 C. albicans cells in an insert cup with a 0.4-µm pore size. After 8 hours, total RNA 

was isolated from cell cultures using an RNeasy kit (Qiagen, Valencia, CA, USA). The 

purity of the isolated RNA was evaluated using a NanoDrop spectrophotometer 

(NanoDrop products, Wilmington, DE, USA). PrimeScript RT Master Mix Kit 

(TaKaRa Bio, Otsu, Japan) was used to synthesized cDNA, and qPCR reactions were 
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performed using a LightCycler® 96 (Roche Diagnostics) with 

SsoAdvancedTM SYBR® Green Supermix (Bio-Rad Laboratories, Hercules, CA, 

USA). The primers used for the qPCR reaction is given in Table 2.2. Relative amounts 

of TG2 mRNA were plotted after normalization against the GAPDH mRNA levels in 

the same sample.  

 

2.2.7 Determination of cellular TG2 level 

After incubation, treated HC cells were fixed, permeablized and blocked as 

described previously. After washed twice with PBST, the cells were immune-stained for 

60 mins with mouse monoclonal antibody Transglutaminase II Ab-1 (Clone CUB 7402, 

1:200) (Thermo Fisher Scientific, Fermont, CA, USA) for detection of TG2, after 

washing twice with PBST the cells were allowed to stand for 30 mins with a secondary 

antibody anti-mouse Alexa Fluor-488 (1:200, Jackson ImmunoResearch Laboratories, 

Inc. West Grove, PA, USA). The cells were also treated for 15 mins with H 33258 

(1:5000) to stain DNA and hence, the nuclei. The samples were washed with PBST and 

mounted into slide using Fluromount. The fluorescence signal from Alexa 488 and H 

33258 using LSM 700 laser scanning confocal microscope (Carl Zeiss, Inc., Germany). 

Fluorescence intensities from Alexa 488 were quantitated using ZEN 2011 software. 
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2.2.8 Nuclear translocation study of EGFP tagged TG2  

Nuclear translocation study of EGFP tagged TG2 was performed as described 

previously [54]. Briefly, HC cells were seeded at 2 × 105 cells per well in a 6-well plate 

with 15 mm round coverslip and incubated overnight. The next day, the cells were 

incubated for 4 hours in phenol red free DMEM supplemented with 0.2 % FBS for 

serum starvation. The cells were transiently transfected with 0.8 µg of pEGFP-C1 or 

TG2-pEGFP-C1 [54]. Twenty-four hours after transfection, the cells were co-incubated 

with 5 × 106 C. albicans cells for 24 hours. The cells were then fixed, and nuclei were 

stained with H 33258 dye. The blue fluorescence from the H 33258 dye along with the 

green fluorescence of EGFP was monitored using LSM 700 laser scanning confocal 

microscope (Carl Zeiss, Inc., Germany). Numbers of the cells overexpressing EGFP or 

EGFP-TG2 in the nuclei of cells in a 320 µm2 area were counted, and the percentage of 

cells overexpressing EGFP or EGFP-TG2 relative to the total number of cells was 

calculated. 

 

2.2.9 Determination of cleaved caspase-3  

The treated HC cells were incubated for a certain period and then fixed, 

permeablized and blocked as mentioned previously. After washing twice with PBST, 
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the cells were immune-stained for 60 mins with Asp175 (1:400) for detection of cleaved 

caspase-3. After washing twice with PBST the cells were allowed to stand for 30 mins 

with anti-rabbit Alexa 488 (1:200). The cells were also treated for 15 mins with H 

33258 (1:5000) to stain DNA and hence, the nuclei. The samples were washed again 

with PBST and mounted into slide using Fluromount. The cleaved caspase-3, and nuclei 

were detected as a fluorescence signal from Alexa 488 and H 33258 using LSM 700 

laser scanning confocal microscope. Fluorescence intensities from Alexa 488 were 

quantitated using ZEN 2011 software. 

 

2.2.10 Statistical analysis 

Quantitative data are shown as the mean ± SD (n = 3-6). Statistical analyses 

were performed using GraphPad Prism version 6.0 for Windows (GraphPad Software, 

San Diego, CA, USA). A *p-value <0.05 and a **p-value <0.01 were considered 

statistically significant.
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2.3 Results 

2.3.1 C. albicans increased cellular TG activity of co-incubated HC cells 

To study the relation between TG2-mediated hepatic cell injury and fungus-host 

interaction, at first, C. albicans and S. cerevisiae were co-incubated with HC cells and 

alterations in TG activities as the crosslinking function for incorporation of 5-BAPA (a 

TG substrate) in HC cells were evaluated. Incubation of HC cells with C. albicans, but 

not with S. cerevisiae, enhanced the cellular incorporation of 5-BAPA (Figure 2.1 a and 

b, compare rows or columns 1 with 2 and 3, respectively). Next, to study the dose- and 

time-dependency of the fungus-host interaction, 2 x 105 HC cells were treated with 

different dose (0.2 x 106 - 10 x 106) cells of C. albicans for 24 hours and 5 x 106 cells of 

C. albicans for 0 to 36 hours. Maximum 2.5- and 6- fold level in TG activity were 

observed in cytosolic and nuclear regions, respectively, in dose- and time-dependent 

manners, reaching a plateau after the co-incubating of 2 × 105 HC cells with 5 × 106 C. 

albicans cells for 24 hours (Figure 2.2 a and b).  

In order to analyze the specificity of host cells, C. albicans was co-incubated 

with other human cells, HEK 293T and FLC-7 cells. Enhanced cellular TG activity was 

also observed in HEK 293T and FLC-7 cells following co-incubation with C. albicans 

(Figure 2.3 a and b). In addition, other three fungal species except C. albicans, and S. 
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cerevisiae, were used for co-incubation with HC cells. These results showed only C. 

glabrata, was able to induce cellular TG activity, especially in the nucleus (Figure 2.4 a 

and b, compare rows or columns 1 with 2, 3 and 4 respectively). 

 

2.3.2 C. albicans increased mRNA expression level of TG2 and accumulation of 

TG2 in nucleus of HC cells 

To investigate the mechanism of increased cellular TG activity in two Candida 

spp co-cultured with HC cells, alteration in expression levels of TG2 mRNA and TG2 

protein were examined. Co-incubation of C. albicans and HC cells for 8 hours induced 

1.5- fold amount of TG2 mRNA in HC cells (Figure 2.5 compare bar 1 with 2). But, 

there was no significant difference in level of TG2 protein at 24 hours incubation 

(Figure 2.6 a, b and c).  

Also, HC cells were transfected with pEGFP-C1 or TG2-pEGFP-C1 to study the 

localization of TG2 protein in HC cells. Co-incubation of C. albicans and transfected 

HC cells for 24 hours showed 4.0- fold increase in the accumulation of the 

EGFP-tagged TG2 in the nucleus rather than cytoplasm (Figure 2.7 a and b). 
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2.3.3 TG inhibitors inhibited C. albicans induced TG activity in HC cells 

To assure that the incorporation of 5-BAPA in HC cells is due to the cellular TG 

activity, inhibitors of TG were used. For this, HC cells were incubated with C. albicans 

cells in presence of 100 µM cystamine (a broad TG inhibitor) [58] and 100 µM R283 (a 

site-directed specific TG inhibitor) [37]. Both inhibitors of TG significantly inhibited 

the cellular TG activity induced by C. albicans in HC cells (Figure 2.8 a and b, rows or 

columns 3 and 4, respectively), suggesting that more than 60 % of incorporated 

5-BAPA into the nucleus of HC cells, detected as TG activity, was induced by C. 

albicans. 

 

2.3.4 C. albicans induced caspaspe-3 activation in co-incubated HC cells  

  To investigate whether the increased cellular TG activity can lead to the cell 

death in HC cells, the co-cultures were observed for cell-death-related morphological 

sign and activation of caspase-3. No significant decrease in the number of HC cells was 

observed after co-incubation for 24 hours, but the cells became smaller in size. However, 

further co-incubation to 48 hours resulted in caspase-3 activation and cell death (Figure 

2.9 a and b, compare rows and columns 1 with 2 and 3). Next, pharmacological 

approaches were employed to determine whether inhibition of TG2 activation might 
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affect fungus-induced HC cell death. The addition of an irreversible inhibitor ofTG2, 

ZDON [59], into co-incubation of HC cells and C. albicans significantly inhibited HC 

cell death as measured by caspase-3 activation in FLC-7 (Figure 2.10 a and b). 

Moreover, a nuclear TG2 inhibitor, phenosafranin, which inhibits nuclear localization of 

TG2 without affecting the transaminase activity itself, [60] also significantly inhibited C. 

albicans-induced caspase-3 activation in FLC-7 cells (Figure 2.10 a and b), suggesting 

that nuclear TG2 activity is involved in C. albicans-induced HC cell death. 
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2.4 Discussion 

Co-incubation of HC cells and opportunistic fungi, C. albicans and C. glabrata, 

causes enhancement of cellular TG activity especially at the nuclear region, which was 

not observed in the case of S. cerevisiae, Schizosacchromyces. pombe and other edible 

Candida species, C. utilis. These phenomena are assumed to be commonly shown by 

pathogenic Candida spp. Enhanced cellular TG activity was also observed in HEK 

293T and FLC-7 cells following co-incubation with C. albicans, suggesting this TG2 

induction is not specific to host-cell types. These results may go to prove with the 

previous finding that C. albicans and C. glabrata are the two most common fungal 

pathogens among fungal infection in solid organs	[4, 7, 10, 11].  

The cellular TG activity of HC cells (2 x 105) increased dependent of fungal cell 

number. The co-incubation time, then reached plateau after the co-incubating with 5 × 

106 C. albicans cells for 24 hours. Both TG2 mRNA level in HC cells and nuclear 

accumulation of EGFP tagged TG2 following 8 hours incubation with C. albicans were 

also observed. These results suggested this phenomenon was induced by C. albicans. 

