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Abstract 

Our goal is to study the additional elements of the mechanism of steatosis underlying 

hepatitis C virus (HCV) infection. Human hepatoma Huh7.5 cells cultured in human 

serum (HS) were used as a model to study the development of steatosis. 

Huh7.5 cells grown in HS media were chosen to study the effects of HCV infection 

on lipid catabolism due to the increased expression of transcription factors associated 

with lipid catabolism compared to cells grown in fetal bovine serum (FBS) media. 

Here we show that cells grown in HS media have increased degradation of fatty acids 

through β-oxidation compared to cells grown in FBS media. This result was reflected 

by the increase in protein levels of carnitine palmitoyltransferase 1 (CPT-1), the rate 

limiting step of β-oxidation. Additionally, there was significantly higher production 

of ketone bodies in cells grown in HS media relative to FBS media. These ketone 

bodies are generated from the ketogenesis pathway that is downstream of β-oxidation. 

Finally, when these cells were grown in HS media compared to FBS media, there 

were larger lipid droplets and significantly more triglyceride. These results show that 

Huh7.5 cells cultured in HS have increased lipid metabolism compared to cells grown 

in FBS media. 

During HCV infection, we showed that the rate of β-oxidation was significantly 

decreased. This reduction in β-oxidation was associated with the reduction of CPT-1 

and reduction of ketone body production. The reduction in lipid catabolism observed 

during HCV infection was reflected with the increased lipid content in HCV infected 
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cells compared to uninfected cells. These results indicate that HCV infection leads to 

lower β-oxidation, potentially contributing to lipid accumulation and steatosis during 

HCV infection.  
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Chapter 1: Introduction 

1.1 Hepatitis C Virus Overview 

1.1.1 Global Health Burden of Hepatitis C virus  

Hepatitis C virus (HCV) currently infects an estimated 71 million people worldwide 

according to the World Health Organization in 2015 with 3-4 million new individuals 

being infected each year (1–4). The percentage of infected individuals within a given 

country ranges from less than 2% of the total population in countries within North 

America and Western Europe, to more than 10% in Egypt (3,5,6). Presently, there are 

7 genotypes of HCV that have been characterized, with more than 100 known 

subtypes. The prevalence of genotypes present in each country also varies. In North 

America and Western Europe, genotype 1 predominates while Egypt and the Middle 

Eastern countries predominantly have genotype 4 (Figure 1.1) (7–11). 
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Figure 1.1 – Epidemiology of HCV Infection: The different colors found on each country depict the 

percentage of individuals infected with HCV. In North America, less than 2% of the population is 

infected with HCV, other countries such as Egypt have more than 10% of its population infected with 

HCV. The pie charts indicate the prevalence of each genotype within the respective country. Genotype 

1a is especially prevalent in North America whereas genotype 1b is more prevalent in European 

countries. A total of 130-170 million people or 2-3% of the world’s population is infected with HCV 

worldwide. Adapted from Hajarizadeh et al. 2013 (6). 

 

1.1.2 The Discovery of HCV 

Prior to the early 1970s, there were only two known causes for viral hepatitis, 

hepatitis A virus (HAV) and hepatitis B virus (HBV) (12). However, some patients 

who received blood transfusion during this period developed post transfusion 

associated hepatitis that could not be linked to either HAV or HBV infections. 

Additionally, the patients who developed post-transfusion associated hepatitis did not 

develop antibodies specific to either HAV or HBV (13,14). In order to confirm the 

post transfusion hepatitis was not a consequence of other viral infections such as 

cytomegalovirus (CMV) and Epstein Barr virus (EBV) infections, sera of infected 
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patients were tested for antibodies against both these viruses (13,15–18). Their results 

showed that some patients were exposed to EBV prior to transfusion. Therefore, the 

post transfusion hepatitis did not arise from EBV infection. Furthermore, the 

exposure of some but not all patients to CMV after transfusion fails to explain post 

transfusion hepatitis in the unexposed patients. Thus, it was postulated that the 

causative agent was not HAV, HBV, CMV or EBV (13). This causative agent was 

given the name non-A,non-B hepatitis (NANBH) and it wasn’t until over a decade 

later that the virus was characterized and termed HCV by a team led by Michael 

Houghton at Chiron Corporation(19).  

A number of laboratories had tried unsuccessfully to identify a viral cause of 

NANBH. Dr. Houghton began the search for the agent in 1982 at Chiron Corporation 

by leading a team of co-investigators including Qui-Lim Choo and George Kuo. The 

team used NANBH infected chimpanzee sera provided by Daniel Bradley from the 

Center for Disease Control and Prevention (CDC). By creating a cDNA library from 

liver and plasma samples of NANBH infected chimpanzees and immunoscreening the 

cDNA library, eventually a single cDNA clone was isolated with the ability to 

hybridize a large single strand RNA approximately 10kb in size. The RNA strand 

possessed some sequence similarity with flaviviruses suggesting that it was of viral 

origin (20). It was termed HCV and assays were developed to detect HCV antibodies 

in biological fluids (21). This not only improved blood safety but also enabled 

epidemiology and allowed many studies to further characterize the virus.  