In order to confirm whether 5-BAPA incorporation in HC cells is due to the TG 

activity, non-specific TG inhibitors, cystamine and site-directed specific TG inhibitor, 

R283 were used in the co-incubations. These inhibitors showed no-induction of cellular 
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TG activity both in cytosolic and nuclear region suggesting that more than 60 % of the 

incorporated 5-BAPA causes to TG activity induced by C. albicans. However, this 

result did not demonstrate involvement of TG2. Hence, to examine the role of TG2 in 

the fungus-host interaction, a specific inhibitor of TG2, ZDON and a nuclear TG2 

inhibitor, phenosafranin, were used and level of activated caspase-3 was monitored. 

Increase in caspase activity in HC cells co-incubated with C. albicans for 48 hours was 

observed. In FLC-7 cells, ZDON significantly inhibited cell death following activation 

of caspase-3. In addition, phenosafranin also significantly inhibited C. albicans-induced 

caspase-3 activation in FLC-7 cells, suggesting that nuclear TG2 activity is involved in 

C. albicans-induced hepatic cell death. This study corroborated the reports about cell 

apoptosis in response to enhanced TG2 activity in neuroblastoma cell lines [61, 62] and 

hepatic cell lines [51, 52, 54]. It`s suppose that the fungi C. albicans and C. glabrata 

underwent some stresses in the closer proximity of co-incubated hepatic cells then they 

release of some factor(s). These cellular stresses to enhance cellular TG2 activity in HC 

cells were thought to lead to cell death via activation of caspase-3 pathway. 
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Table 2.1 List of fungi used for study of fungi-host interaction induced TG activity 

Species Strain Genotype References 

Candida albicans SC5314 wild type [63] 

Saccharomyces cerevisiae IFO10150 MATa ste-VC9 ura3-52 trp1-289 

his3-D1 leu2-3,112 

[64] 

Candida glabrata CBS138 wild type [65] 

Candida utilis IFO0988 wild type [66] 

Schizosacchromyces pombe IAM04863 wild type JCM† 

† Japan Collection of Microorganisms 
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Table 2.2 Primers for qPCR mRNA study 

Primer Name Sequence (5’-3’) 

TG2 F CCTTACGGAGTCCAACCTCA 

TG2 R CCGTCTTCTGCTCCTCAGTC 

GAPDH F GCAGGGGGGAGCCAAAAGGG 

GAPDH R TGCCAGCCCCAGCGTCAAAG 
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Figure 2.1 Cellular TG activity in HC cells co-cultured with C. albicans 
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HC cells were seeded at 2 × 105 cells per well in a 6-well plate and incubated overnight. 

After adding 5-BAPA, the cells were incubated (a) alone (row 1) or were co-incubated 

with 2.5 × 106 C. albicans cells (row 2) or S. cerevisiae cells (row 3) for 24 hours. Scale 

bars = 20 µm. Representative images from at least 3 fields from 3 independent 

experiments are shown. Fluorescence intensities from TRITC in both the cytoplasm and 

nucleus of panel (b) were quantitated using ZEN 2011 software, and relative TG 

activity levels in both locations are presented in bar graphs, with the levels from HC 

cells incubated (mean ± SD, n = 3). Asterisks represent statistical significance.
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Figure 2.2 C. albicans’ treatment- dose/time related cellular TG activity in HC cells 

HC cells were seeded at 2 × 105 cells per well in a 6-well plate and incubated overnight. 

After adding 5-BAPA, the cells were incubated (a) with different doses of C. albicans 
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cells for 24 hours; (b) with 5 × 106 C. albicans cells for 0-36 hours. Fluorescence 

intensities from TRITC in both the cytoplasm and nucleus of panels (a, b) were 

quantitated using ZEN 2011 software, and relative TG activity levels in both locations 

are presented in bar graphs, with the levels from HC cells incubated alone (panels a) or 

at time 0 (b) used as the controls (mean ± SD, n = 3). Asterisks represent statistical 

significance.
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Figure 2.3 Cellular TG activity in C. albicans co-cultured FLC-7 and HEK 293T 
cells 

a) FLC-7 cells and b) HEK 293T cells were seeded at 2 × 105 cells per well in a 6-well 

plate and incubated overnight. After adding 5-BAPA, the cells were incubated alone 

(row 1) or were co-incubated with 2.5 × 106 C. albicans cells (row 2) for next 



 40 

twenty-four hours. Scale bars = 20 µm. Representative images from at least 3 fields 

from single experiments are shown.
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Figure 2.4 Cellular TG activity in non-pathogenic/ pathogenic fungi treated HC 
cells  

HC cells were seeded at 2 × 105 cells per well in a 6-well plate and incubated overnight. 

The cells were incubated (a) alone (row 1) or were co-incubated with living 5 × 106 C. 

glabrata (row 2), C. utilis (row 3) and Schizo. pombe cells (row 4) for 24 hours. Scale 

bars = 20 µm. Representative images from at least 3 fields from 3 independent 

experiments are shown. b) Fluorescence intensities from TRITC in both the cytoplasm 

and nucleus of panels were quantitated using ZEN 2011 software, and relative TG 

activity levels in both locations are presented in bar graphs, with the levels from HC 
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cells incubated alone used as the controls (mean ± SD, n = 3). Asterisks represent 

statistical significance.
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Figure 2.5 TG2 mRNA expression level in C. albicans co-cultured HC cells  

HC cells were seeded at 2 × 105 cells per well in a 6-well plate and incubated overnight 

as previously described. Cells were incubated alone (sample 1) or co-incubated with 5 × 

106 C. albicans cells in an insert cup with a 0.4-µm pore size (sample 2). After 8 hours, 

RNA was isolated from cell cultures. Relative amounts of TG2 mRNA were plotted 

after normalization against the GAPDH mRNA levels in the same sample.
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Figure 2.6 TG2 protein expression level in C. albicans co-cultured HC cells  
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HC cells were seeded at 2 × 105 cells per well in a 6-well plate and incubated overnight 

as previously described. a) HC cells were incubated (row 1) or co-incubated with 5 × 

106 C. albicans (row 2). HC cells were stained with H 33258 (column 1), CUB7402 

antibody against TG2 (column 2) and TRITC-conjugated Streptavidin (column 3). 

Bright field images of the cells (column 4). Scale bars = 20 µm. Fluorescence intensity 

from b) TRITC as TG activity and c) Alexa 488- CUB7402 as TG2 expression in 

cytosol and nucleus were quantitated using ZEN 2011 software and relative levels in 

both locations are presented in bar graphs with the levels from HC cells incubated alone 

used as the controls. 
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Figure 2.7 EGFP-TG2 accumulation in nucleus of C. albicans co-cultured HC cells 

HC cells were seeded at 2 × 105 cells per well in a 6-well plate and incubated overnight 

as previously described. (a) Cells were transiently transfected with 0.8 µg of pEGFP-C1 

or TG2-pEGFP-C1. Twenty-four hours after transfection, the cells were co-incubated 

with 5 × 106 C. albicans cells for another 24 hours. The cells were then fixed, stained 

with H 33258 dye and observed with a confocal microscope. The blue fluorescence 

from the H 33258 (columns 1 and 5) along with the green fluorescence of EGFP 

(columns 2 and 6) were monitored. Images taken under bright field (columns 3 and 7) 

and merged images are also shown (columns 4 and 8). Scale bars = 20 µm. 
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Representative images from at least 3 fields from a single experiment are presented. (b) 

Numbers of the cells overexpressing EGFP or EGFP-TG2 in the nuclei of cells in a 320 

µm2 area were counted, and the percentage of cells overexpressing EGFP or EGFP-TG2 

relative to the total number of cells was calculated and plotted.
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Figure 2.8 Cellular TG activity in C. albicans and TG inhibitors treated HC cells  

HC cells were seeded at 2 × 105 cells per well in a 6-iwell plate and incubated overnight. 

After adding 5-BAPA, the cells were incubated (a) with 5 × 106 C. albicans cells in the 

absence (row 2) and presence of 100 µM of TG2 inhibitors, cystamine (row 3) or R283 

(row 4) for 24 hours; Scale bars = 20 µm. Representative images from at least 3 fields 

from 3 independent experiments are shown for. Fluorescence intensities from TRITC in 
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both the cytoplasm and nucleus of panels (b) were quantitated using ZEN 2011 software, 

and relative TG activity levels in both locations are presented in bar graphs, with the 

levels from HC cells incubated alone used as the controls (mean ± SD, n = 3). Asterisks 

represent statistical significance.
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 53 

Figure 2.9 Caspase-3 activity in pathogenic Candida species co-cultured HC cells.  

HC cells were seeded at 2 × 105 cells per well in a 6-well plate and incubated overnight. 

The cells were incubated (a) alone (row 1) or were co-incubated with either 5 × 106 C. 

albicans cells (row 2) or the same number of C. glabrata cells (row 3) in an insert cup 

with a 0.4-µm pore size for 48 hours. Scale bars = 20 µm. Representative images from 

at least 3 fields from a single experiment are shown. Fluorescence intensities from 

Alexa 488 signal from panel (b) were quantitated using ZEN 2011 software, and 

caspase-3 activity are presented in bar graphs after subtraction of background intensities 

(mean ± SD, n = 3). Asterisks represent statistical significance. 
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Figure 2.10 Cellular TG activity in C. albicans and TG2 inhibitors treated HC cells 

FLC-7 cells were seeded at 1 × 104 cells per well in a 96-well plate and incubated 

overnight as previously described. Cells were incubated alone or co-incubated with 5 × 

107 C. albicans cells in the absence and presence of 50 µM ZDON or 10 µM 

phenosafranin for 24 hours. Cell death was determined by fluorescence intensity with 

ImageXpressMICRO High Content Screening System (Molecular Devices, Sunnyvale, CA, 

USA) and morphological analysis was performed using MetaXpress Image Analysis 
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software (Molecular Devices). (a) Representative fluorescence images from three 

biological samples of two independent experiments. Scale bar = 20 µm. DAPI: blue; 

cleaved caspase-3 (clCasp3): red. (b) The representative quantitative data of nuclear 

cleaved caspase-3 intensity were presented as mean ± SD from three biological samples 

of two independent experiments.
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Chapter 3  

3. Screening and identification of a fungal factor(s) responsible for the 

induction of TG activity of hepatic cells following co-incubation 

with fungus 

 

3.1  Introduction 

A large number of virulent factors have been identified and implicated in the 

pathogenesis of C. albicans. These factors depend on genetic, morphological and 

biochemical flexibilities of the strain of C. albicans and the host [14, 67]. Some major 

factors include morphological alteration, biofilm formation, adhesion, secreted 

hydrolytic enzymes, and reactive oxygen species (ROS). These properties as virulent 

factors are discussed in detail hereafter. 

 

3.1.1 Polymorphism of C. albicans  

C. albicans is a polymorphic fungus and the transition between yeast and hyphal 

forms is one of polymorphic phenomena of this fungus[68]. Both of cell forms and the 

ability to change between these forms have been considered important for pathogenicity. 

Several environmental factors such as pH, temperature, carbon dioxide levels, starvation, 
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and quorum-sensing molecules (farnesol, tyrosol, and dodecanol) induce change in 

morphology of the fungi into yeast, pseudohyphae, and hyphae [67, 68]. The yeast form 

is believed to be important in dissemination of C. albicans [69-71] and the hyphal form 

is believed to be more invasive and contributes to host tissue damage. However, the role 

of pseudohyphae is not well understood [70]. Hyphae formation is associated with the 

expression of subset of genes responsible for virulence of C. albicans. Such genes 

include hyphal wall protein Hwp1 [72], agglutinin-like sequence protein Als3 [73], 

secreted aspartic proteases Sap4, Sap5 and Sap6 [74] and the hypha associated proteins 

Ece1,Hyr1 and Hypha specific G1 cyclin-related protein Hgc1 [17, 75]. Mutants failing 

to form hyphae in vitro are shown to be associated with attenuation of virulence [17, 

75].  

Likewise, GUP1 gene, identified in S. cerevisiae has been associated with 

glycerol uptake, and a series of complex and extensive cellular processes, such as cell 

wall maintenance, lipid composition, cytoskeleton orientation and secretory/endocytic 

pathway [76]. In C. albicans, Gup1 strongly interferes in hyphae formation along with 

other different virulent traits such as adhesion, invasion and biofilm formation. 

Cagup1Δ null mutant showed a weakened ability to form hyphae with decreased 
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adhesion, invasion and biofilm formation, which ultimately resulted in decreased 

virulence [77].  

 

3.1.2 Adhesion, biofilm formation and invasion. 

Biofilms are structured microbial communities attached to the surface of host 

cells. Capacity to form biofilm is thought to be another virulence trait of C. albicans. 

Biofilm formation is a sequential process which incorporates adherence of yeast cells to 

the substrate, proliferation of these yeast cells, formation of hypha cells in the upper part 

of the biofilm, accumulation of extracellular matrix materials and, finally, dispersion of 

yeast cells from the biofilm complex [73]. 

Adhesion is an essential step for colonization and establishment of Candida 

infections. The molecules responsible for adhesion are called adhesins, some of which 

include Als1-Als7 and Asl9. Of the eight Als proteins, the hypha-associated adhesin 

Als3 is important for adhesion [73]. Another important adhesin of C. albicans is Hwp1, 

a hypha-associated GPI-linked protein. Hwp1 serves as a substrate for mammalian TG 

and this reaction may covalently link C. albicans hyphae to host cells [72].  

Likewise, C. albicans also has special sets of glycosylphosphatidylinositol 

(GPI)-linked cell surface glycoproteins (Eap1, Iff4 and Ecm33), non-covalent 
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wall-associated proteins (Mp65, a putative β-glucanase, and Phr1, a β-1,3 glucanosyl 

transferase), cell-surface associated proteases (Sap9 and Sap10) and the integrin-like 

surface protein Int1 also found to contribute to adhesion of this fungal cells [73]. 

Moreover, previous studies have shown that importance of cell wall protein such as a 

mannoprotein from the surface of C. albicans was identified as the β-1, 

3-glucosyltransferase, Bgl2p in the delivery and accumulation of glucans for building of 

extracellular biofilm matrix and virulence [78]. Defects in biofilm formation were 

observed in bgl2Δ/Δ mutant making it less pathogenic [9]. 

 

3.1.3 Secretion of hydrolytic enzymes 

The secreted hydrolytic enzymes expressed by C. albicans are classified into 

three different families; proteases, phospholipases and lipases. The family of secreted 

aspartic proteases (Saps) comprises ten members, Sap1-8 are secreted and released to 

the surrounding medium, whereas Sap9 and Sap10 remain bound to the cell surface [74]. 

The family of phospholipases consists of four different classes (A, B, C and D) [79]. 

Only the five members of class B (PLB1–5) are extracellular and may contribute to 

pathogenicity via disruption of host membranes [80, 81]. The third family, the lipases, 

consists of 10 members (LIP1–10) [82]. A lip8Δ/Δ mutant had reduced virulence in a 
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mouse model of systemic infection, supporting a role for these extracellular hydrolases 

in C. albicans pathogenicity [83].  

It has been previously reported that C. albicans can secrete 70 kDa lipase 

extracellularly induced cytotoxicity and promoted the deposition of lipid droplets in the 

cytoplasm of macrophages and hepatocytes and induce injury and steatosis in immune 

and parenchymal cells [84]. The lipase-induced injury is protected by Ebelactone B, a 

serine esterase inhibitor known to inhibit fungal lipases [85]. 

 

3.1.4 Reactive oxygen species (ROS) 

ROS is a collective term that describes the chemical species formed upon 

incomplete reduction of oxygen and includes the superoxide anion (O2-), H2O2 and the 

·OH (Table 3.1). ROS has long been known to free radicals of molecular oxygen. 

Recently, different roles of ROS in cell signaling including apoptosis and the signaling 

cascades has been demonstrated. The mitochondria in different morphological forms of 

C. albicans are capable of generating and extracellular releasing of ROS, which is the 

highest during formation of hyphae[86]. This indicates an important role of ROS in 

tissue invasion and infection, pathogenicity of Candida [86]. Subsequently, intracellular 

ROS have been reported to activate TG2 in different cell types of human [87-89].  
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 In order to gain an insight for factors responsible for the enhancement of cellular 

TG activity, especially at the nuclear region of hepatic cells, different C. albicans 

mutants with defects in transition of yeast to hypha formation, adhesion on the host cells, 

biofilm formation and fungal lipase inhibitor are used. Similarly, segregation of HC 

cells to prevent contact with fungi cells directly was achieved by use of transwell 

system to verify the requirement of direct interaction. Additionally, another important 

fitness attribute of C. albicans, ability to secrete ROS was also studied. 
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3.2  Materials and methods 

3.2.1 Cell culture 

HC cells were maintained and prepared for experiments as described previously 

in Chapter 2. 

 

3.2.2 Fungal strains and culture conditions 

Fungal strains given in Table 3.2 were grown on YPD agar medium. For 

co-incubation with HC cells, these strains were pre-cultured in liquid YPD medium with 

shaking at 160 rpm for 8 to 16 hours at 30 °C. The pre-cultures were washed twice with 

PBS and adjusted to the desired cell density in plates by measuring the OD at 600 nm 

using an Ultrospec 2000 spectrophotometer.  

 

3.2.3 Determination of in vitro TG activity 

The cellular activity of TG2 was measured based on the incorporation of 0.2 

mM 5-BAPA into the cells incubated in the presence of 0.1 mM aminoguanidine as 

described previously in Chapter 2. 
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3.2.4 Preparation of heat-killed C. albicans cells 

C. albicans cells were routinely grown in YPD agar medium. These cells were 

pre-cultured in liquid YPD medium with shaking at 160 rpm for 8 to 16 hours at 30 °C. 

The pre-cultures were washed twice with PBS and adjusted to the cell density of 5 X 

109 cells/mL by measuring the OD at 600 nm using an Ultrospec 2000 

spectrophotometer. For heat killing, these cells were heated in DMEM at 70 °C for 20 

minutes. The viability of heat-killed cells was confirmed after observing loss of the 

growth following incubation of the heated cells on YPD agar plates for 48 hours at 

30 °C. 

 

3.2.5 Preparation of hyphae form of C. albicans. 

For the preparation of hyphae form of C. albicans cells, 5×106 cells of the 

overnight cultured cells were washed twice with PBS and grown in DMEM at 37 °C for 

16 hours. The hyphae form of the C. albicans cells were confirmed after observing at 

20X magnification under the light microscope. 

 

3.2.6 Determination of inhibitory effect of Ebelactone B on cellular TG activity 

induced by C. albicans 
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 Overnight culture of HC cells was plated and cultured in a 6-well plate bearing 

round coverslips at 37 °C in a humidified incubator with 5 % CO2. The next day, these 

cells were incubated for 4 hours in DMEM supplemented with 0.2 % FBS for serum 

starvation. These HC cells were co-incubated with fungi in the presence and/or absence 

of 5 µM Ebelactone B. The cellular activity of TG2 was then measured based on the 

incorporation of 0.2 mM 5-BAPA into the cells as described previously. 

 

3.2.7 Determination of inhibitory effect of Terbinafine on cellular TG activity 

induced by C. albicans 

Overnight culture of HC cells was plated and cultured in a 6-well plate bearing 

round coverslips at 37 °C in a humidified incubator with 5 % CO2. The next day, these 

cells were incubated for 4 hours in DMEM supplemented with 0.2 % FBS for serum 

starvation. These HC cells were co-incubated with fungi in the presence and/or absence 

of 1 µg/mL Terbinafine [90] found to be non-toxic to HC cells and C. albicans. The 

cellular activity of TG2 was then measured based on the incorporation of 0.2 mM 

5-BAPA into the cells as described previously. 