 

 



5 
 

1.1.3 Transmission 

HCV is primarily transmitted through blood to blood contact. Blood transfusions 

were the primary cause for new infections before 1990 prior to implementation of 

screening programs. Another major form of transmission is intravenous drug use 

(IVDU) in countries within North America and Western Europe (22–26). In Asian 

countries such as China, Korea, Taiwan; Eastern European countries such as Romania 

and Hungary; and Middle Eastern countries such as Syria, unsafe medical procedures 

or improper sterilization of medical equipment remains a cause for new infections 

(8,27).  

Additional methods of transmission include cultural practices such as bloodletting in 

Saudi Arabia and body modification procedures such as tattoos and piercings. In 

general, sexual transmission for HCV is uncommon but having multiple sexual 

partners or male to male sexual relations leads to increased chances of infection (16, 

30).  Furthermore, in Egypt, household transmission has been proposed to be a major 

cause of new infections (28–30). HCV can also be transmitted vertically from mother 

to child in 5% of all cases (31).  

 

1.1.4 Clinical Course of HCV Infection 

Often infections remain asymptomatic with only 20-30% of infected individuals 

presenting clinical symptoms such as malaise, nausea and jaundice 3-12 weeks post 

infection (32–34). However, within 2 weeks of infection, serum alanine 

aminotransferase (ALT), a marker of hepatocyte necrosis, and HCV RNA are present 

in the blood of infected individuals (32,33,35). In rare cases patients develop acute 
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fulminant hepatitis (36). Alternatively, 15-25% of infected individuals clear the 

infection, with production of HCV specific antibodies, loss of HCV RNA and 

normalization of ALT. However, 75-85% of the infected individuals progress to 

chronic HCV infection, meaning that the infected individual fails to clear the virus 

within 6 months (37,38). Less than 1% of chronically infected individuals with HCV 

will clear the virus spontaneously each year (39,40) .  

The majority of chronically infected patients will develop some degree of liver 

fibrosis and approximately 55% will progress to more severe liver diseases such as 

steatosis, cirrhosis and hepatocellular carcinoma (HCC). After decades of chronic 

HCV infection, liver cirrhosis occurs in 10-20% of infected individuals (38,41). Often 

individuals do not realize they are infected with HCV due to the lack of clinical 

symptoms until the severity of the disease has progressed and complications of end 

stage liver disease (ESLD) or HCC arise. Generally, HCC occurs in a small 

proportion of those infected, usually if they have liver cirrhosis. Between 1-4% of 

patients with ESLD will develop HCC per year (38). Despite HCV primarily 

targeting hepatocytes, extrahepatic conditions such as autoimmune diseases, 

lymphoproliferatives diseases, metabolic disorders and insulin resistance can occur 

(41–43) in HCV infected patients. Each year, conditions associated with chronic 

HCV infection lead to approximately 350 000 deaths worldwide (44).  
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Figure 1.2 - Clinical Course of HCV Infection: When HCV infects hepatocytes, 50-80% of the 

infected individuals fail to clear the virus. After decades of infection, chronic HCV can result in 

steatosis, cirrhosis and HCC in 3-5% of the people that are infected. Adapted from Ke & Chan 2012 

(38). 

 

1.1.5 Therapies and their Limitations 

The goal of treatment of HCV infection is to cure chronically infected patients. This 

is defined as being unable to detect HCV RNA in patient sera post therapy, in other 

words, achieving a sustained virological response (SVR). Initially, treatment of 

patients with chronic HCV was monotherapy with interferon α (IFNα) for 24 weeks. 

The rates of SVR with this therapy ranged from 5-20%. With the introduction of a 

combination therapy of the antiviral drug, ribavarin in conjunction with IFNα, SVR 

became 40-50% (45–49). Next, with the development of pegylated IFNα along with 

ribavarin, the rates of SVR increased to 54-63% depending on the genotype 

(45,48,50). This was standard treatment for patients who were chronically infected 

with HCV until 2013.Treatment with pegylated IFNα and ribavarin often led to 
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significant adverse effects including mild influenza-like symptoms, hemolysis, 

cardiotoxicity and central nervous system symptoms such as depression and 

aggression. Thus, treatment with IFNα and ribavarin required close monitoring for 

adverse effects. Poor tolerance of adverse effects and possible patient harm led to low 

adherence and frequent discontinuation of therapy (41).  