 

3.2.8 Determination of the effect of H2O2 on cellular TG activity of HC cells 
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 HC cell line was cultured in CS-C complete medium at 37 °C in a humidified 

incubator with 5 % CO2. For the experiments, 2x105 cells was prepared and plated in 

6-well plates bearing round coverslips. The next day, HC cells were incubated for 4 

hours in DMEM supplemented with 0.2 % FBS for serum starvation. These cells were 

co-incubated with 100, 200, 500 and 1000 µM H2O2 in the presence of 5-BAPA in 

serum-free DMEM. The cellular activity of TG2 in HC cells was then measured based 

on the incorporation of 0.2 mM 5-BAPA as described previously. 

 

3.2.9 Statistical analysis 

Quantitative data are shown as the mean ± SD (n = 3-6). Statistical analyses 

were performed using GraphPad Prism version 6.0 for Windows (GraphPad Software, 

San Diego, CA, USA). A *p-value <0.05 and a **p-value <0.01 were considered 

statistically significant. 
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3.3  Results 

3.3.1 Heat killed C. albicans lost the ability to increase TG activity in HC cells. 

Heat-killed C. albicans were co-incubated with HC cells to see whether viable 

cells of C. albicans are necessary for the induction of TG activity in HC cells. 

Following co-incubation with heat-killed C. albicans cells, in contrast to living cells, the 

heat-killed C. albicans lost the capacity to increase TG activity in HC cells (Figure 3.1 a 

and b, compare rows or columns 1 with 3). This indicated that living cells of C. 

albicans is required for the induction of increased TG activity of HC cells. 

 

3.3.2 Both hyphae and yeast forms of C. albicans induced cellular TG2 activity.  

 Being a polymorphic fungus, C. albicans has the capacity to grow in a diversity 

of morphological forms, ranging from unicellular yeast form to pseudohyphae and later 

true hyphae. The effect of yeast and hyphae forms in the induction of TG activity of HC 

cells was studied. In this experiment, Cagup1, C. albicans mutant with delay in hyphae 

development [77] was used. HC cells co-incubated with the Cagup1 cultured at 37 °C in 

DMEM medium enhanced cellular TG activity, especially at the nuclear region of HC 

cells was observed (Figure 3.2 a and b, compare row 1 with 2 and 3). This result 
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suggested that the activation of TG in HC cells was independent of the morphological 

forms of C. albicans.  

 

3.3.3 C. albicans and C. glabrata having defects in biofilm formation and 

adhesiveness induced cellular TG2 activity. 

 To understand the effect of another factors of C. albicans, 

morphology-dependent Cabgl2 mutant [9], and Caecm33 mutant defected in biofilm 

matrix formation and adhesive properties, and C. glabrata mutants Cgbmt1 with altered 

cell wall structure were studied. Similarly, a mutant of C. albicans, Cafad2 [91] 

defected in synthesis of linolenic acid previously shown to increase nuclear TG2 

activity [51] was also studied. Following co-incubation of these mutants with HC cells, 

no attenuation in enhancement of cellular TG activity both at the cytosol and nuclear 

region was observed (Figure 3.3)., This suggested that these virulent traits of the 

pathogenic Candida species were not responsible for this phenomenon. 

 

3.3.4 Ebelactone B did not decrease C. albicans induced cellular TG2 activity. 

 Considering lipase activity, a determinant factor in the pathogenicity of many 

bacteria and fungi, effect of Ebelactone B [84, 85, 92], a lipase inhibitor, was studied in 
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HC cells co-cultured with C. albicans. Inhibition effect of Ebelactone B in HC cells 

co-incubated with C. albicans showed no significant decrease in cellular TG activity 

(Figure 3.4 a and b), signifying that increase in TG activity was not related to the 

secreted virulent lipases. 

 

3.3.5 A Small and unstable soluble factor(s) of fungus is required for induction of 

TG activity in HC cells. 

After understanding the requirement of viable activity(s) of fungus, the requisite 

of direct contact of the body of fungal cell or nature of responsible mediator produced 

from fungi was investigated. For this HC cells were co-incubated with fungi plated in 

insert cup of pore size 0.4 µm creating a barrier between HC cells and C. albicans, and 

HC cells and C. glabrata. Enhanced nuclear TG2 activity was observed in the HC cells 

incubated with C. albicans (Figure 3.5 a and b compare rows or columns 1 with 2) as 

well as C. glabrata (Figure 3.5 a and b compare rows or columns 1 with 3) in insert cup. 

This suggests that direct contact between HC cells and fungus is not essential. I next, 

reduced the pore size of insert cup. HC cells were co-cultured with C. albicans, plated 

in a dialysis membrane (cutoff <10 kDa). Increased cellular TG activity was observed in 

HC cells treated with the fungus in transwell plates (Figure 3.5 c and d, compare rows 
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or columns 1 with 2). On the other hand, when I cultured HC cells with the C. 

albicans-cultured media, the increase in TG activity was not observed (Figure 3.5 c and 

d, compare rows or columns 1 with 3). This finding suggested that small molecule, 

which might be very unstable in nature, was secreted into the culture medium by C. 

albicans and caused increased cellular TG activity.  

 

3.3.6 ROS might be small and unstable factor candidates.  

 To explore the factor(s) smaller in size and unstable, HC cells were co-incubated 

with C. albicans in the presence or absence of 1 µg/mL Terbinafine, an antifungal drug 

that inhibits ergosterol biosynthesis and acts as a free radical interceptor [90, 93]. At 

this concentration, terbinafine was non-toxic to both HC cells and C. albicans. 

Significant reduction in cellular TG activity in HC cells co-cultured with C. albicans in 

the presence of Terbinafine was observed after co-incubation for 24 hours (Figure 3.6 a 

and b, compare row or bar 2 with 3) and 36 hours (Figure 3.6 c and d, compare row or 

bar 2 with 3).  

 Next, to screen whether the small, soluble and unstable factor(s) is ROS, HC 

cells were cultured with H2O2 (a kind of ROS) at different doses ranging from 100-1000 

µM. Nearly, four-fold increase in nuclear TG activity was observed at dose at 1000 µM 
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of H2O2 (Figure 3.7 a and b, compare row or bar 1 with 6). The result suggested that 

H2O2 and may be other ROS are responsible factors candidates for the enhancement of 

cellular TG activity in HC cells. 
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3.4  Discussion 

The ability of C. albicans to infect a diverse host niche is supported by a variety 

of virulence factors. A number of attributes, such as morphological transition, adhesion, 

invasion and biofilm formation are considered to be virulent. For identification of the 

responsible factor(s) for induction of cellular TG activity, several virulence factors of C. 

albicans were evaluated. Lost in capacity to increase in cellular TG activity by 

heat-killed C. albicans signified the need of cell viability of these fungi for induction of 

TG activity in HC cells. On the other hand, HC cells co-cultured with hyphae form of C. 

albicans and yeast form of C. albicans (Cagup1 mutant) showed enhancement of TG 

activity both in the cytosol and nuclear regions. These results suggested that the 

activation of cellular TG activity does not rely upon the morphological forms of C. 

albicans. 

 Mature biofilm formation of C. albicans cells on the biotic and abiotic surfaces 

involves a sequential process ranging from adhesion, aggregation , transition to hyphal 

form and secreting extra-matrix leads to the resistance to different antimicrobial agents 

and host immune system [94, 95]. Here, co-incubation of HC cells and C. albicans 

mutant, defect in adhesion and biofilm formation such Caecm33 (extracellular matrix 

mutant having defect in biofilm formation), Cabgl2 (1,3-beta-glucosyltransferase 
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mutants having defect in cell-wall and growth), Cafad2 (fatty acid desaturase mutant 

having defect in production of poly-unsaturated fatty acid) did not show attenuation in 

fungus-induced enhancement of cellular TG activity. Furthermore, HC cells co-cultured 

with C. albicans cells in the presence of 5 µM Ebelactone B also could not show an 

inhibitory effect on cellular TG activity. Combining all the results, an increase in TG 

activity requires viable fungal cells and is not related to the virulence factors such as 

polymorphic change, biofilm formation, hyphae development, structural component of 

fungal cell wall and lipase, secreted by C. albicans. 

After clarifying the requirement of viability of fungus, it was checked that 

whether direct contact of the fungi is necessary or not. Then HC cells were co-cultured 

with C. albicans plated in insert cup with pore size 0.4 µm, dialysis membrane (≤ 

10kDa) and C. albicans cultured medium. Enhancement of TG activity in HC cells was 

observed even separated from C. albicans by using insert cup and dialysis membrane (≤ 

10kDa). But the TG activity was not induced by addition of C. albicans-cultured 

medium. These results suggested that small molecule(s) which might be very unstable 

in nature, was secreted into the co-culture medium by C. albicans and caused increased 

cellular TG activity in HC cells.  
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Further to investigate whether the induction factor(s) is ROS or not, effect of 

Terbinafine was evaluated in fungus-HC co-culture. Terbinafine is an antifungal drug 

that inhibits biosynthesis of ergosterol of fungi and also a free radical interceptor [90, 

93]. Even though no significant increase in TG activity was observed in HC cells 

co-incubated with C. albicans for 24 hours, a slight decrease in the growth of C. 

albicans was also observed, suggesting that inhibition of TG activity might be a 

consequence of decreased fungal cells. Hence, to overcome this condition, HC cells 

were incubated with C. albicans for 36 hours. The result showed no significant increase 

in cellular TG activity even in presence of sufficient number of C. albicans cells, 

suggesting that this no increase in TG activity is the resultant inhibitory action on ROS 

by Terbinafine [90]. Additionally, exogenously added H2O2 also showed significant 

enhancement of TG activity in HC cells. Combining the resultant effect of Terbinafine 

and H2O2, it could be speculated that ROS might be one of responsible factors for the 

enhancement of cellular TG activity in HC cells following co-incubation with C. 

albicans. 
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Table 3.1 Different ROS 

Free radical Representation 

Superoxide O2·− 

Hydroxyl radical ·OH 

Hydrogen peroxide H2O2 

Peroxyl radical RCOO· 

Organic hydroperoxide RCOOH 

Singlet oxygen 1O2 

Ozone O3 
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Table 3.2 List of fungi used for identification of TG activity inducing fungal 
factor(s) 

Species Strain Genotype References 

C. albicans SC5314 wild type [63] 

S. cerevisiae IFO10150 MATa ste-VC9 ura3-52 trp1-289 

his3-D1 leu2-3,112 

[64] 

C. glabrata CBS138 wild type [65] 

Ca GUP1  Cagup1, a derivate of SC5315 [77] 

Ca BGL2  Cabgl2, a derivate of SC5315 [9] 

Ca ECM33  Caecm33, a derivate of SC5315  

Ca FAD2  Cafad2, a derivate of SC5315 [91] 

Cg BMT1  Cgbmt1, a derivate of CBS138 From Professor. 

Chibana 

Cg NOX1 CAGL0K05863g Cgnox1, a derivate of CBS138 From Professor. 

Chibana 
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Figure 3.1 Cellular TG activity in HC cells treated with heat-killed C. albicans 
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HC cells were seeded at 2 × 105 cells per well in a 6-well plate and incubated overnight. 

After adding 5-BAPA, the cells were incubated (a) alone (row 1) or were co-incubated 

with living 5 × 106 (row 2) or heat-killed 5 × 109 (row 3) C. albicans cells for 24 hours; 

Scale bars = 20 µm. Representative images from at least 3 fields from 3 independent 

experiments are shown. Fluorescence intensities from TRITC in both the cytoplasm and 

nucleus of panels (b) were quantitated using ZEN 2011 software, and relative TG 

activity levels in both locations are presented in bar graphs, with the levels from HC 

cells incubated alone used as the controls (mean ± SD, n = 3). Asterisks represent 

statistical significance.
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Figure 3.2 Cellular TG activity in yeast- and hyphae- C. albicans treated HC cells 

HC cells were seeded at 2 × 105 cells per well in a 6-well plate and incubated overnight. 

After adding 5-BAPA, (a) the cells were incubated alone (row 1) or co-incubated with 

living 5 × 106 C. albicans cells grown in YPD media at 30oC (row 2) or 5 × 106 C. 

albicans cells grown in DMEM media at 37oC (row 2) for 24 hours. b) the cells were 
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incubated alone (row 1) or were co-incubated with living 5 × 106 C. albicans cells (row 

2) or 5 × 106 Cagup1 cells, a mutant of C. albicans (row 3) for 24 hours. Scale bars = 20 

µm. Representative images from at least 3 fields from single experiments are shown. 
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Figure 3.3 Cellular TG activity in C. albicans/ C. glabrata mutant treated HC cells 

HC cells were seeded at 2 × 105 cells per well in a 6-well plate and incubated overnight. 

After adding 5-BAPA, (a) the cells were incubated alone (row 1) co-incubated with 5 × 

106 cells of C. albicans (row 2), Cabgl2 (row 3) Caecm33 (row 4) and Cafad2 (row 5) 

(b) the cells were incubated alone (row 1) or were co-incubated with 5 × 106 cells of C. 

glabrata (row 2) and Cgbmt1 (row3) for 24 hours. Scale bars = 20 µm. Representative 

images from at least 3 fields from 2 experiments are shown. 
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Figure 3.4 Cellular TG activity in C. albicans and a lipase inhibitor treated HC 
cells  
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HC cells were seeded at 2 × 105 cells per well in a 6-well plate and incubated overnight. 

After adding 5-BAPA, (a) the cells were incubated alone (row 1), or treated with 0.5% 

EtOH (row 2), or were co-incubated with living 5 × 106 C. albicans cells (row 3) or 

were co-incubated with living 5 × 106 C. albicans cells in presence 5µM Ebelactone 

(row 4) for 24 hours. Scale bars = 20 µm. Representative images from at least 3 fields 

from 2 independent experiments are shown. (b)Fluorescence intensities from TRITC in 

both the cytoplasm and nucleus of panels (a) were quantitated using ZEN 2011 software, 

and relative TG activity levels in both locations are presented in bar graphs, with the 

levels from HC cells incubated alone used as the controls (mean ± SD, n = 3). n.s. 

represent statistical non-significance. 
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Figure 3.5 Nature of the factors (s) responsible for enhanced cellular TG activity in 
HC cells co-cultured with C. albicans 

HC cells were seeded at 2 × 105 cells per well on a 35-mm glass-based dish or round 

cover slips plated in 6-well plates and were incubated overnight. (a) After adding 
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5-BAPA, the cells were incubated alone (row 1) or were co-incubated with 5 × 106 C. 

albicans cells grown insert cup (row 2) or were co-incubated with 5 × 106 C. glabrata 

cells grown insert cup (row 3). (c) After adding 5-BAPA, the cells were incubated alone 

(row 1) or were co-incubated with 5 × 106 C. albicans cells grown in a transwell 

separated by a dialysis membrane (row 2) and cultured with the conditioned medium 

prepared from C. albicans cultures following a 24-hour incubation (row 3). Scale bars = 

20 µm. Representative images from at least 3 fields from 3 independent experiments are 

shown. Fluorescence intensities of TRITC in both the cytoplasm and nucleus were 

quantitated using ZEN 2011 software, and the relative TG activity levels in both 

locations of panels (a) are presented in bar graphs in (b) and of panel (c) in bar graphs 

in (d) with the levels from the HC cells incubated alone as the control (mean ± SD, n = 

3). Asterisks represent statistical significance.
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Figure 3.6 Cellular TG activity in Terbinafine and C. albicans treated HC cells 

HC cells were seeded at 2 × 105 cells per well in a 6-well plate and incubated overnight. 

After adding 5-BAPA, the cells were incubated alone (row 1), or were co-incubated 

with living 5 × 106 C. albicans cells (row 2) or were co-incubated with living 5 × 106 C. 

albicans cells in presence of 1µg/mL Terbinafine (row 3) for (a) 24 hours or (c) 36 

hours. Scale bars = 20 µm. Representative images from at least 3 fields from 2 
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independent experiments are shown. Fluorescence intensities from TRITC in both the 

cytoplasm and nucleus were quantitated using ZEN 2011 software, and relative TG 

activity levels in both locations of panels (a) are presented in bar graphs in (b) and of 

panel (c) in bar graphs in (d), with the levels from HC cells incubated alone used as the 

controls (mean ± SD, n = 3). Asterisk represent statistical significance. 
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Figure 3.7 Cellular TG activity in H2O2 treated HC cells 

HC cells were seeded at 2 × 105 cells per well in a 6-well plate and incubated overnight. 

After adding 5-BAPA, (a) the cells were incubated alone (row 1), or were co-incubated 

with living 5 × 106 C. albicans cells (row 2) and co-incubated with living 5 × 106 C. 

albicans cells in presence of 100 µm H2O2 (row 3), 200 µm H2O2 (row 4) 500 µm H2O2 

(row 5) 1000 µm H2O2 (row 6) for 24 hours. Scale bars = 20 µm. Representative images 

from at least 3 fields from two independent experiments are shown. Fluorescence 

intensities from TRITC in both the cytoplasm and nucleus were quantitated using ZEN 

2011 software, and relative TG activity levels in both locations of panels (a) are 
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presented in bar graphs in (b). Levels from HC cells incubated alone is used as the 

controls (mean ± SD, n = 3). Asterisk represent statistical significance. 
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Chapter 4  

4. Effect of Fungus-derived ROS to human hepatocytes and mouse 

primary hepatocytes. 

 

4.1  Introduction 

C. albicans is one of the most prominent etiological factors for causing 

opportunistic infection to human, which ranges from superficial infection to deep seated 

systemic infections. An interaction between virulence factors of C. albicans and 

immune environment of the host, determines well-being of human. In my research, it 

was suggested that one of the virulent attributes of C. albicans may be the ability of 

generating significant amounts of ROS.  

In heterotrophic organisms, more than 90% of consumed oxygen under aerobic 

conditions is reduced directly to water via four-electron mechanisms by cytochrome 

oxidases coupled with oxidative phosphorylation to produce energy in ATP form. The 

system in eukaryotes is represented by electron transport chain (ETC) located in 

mitochondrial membrane. But, less than 10% of the consumed oxygen is reduced via 

alternative and successive one-electron pathway escaping from mitochondrial ETC 

mainly from coenzyme Q to form O˙2. This successive pathway of one-electron 
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reduction continues to reduce O˙2 to form H2O2 after parallel acceptance of two protons, 

and splits up H2O2 to ·OH and hydroxyl anion (OH ¯) after accepting one more electron. 

Finally, OH ¯ interacts with one more electron and proton to form water. The formed 

O˙2, H2O2 and ·OH are collectively known as ROS (Table 3.1). The term ROS also 

includes diverse peroxides like peroxides of lipid, proteins, and nucleic acids [96]. Over 

90% of ROS are produced by electrons escaping ETC in mitochondria. In addition, 

small amount of ROS are also produced by ETC located in endoplasmic reticulum, 

plasmatic and nuclear membranes. Beside these, diverse oxidases are also producers of 

ROS. They oxidize carbohydrates, aldehydes, amino acids, heterocyclic compounds and 

other. Among them xanthine oxidases and NADPH oxidases are well studies ones. 

Xanthine oxidases are believed to be main ROS producers under hypoxic conditions 

and NADPH oxidases complex (Nox) are related to defense system for inactivation of 

bacteria by immune system cells.  

 

In dying cells, intracellular ROS enhances TG2 activation, which facilitates Bax 

translocation to the mitochondria. Thus, the release of cytochrome c and 

apoptosis-inducing factors from the mitochondria can induce both caspase-dependent 

and caspase-independent apoptotic cell death, respectively [97]. 
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In previous studies, increases in intracellular Ca2+ and endogenous ROS were 

reported with subsequent activation of TG2 and cell death of HUVEC cells treated with 

C-peptide, [89]. Similar apoptotic death was also reported in cancer cells following 

activation of TG2 due to increased ROS [98], in lysophosphatidic acid (LPA) and 

transforming growth factor-beta (TGF-β) treated Swiss 3T3 cell lines [87] and 

arachidonic acid treated NIH3T3 cell lines [88]. This study showed the ability to 

generate ROS on Candida species, which corroborates the finding of Sander CS. et. al., 

(2002) [90]. The exogenous ROS are highly toxic to the host cells and contributes the 

pathogenicity of C. albicans then leads to invasiveness and inflammatory responses of 

the host.  

Hence, fungus-derived ROS mediating the activation of TG was evaluated about 

the association with hepatic cell death. For this, fluorescent probe CM-H2DCFDA and 

electron spin resonance (ESR) spectrometer were used for identification of ROS. HC 

cells were also co-incubated with C. albicans in the presence or absence of NAC, an 

inhibitor of ROS [99]. Further, C. albicans-derived ROS mediates induction of cellular 

TG activity, to a greater extent at the nuclear region, was verified by gain of- and loss 

of-function experiments in both human hepatic cell and mouse primary hepatocytes. 

Firstly, to examine the capacity of ROS to induce the TG activity, HC cells were treated 
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with H2O2 in the presence and absence of NAC. Secondly, HC cells co-incubated with C. 

glabrata NOX1 mutant deficient in capacity to produce ROS. Finally, the activation of 

caspase 3 in human hepatic cells and mouse primary hepatocytes following to hepatic 

cell death was verified. 
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4.2  Materials and methods 

4.2.1 Isolation of primary hepatocytes 

Primary hepatocytes were isolated from the livers of male TG2-/- mice [100] and 

their TG2+/+[101] littermates by collagenase digestion method as described previously 

[102].  

 

4.2.2 Cell culture 

Primary hepatocytes isolated form TG2-/- and TG2+/+ were cultured in DMEM 

containing 10% FBS. HC cell line was grown in CSC complete medium. Both cell lines 

were incubated at 37 °C in a humidified incubator with 5 % CO2. For the experiments, 

the cells were plated and cultured overnight in 96-well plates and 6-well plates bearing 

round coverslips. The next day, the cells were incubated for 4 hours in DMEM 

supplemented with 0.2 % FBS for serum starvation. These cells were co-incubated with 

fungi in the presence of 5-BAPA in serum-free DMEM. 

 

4.2.3 Fungal strains and culture conditions 

Fungal strains given in Table 4.2 were grown on YPD agar medium. For 

co-incubation with HC cells, the fungal cells were pre-cultured in liquid YPD medium 
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with shaking at 160 rpm for 8 to 16 hours at 30 °C. The pre-cultures were washed twice 

with PBS and adjusted to the desired cell density in plates by measuring the OD600 

using an Ultrospec 2000 spectrophotometer.  

 

4.2.4 Detection of in vitro ROS production by lucigenin  

HC cells (4 × 103 cells in 200 µL of phenol red free DMEM) were seeded in 

each well of a 96-well plate and incubated at 37°C with 5 % CO2 overnight as described 

previously. The next day, cells were co-incubated with 1 × 105 cells of different strains 

of fungi given in Table 4.2 in phenol red free DMEM. Production of ROS in 

co-incubation culture was analyzed as based on the enhanced chemi-luminescence. 

Lucigenin was added (final concentration, 200 µM) (Sigma-Aldrich Co.) to the culture 

and incubated for 10 minutes at 37 °C. The chemi-luminescence was immediately 

measured using a microplate reader (Ensight, Perkin Elmer, USA). 

 

4.2.5 Detection of in vitro ROS production by CM-H2DCFDA  

HC cells (2 × 105 cells in the 2 mL of phenol red free DMEM medium) were 

seeded onto a 35-mm glass-based dish and incubated at 37 °C with 5 % CO2 overnight 

as described previously. The next day, cells were co-incubated with C. albicans (5 × 106 
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cells) for 8 hours. ROS production was analyzed as based on the reaction between 

CM-H2DCFDA and ROS by measuring fluorescence signal. The cells were treated with 

CM-H2DCFDA (final concentration, 5 µM) (Life Technologies, Eugene, OR, USA) for 

15 minutes at 37 °C, and cells were immediately monitored for their fluorescein 

isothiocyanate (FITC) fluorescence signals using LSM 700 laser scanning confocal 

microscope (Carl Zeiss, Inc., Germany). 

 

4.2.6 Identification of a ROS by ESR spectroscopy 

Semi-quantitative measurements of ROS were performed using a conventional 

spin trapping technique with ESR spectroscopy. HC cells (2 × 105 cells in the 2 mL of 

phenol red free DMEM medium) were seeded onto each well of a 6-well plate and 

incubated at 37 °C with 5 % CO2 overnight. Cells were co-incubated with fungi (5 × 106 

cells) for 8 hours. Culture medium was diluted in 100 mM phosphate buffer (pH 7.4) 

containing 25 µM diethylenetriaminepentaacetic acid (DPTA, Sigma-Aldrich Co.) and 

25 mM 5-tert-Butoxycarbonyl-5-methyl-1-pyrrolin-N-oxide (BMPO, Enzo Life 

Sciences, Farmingdale, NY, USA) [103]. The mixtures were then transferred to a quartz 

flat cell and set inside the cavity of the ESR spectrometer. Then, ESR measurement of 

the spin adducts was performed under the following conditions: magnetic field, 
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336.7±10 mT; microwave frequency, 9.424 GHz; microwave power, 10.0 mW; sweep 

time, 0.5 minutes; time constant, 0.03 sec; and modulation field 1.0 × 0.1 mT (100 kHz). 

All ESR spectra were taken with 10 accumulation times. The generated ROS were 

evaluated using the data analyzer connected to the ESR spectrometer. Representative 

images obtained from a single experiment are shown. 

 

4.2.7 Determination of in vitro TG activity and cleaved caspase-3 

HC cells were seeded on round coverslips plated in a 6-well plate (2 × 105 cells) 

and incubated overnight at 37 °C with 5 % CO2. The next day, the cells were directly 

co-incubated for 24 hours with fungi. The cellular activity of TG2 was measured based 

on the incorporation of 0.2 mM 5-BAPA into the cells incubated in the presence of 0.1 

mM aminoguanidine. Some samples were also incubated with 10 mM NAC 

(Sigma-Aldrich Co.), as an ROS inhibitor [87], or 1 mM H2O2 as a positive control for 

producing ROS. Cells were then fixed with a 10 % formaldehyde solution, 

permeabilized, blocked and immunostained with streptavidin- TRITC (1:500) and 

cleaved caspase-3 (1:400). The TG activity was then detected as a fluorescence signal 

from TRITC and analyzed with an LSM 700 laser scanning confocal microscope (Carl 

Zeiss, Inc., Germany) and using ImageXpressMICRO High Content Screening System 
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(Molecular Devices, Sunnyvale, CA, USA). Anti-rabbit Alexa 488 (1:200) was used to 

detect cleaved caspase-3 along with H 33258 (1:5000) 

 

4.2.8 Use of a ROS inhibitor NAC 

HC cells were cultured as described previously. Briefly, in 6-well plates bearing 

round coverslips 2x105 HC cells was plated and incubated at 37 °C in a humidified 

incubator with 5 % CO2 in presence and absence of fungus. The next day, the cells were 

incubated for 4 hours in DMEM supplemented with 0.2 % FBS for serum starvation 

(Mediatech, Herndon, VA, USA). These cells were treated with 10 mM of NAC 

prepared in DMEM. In some cases, 5-BAPA was also added to determine TG activity. 

The amount of NAC used was evaluated non-cytotoxic as determined by Cell counting 

kit-8 (CCK-8, Sigma-Aldrich) method and effective to inhibit ROS. 
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4.3 Results 

4.3.1 C. albicans and C. glabrata increased ROS in co-culture with HC cells 

Suspecting that the unstable substances might be ROS from fungi for inducing 

TG activity in HC cells, time course for the production of ROS by fungus co-cultured 

with HC cells was measured using chemiluminescent probe lucigenin [86]. 

Co-incubation of HC cells and C. albicans led to produce higher amount of ROS in 

comparison to C. glabrata and S. cerevisiae, and the production was the highest amount 

at 8 hours after co-incubation ( 

Figure 4.1). Next for further confirmation of ROS generation of fungus, 

fluorescent probe CM-H2DCFDA [104] was used ( 

Figure 4.2). Significantly higher levels of ROS were produced by both C. 

albicans cultured with HC cells (row and column 2) and C. glabrata cultured with HC 

cells (row and column 3) than by HC cells alone (row and column 1) and by S. 

cerevisiae cultured with HC cells (row and column 4). In C. glabrata, only a gene 

(CAGL0K05863g) homologous to the genuine NADPH oxidase Yno1p/Aim14p of S. 

cerevisiae [105] was identified and named CgNOX1. S. cerevisiae Aim14p was already 

determined to be responsible for the generation of superoxide from oxygen [105]. 
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Hence, Cgnox1-disruption mutant was co-incubated with HC cells and decrease in ROS 

generation (row and column 5) was confirmed.  

 

4.3.2 C. albicans and C. glabrata increased ·OH in co-cultured HC cells  

To determine the ROS species, ESR analyses of culture media were performed. 

Four split ESR line spectra of·OH with an intensity ratio of 1:2:2:1 were observed in the 

conditioned medium of HC cells with C. albicans ( 

Figure 4.3 a) and C. glabrata ( 

Figure 4.3 b) but not in that from HC alone ( 

Figure 4.3 a) with hyperfine parameters of (AN = 1.4 mT, AH = 1.3 mT). The 

intensities of the ·OH spectra were quite different for the different species of fungi. C. 

albicans showed the highest intensity. C. glabrata showed a spectrum for ·OH at a 

2.5-fold higher sensitivity setting suggesting the amount of ·OH released by C. glabrata 

is relatively lower than that released by C. albicans. The order of the ·OH spectrum 

intensities was C. albicans > C. glabrata > S. cerevisiae, with an approximate ratio of 

10:3:1, respectively ( 

Figure 4.3 a and b). The ·OH spectrum intensity of Cgnox1 mutant was also 

quite small (almost the same as that of S. cerevisiae). Treatment of HC cells and C. 
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albicans / C. glabrata co-cultures with NAC also showed spectra similar to that of ·OH 

but with different hyperfine parameters (AN=1.4 mT, AH=1.5 mT). These results 

indicate that high amount of fungi derived ·OH is released as an exogenous ROS in 

adjacent hepatic cells. 

  

4.3.3 Candida species-derived ROS induced higher cellular TG activity in HC 

cells 

To explore whether fungus-derived ROS might mediate induction of cellular TG 

activity in HC cells, HC cells were co-incubated with C. albicans in the presence and 

absence of NAC [87]. Treatment of the co-cultures of C. albicans and HC cells with 

NAC completely blocked the enhanced cytosolic and nuclear TG activities in HC cells 

(Figure 4.4 a and b, compare rows or columns 2 with 3). This result suggested that 

fungus-derived ROS might mediate the enhancement of cellular and, to a greater extent 

nuclear, TG activity in HC cells.  

 

The hypothesis that C. albicans-derived ROS might mediate induction of 

cellular TG activity was further verified, by both gain- and loss-of-function experiments. 

First, to examine the capacity of ROS to induce TG activity, HC cells were treated with 
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H2O2 in the presence or absence of NAC. Similar to HC cells co-incubated with C. 

albicans, externally added H2O2 mimicked an increase in cellular TG activity in HC 

cells, which was blocked by NAC (Figure 4.4 a and b, compare rows or columns 4 

with 5). However, HC cells co-incubated with the Cgnox1 mutant failed to increase TG 

activity (Figure 4.4 a and b, compare row or column 6 with 7). These results suggested 

that fungus-derived ROS produced in the proximity of HC cells worked as a mediator(s) 

to increase cellular TG activity in HC cells. 

 

4.3.4 Candida species-derived ROS induced TG2-mediated hepatic cell death 

To explore the role of fungus-derived ROS to hepatic cell death, HC cells were 

incubated with pathogenic fungi and the caspase-3 activation in HC cells was analyzed. 

Enhanced cellular TG activity and caspase-3 activation were observed in this 

co-incubation and were attenuated by NAC (Figure 4.5 a and b, compare row or 

column 2 with 3).  

Next to investigate the role of TG2 in fungus-derived ROS in hepatic cell death, 

primary hepatocytes from TG2+/+ and TG-/- mice were treated with different strains of 

fungi (Figure 4.5 a and b). Increased cellular TG and caspase-3 activities were 

observed following co-culturing C. albicans and C. glabrata with TG2+/+ hepatocytes 
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(compare rows 1 with 3 and 5, respectively) but not with TG2-/- hepatocytes (compare 

rows 2 with 4 and 6, respectively) and TG2+/+ hepatocytes treated with Cgnox1(row 9), 

C. utilis (row 10) or S. cerevisiae (row 11). The increased TG and caspase-3 activities 

were attenuated by NAC (compare rows 3 with 7 and 5 with 8), indicating that 

fungi-derived ROS was able to increase cellular TG activity, especially TG2, and 

increases caspase-3 activation, leading to cell apoptosis. 
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4.4  Discussions 

In relation to unstable nature of factor(s) inducing TG2 activity in HC cells, 

ROS as a promising factor was monitored using the chemiluminescent probe lucigenin 

and fluorescent probe CM-H2DCFDA [104]. When co-cultured with HC cells, 

significantly higher yields of ROS were produced by both C. albicans and C. glabrata 

than by other fungi such as S. cerevisiae. The capacities of production of high yields of 

ROS in C. albicans and C. glabrata may characterize these fungi as pathogen. Schroter 

C. et. al. showed that C. albicans can produce significant yield of ROS in response to 

the morphological state and the virulence factor for invasive behavior [86]. Further, 

Sander CS. et. al., propounded the ability to generate remarkable yield of ROS, which 

are highly toxic to the cells and contributes for the pathogenicity of C. albicans in 

human host. Then, this phenomenon leads to invasiveness and inflammatory responses 

of the host [90].  

Furthermore, ESR analysis was performed to identify ROS species. Four split 

ESR line spectra with an intensity ratio of 1:2:2:1 were observed in the conditioned 

medium of HC cells with C. albicans /C. glabrata. The origin of the split ESR lines 

comes from the hyperfine interactions of the nuclear spins and depends on the number 

of nuclear spins in the nitrone spin trap BMPO and the trapped ROS. If  
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·OH is trapped in BMPO, the total number of nuclear spins are I=3/2, and this 

splits the single ESR line into 2I+1 = 4 lines. The number of the splitting lines and the 

intensity ratio and the hyperfine parameters (AN = 1.4 mT, AH = 1.3 mT) suggested that 

the origin of the ESR was coming from the spin adducts BMPO/·OH. Therefore, the 

ROS was identified as ·OH.  

High yield of ·OH in the conditioned medium co-incubated with HC cells and C. 

albicans /C. glabrata was observed. However, no similar spectrum was observed in 

conditioned medium co-incubated with HC cells and S. cerevisiae and in the medium in 

which only HC cells were cultured. The order of the ·OH spectrum intensities was C. 

albicans > C. glabrata > S. cerevisiae, with the approximate ratio of 10:3:1, 

respectively. Likewise, NOX1 gene in C. glabrata, which eliminated the capacity to 

produce ROS, showed similar spectrum as that of S. cerevisiae. Treatment of HC cells 

and C. albicans / C. glabrata co-cultures by NAC also showed spectra similar to that of 

·OH but with different hyperfine parameters (AN=1.4 mT, AH=1.5 mT). It was 

speculated that this might be an extrinsic effect due to the interactions of NAC, ·OH and 

BMPO. These results indicated that high yield of exogenous ROS triggers the induction 

of nuclear TG in adjacent hepatic cells. 
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ROS has been identified as the principal factor for activation of cellular TG 

activity in human hepatic cells following co-culture with leading opportunistic fungal 

pathogens C. albicans and C. glabrata. Next, the role of fungus derived ROS identified 

as ·OH was clarified by both gain of- and loss of-function. Here, HC cells were 

exogenously treated with H2O2 in the presence of NAC. and then TG activity in HC 

cells were monitored. Like as fungus-derived ROS, addition of H2O2 led to reproducible 

enhancement of cellular TG activity in HC cells, while NAC blocked these effects. 

Furthermore, co-incubation of HC cells and Cgnox1 mutant of C. glabrata abrogated 

the capacity to enhance cellular TG activity in HC cells. These results suggested that the 

·OH produced by C. albicans /C. glabrata in close proximity to HC cells acted as a 

principal mediator to increase in the cellular, especially nuclear, TG activity in the HC 

cells and mouse primary hepatocytes, eventually, induced cell death (Figure 4.5 and 

Figure 4.6). Intracellular ROS has been reported to be a principal mediator for TG2 

activation in HUVEC lines treated with C-peptide [89], in Swiss 3T3 cell lines treated 

with lysophosphatidic acid (LPA) and transforming growth factor beta (TGF-β), [87] 

and in NIH3T3 cell lines treated with arachidonic acid [88]. In these studies, 

endogenous ROS enhanced cellular TG activity in HC cells, although the biological 

relevance of this enhancement was not addressed. Similarly, H2O2 has been revealed as 
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a principal contributor of cartilage degradation through chrondrocyte apoptosis via 

caspase 1 and 3 activation and increased TG2 activation and expression. However, the 

possibility that C. albicans and C. glabrata might also stimulate endogenous ROS 

production in HC cells cannot be ruled out. Thus far, this study showed that ROS 

enhances both the gene expression and nuclear localization of TG2 in HC cells. In 

addition, it has been reported that C. albicans produces ROS under certain conditions 

[86]. The roles of the gut microbiota and bacteria-liver interactions are fairly well 

understood in the context of ASH and NASH [32-35], Recently Yang et al. reported the 

contribution of C. albicans in development of ASH disease [36]. Here, in this study, for 

the first time, an association of ROS-high producing fungi, such as C. albicans and C. 

glabrata with enhanced nuclear TG2 activity in hepatic cells leading to apoptosis is 

demonstrated. Combining these previous findings and the results of my study suggested 

that host cell (tissue) injury by two Candida species via the ROS-mediated induction of 

nuclear TG2 might be a general phenomenon in human body. Indeed, a similar 

induction of nuclear TG2 was observed in HEK 293T and FLC-7 cells upon 

co-incubation with C. albicans. 
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Table 4.1 Steps involved in in vivo formation of ROS 

Reaction ROS 

O2 + e− → ·O2− Superoxide 

2H++ ·O2− + ·O2− → H2O2 + O2 Hydrogen peroxide 

H2O2 + e− → HO− + ·OH Hydroxyl radical 

2H2O2 → 2H2O + O2  
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Table 4.2 List of fungi used in study of fungal-derived ROS in human hepatocytes 

Species Strain Genotype References 

C. albicans SC5314 wild type [63] 

S. cerevisiae IFO10150 MATa ste-VC9 ura3-52 

trp1-289 his3-D1 leu2-3,112 

[64] 

C. glabrata CBS138 wild type [65] 

CgNOX1 CAGL0K05863g Cgnox1, a derivate of CBS138 From Professor Chibana 
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Figure 4.1 Time dependent ROS level in fungus-HC co-culture 

HC cells were seeded onto a 96-well plate (4 × 103 cells per 200µL) in phenol red free 

DMEM and incubated at 37 °C with 5 % CO2 overnight. The next day, cells were 

co-incubated with different strains of fungi (1 × 105 cells) in phenol red free DMEM. 

After inoculation of the fungi the plate was incubated at 37 °C with 5 % CO2 and in 2 

hours interval, ROS production was measured immediately after addition of lucigenin in 

final concentration of 200 µM for 10 minutes. The chemi-luminescence was 

immediately measured using a microplate reader. 
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Figure 4.2 Level of ROS in HC cells co-incubated with fungus 
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HC cells were seeded at 2 × 105 cells per well on a 35-mm glass-based dish or round 

cover slips plated in 6-well plates and were incubated overnight. (a) Cells were 

incubated alone (row 1) or were co-incubated for 8 hours with the different fungal 

strains, including C. albicans (row 2), C. glabrata (row 3), S. cerevisiae (row 4), and a 

CgNOX1 gene mutant of C. glabrata (row 5), with 5 µM CM-H2DCFDA. Scale bars = 

20 µm. (b) Fluorescence intensities from reacted CM-H2DCFDA were quantitated 

using ZEN 2011 software and are represented in bar graphs (mean ± SD, n = 3). A 

100-µL test mixture was prepared containing 40 µL DPTA, 10 µL BMPO. Asterisks 

represent statistical significance.
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Figure 4.3 Level and species of ROS in fungus-HC cells cultured medium 

HC cells were seeded at 2 × 105 cells per well on a 35-mm glass-based dish or round 

cover slips plated in 6-well plates and were incubated overnight. (a) 50 µL of culture 

medium from the HC cells (spectrum 1) or HC cells co-incubated with C. albicans in 

the absence (spectrum 2) or presence (spectrum 3) of NAC or S. cerevisiae (spectrum 4) 

cultivated for 8 hours or with (b) 50 µL of culture medium from HC cells (spectrum 1), 

or HC cells were co-incubated with C. glabrata in the absence (spectrum 2) or presence 

(spectrum 3) of NAC or Cgnox1 (spectrum 4) for 8 hours. The mixture was transferred 

to a quartz flat cell and set inside the cavity of the ESR spectrometer and analyzed using 

the data analyzer connected to the ESR spectrometer. 
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Figure 4.4 Cellular TG activity in HC cells induced by ROS 

HC cells were seeded at 2 × 105 cells per well in a 35-mm glass-based dish or on round 

cover slips plated in 6-well plates and incubated overnight as previously described. (a) 

After adding 5-BAPA, the HC cells were incubated alone (row 1) or were co-incubated 

for 24 hours with 5 × 106 C. albicans cells in the absence (row 2) or presence (row 3) of 

10 mM NAC, with 1 mM H2O2 in the absence (row 4) or presence (row 5) of 10 mM 

NAC, or with 5 × 106 C. glabrata cells (row 6) or Cgnox1-mutant cells (row 7). The 

cells were fixed and stained with streptavidin-TRITC and H 33258 dye. Both the blue 

fluorescence signals from H 33258-stained nuclei (column 1) and the green 
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fluorescence signals representing TG activity (column 2) were detected using a confocal 

microscope. Images taken under the bright field (column 3) are also shown. Scale bars = 

20 µm. Representative images from at least 3 fields from 3 independent experiments are 

shown. (b) Fluorescence intensities from TRITC in both the cytoplasm and nucleus 

were quantitated using ZEN 2011 software, and the relative TG activity levels in both 

locations are represented in bar graphs, with the level from HC cells incubated alone 

used as the control (mean ± SD, n = 3). Asterisks represent statistical significance. 
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Figure 4.5 TG mediated cell death of HC cells induced by fungus derived ROS 

(a) HC cells were seeded at 2 × 105 cells per well in a 6-well plate and were incubated 

overnight and then treated with 5-BAPA and were incubated alone (row 1) or were 
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co-incubated with 5 × 106 C. albicans cells (row 2) in the presence of 10 mM NAC 

(row 3). The blue fluorescence from H 33258 dye (column 1) was observed along with 

the green fluorescence signals from TRITC staining 5-BAPA representing TG activity 

(column 2) and red fluorescence from Alexa 488 representing caspase-3 activity 

(column 3) using a confocal microscope. An image taken under bright field (column 4) 

is also shown. Scale bar = 20 µm. Representative images from at least 3 fields from a 

single experiment are shown. (b). Fluorescence intensities from TRITC in both the 

cytoplasm and nucleus along with fluorescence intensities from Alexa 488 were 

quantitated using ZEN 2011 software, and after subtraction of background intensities, 

the relative TG and caspase-3 activity levels are represented in bar graphs, with the 

levels from HC cells incubated alone as the control (mean ± SD, n = 3). Asterisks 

represent statistical significance.
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Figure 4.6 TG2 mediated hepatic cell death induced by fungus derived ROS 
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(a) Primary hepatocytes isolated from livers of TG-/- mice and their TG+/+ littermates 

were seeded at 5 × 105 cells per well in a 6-well plate and incubated overnight. The next 

day, the cells were treated with 5-BAPA and incubated alone (rows 1 and 2) or were 

co-incubated with 5 × 106 C. albicans cells (rows 3 and 4) in the presence of 10 mM 

NAC (row 7) or with the same number of C. glabrata cells (rows 5 and 6) in the 

presence of 10 mM NAC (row 8), Cgnox1 (row 9), C. utilis (row 10), and S. cerevisiae 

(row 11). The blue fluorescence from H 33258 dye (column 1) was observed along with 

the green fluorescence signals from TRITC staining 5-BAPA representing TG activity 

(column 2) and red fluorescence from Alexa 488 representing caspase-3 activity 

(column 3) using a confocal microscope. An image taken under bright field (column 4) 

is also shown. Scale bar = 20 µm. Representative images from at least 3 fields from a 

single experiment are shown. (b). Fluorescence intensities from TRITC in both the 

cytoplasm and nucleus along with fluorescence intensities from Alexa 488 were 

quantitated using ZEN 2011 software, and after subtraction of background intensities, 

the relative TG and caspase-3 activity levels are represented in bar graphs, with the 

levels from TG2+/+ primary hepatocytes incubated alone as the control (mean ± SD, n = 

3). Asterisks represent statistical significance. 
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Chapter 5  

5. Conclusion 

Role of TG2 and existence of pathogenic fungus like C. albicans and C. 

glabrata in human liver damage were previously reported. But, role of these fungi in 

hepatic injury was still not clear. Hence, in this study investigation in the direction of 

involvement of TG2 and in the regulation of liver cell death after infection with C. 

albicans and C. glabrata was conducted. 

Increased cellular TG activity, increased TG2 mRNA level and nuclear 

accumulation of EGFP tagged TG2 were observed following incubation of human liver 

cell with these pathogenic fungi. TG inhibitors cystamine and R283, inhibited the 

increased cellular TG activity, suggesting that observed TG activity in HC cells was 

induced by these Candida. Furthermore, ZDON and phenosafranin significantly 

inhibited cell death following activation of caspase-3 in FLC-7 cells, suggesting that 

nuclear TG2 activity is involved in C. albicans-induced hepatic cell death. This study 

suggested that fungi C. albicans and C. glabrata release some factor/s, causing cellular 

stress and enhancing cellular TG2 activity in host cells and then lead to cell death via 

activation of caspase-3 pathway. 
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For screening and identification of the responsible factor(s) for induction of 

cellular TG activity, several virulence factors of C. albicans were evaluated. HC cells 

co-cultured with heat-inactivated C. albicans, hyphae form of C. albicans, C. albicans 

with delayed hyphae development and C. albicans mutant cells with defect in adhesion 

and biofilm formation such Caecm33, Cabgl2, Cafad2. In addition, HC cells were 

incubated with C. albicans in the presence of 5 µM Ebelactone B, a lipase inhibitor. The 

results showed that an increase in TG activity in HC cells requires viable fungus cells 

and is not related to the polymorphic form of C. albicans, the ability to form biofilm, 

hyphae development, structural component of fungal cell wall and lipase secreted by C. 

albicans. Further, to evaluate the necessity of the direct contact of these fungi and the 

stability of some factor(s) of these fungi, HC cells were co-cultured with living fungus 

plated in dialysis membrane (≤ 10kDa) and cultured with fungus-cultivated media. 

Enhancement of TG activity in HC cells in living fungus plated in dialysis membrane 

was observed but not with the fungus-cultivated media, suggesting that a certain soluble 

factor(s), which might be very unstable in nature, was secreted into the culture medium 

by C. albicans and increased cellular TG activity.  

Further to verify whether the responsible factor is ROS or not, effect of 

Terbinafine (a free radical interceptor) in fungus-HC co-culture and exogenously added 
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H2O2 in HC cells were evaluated. These results suggested that ROS might be the 

responsible factor further verified by using fluorescent probe of ROS CM-H2DCFDA. 

Furthermore, ESR analyses were performed. The result showed higher levels of •OH in 

the conditioned medium co-incubated with HC cells and C. albicans /C. glabrata. Next, 

the role of fungus derived ROS (identified as •OH) was clarified by both gain of-and 

loss of-function. HC cells were exogenously treated with H2O2 in the presence of NAC, 

then the TG activity was checked. And also, HC cells were co-incubated with a NOX1- 

deleted mutant in C. glabrata and the TG activity was monitored. Reproducible 

enhancement of cellular TG activity by exogenously added H2O2 were observed, while 

the ROS scavenger NAC blocked these effects. Furthermore, a mutation in NOX1 in C. 

glabrata abrogated the capacity to enhance cellular TG activity in C. glabrata. These 

results suggested that the ROS produced by C. albicans and C. glabrata in close 

proximity to HC cells acted as a principal mediator for increase in cellular, especially 

nuclear TG activity in the host cells, and eventually induced cell death.  

This study demonstrated that pathogenic fungi C. albicans and C. glabrata 

increase cellular TG activity levels in hepatic cells. This increase eventually leads to cell 

death due to the release of ROS, which acts as a principal mediator (Fig. 5.1). This 

observation suggested that production of high levels of ROS and ROS-mediated 
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induction of nuclear TG2 might be a basic feature of pathogenic fungi. ROS plays a 

vital role in host defense and has been involved in various pathological conditions, 

including cardiovascular disease, [106] neurodegenerative diseases such as Alzheimer’s 

disease [107] and Parkinson’s disease [15], diabetes [89] and renal cell carcinoma [108]. 

TG2 has also been associated with these diseases. [109-113] In such situations, suitable 

inhibitors of exogenous ROS may serve as promising therapies for liver injury in 

hepatitis patients by inhibiting the enhancement of cellular TG activity.  
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Figure 5.1 Mechanism of C. albicans & C. glabrata-induced cell death in HC cells 

Both C. albicans and C. glabrata produce high amount of ROS that induces cellular TG 

activity leading to HC cell death. NAC and natural antioxidant are effective in 

preventing this cell death by blocking the action of ROS. 
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