Over the past few years, there has been a rapid evolution of therapy from the use of 

IFNα to the use of direct acting antivirals (DAAs). DAAs target multiple HCV 

proteins with improved effectiveness and reduced side effects compared to previous 

treatment regimens. Additionally, many of the new treatment regimens are delivered 

in a single tablet once per day for 8-12 weeks with a SVR greater than 95% 

depending regardless of the genotype that infected the patient. Moreover, these DAAs 

pose a high barrier to resistance, leading to a very low rate of relapse. Examples of 

new drugs that target HCV include Harvoni which was licensed in 2014 to treat 

patients that are infected with genotype 1, 4, 5 or 6 with 86-100% success. Harvoni is 

a combination of Ledipasvir and Sofosbuvir which are NS5a and NS5b inhibitors 

respectively (51). NS5a is a phosphoprotein that is involved in the regulation of the 

HCV lifecycle. On the other hand, NS5a is a RNA dependent RNA polymerase that is 

functions to replicate the HCV genome (52). Ledipasvir functions by binding to NS5a 

and preventing the interaction with other HCV proteins and host proteins (53). 

Sofosbuvir, alternatively, inhibits HCV replication by functioning as a nucleoside 

analogue leading to premature termination of the HCV RNA replication (51). Another 

DAA recently developed is Epclusa, a combination of Sofosbuvir and Velpatasvir, 

which are also NS5b and NS5a inhibitors used to treat patients infected with 

genotypes 1-6 with greater than 95% success (54). Other recently licensed DAAs for 

HCV include Technivie, Zepatier and Sunvepra (55–57). 
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One limitation of these contemporary treatments is accessibility. Factors such as cost 

and restriction of treatment to patients who have more advanced liver disease limits 

access to therapy. For example, 12 week treatments with DAAs may cost more than 

$60,000, a prohibitive cost to patients lacking insurance coverage. Additionally, 

patients who are eligible to receive treatment are required to have moderately severe 

liver disease as indicated through a fibroscan score of at least F2 according to the 

METAVIR scoring system based on the degree of liver inflammation and liver 

fibrosis (51,58). Patients who achieve SVR do not have protective immunity and, 

consequently, are at risk of reinfection.  

 

1.1.6 HCV Vaccines 

A major medical need is a HCV vaccine. An estimated 3-4 million new infections 

occur each year and treated patients who achieve SVR may be reinfected with HCV. 

A prophylactic vaccine could prevent many of these new infections from occurring. 

An ideal vaccine would induce antibody and cellular immune responses against a 

large variety of viral epitopes in order to neutralize extracellular viruses (59–61). 

Several types of vaccines are currently under development and have shown promise. 

For example, a recombinant vaccine composed of HCV glycoproteins E1 and E2 is 

capable of eliciting a cross-neutralizing antibody response against different HCV 

genotypes in animal studies and  human volunteers (62–65). Inactivated cell culture 

derived HCV inoculated into mice generates a protective humoral response (66,67). 

Another approach is to use DNA vaccines. DNA vaccines are composed of plasmids 

that encode part of the HCV genome. The plasmid directs expression of HCV 

proteins to stimulate a cellular immune response (68). Other vaccination strategies 
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include the use of synthetic HCV peptides, viral vectors expressing HCV proteins and 

HCV-like particles (61).  

While some HCV vaccines have entered clinical trials (69) the quest to develop a 

HCV vaccine remains difficult due to a variety of host and viral factors. For example, 

the high genetic variation of HCV and resulting diversity of HCV proteins leads to 

difficulty in inducing a broad and long lived host immune response (70–72).  

 

1.2 Hepatitis C Virus Molecular Biology 

1.2.1 Virion Structure 

The HCV virion is approximately 60nm in diameter and is composed of a lipid 

envelope and a nucleocapsid encapsulating the HCV genome (73). Embedded in the 

lipid envelope are dimers of two major glycoproteins E1 and E2. Beneath the lipid 

envelope is the nucleocapsid composed of core protein enclosing a positive single 

strand RNA. 

HCV particles produced in vivo are complexed with cellular components such as 

apolipoprotein (apo) B and E and lipids to form lipo-viral particles (LVP). LVPs 

resemble very low density lipoproteins (VLDL) and low density lipoproteins (LDL) 

with densities ranging from 1.06 to 1.25g/mL (74–76). Evidence suggests  that there 

is a direct interaction between ApoE and viral E1/E2 heterodimers. This interaction 

with lipoproteins may play a role in HCV binding and entry (75,77–79). 
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Figure 1.3 - The HCV Virion: The HCV particle is composed of E1 and E2 heterodimers found on 

the lipid envelope. Within the envelope is the nucleocapsid that is composed of core proteins. The 

nucleocapsid houses the positive sense single stranded RNA genome of HCV. Adapted from Thime et 

al. 2015 (80).  

 

1.2.2 Genome Characteristics  

HCV is a single stranded RNA virus belonging to the Flaviviridae family and the 

Hepacivirus genus (81).  HCV has a 9.5 kilobase (kb) positive sense RNA genome 

with a single open reading frame (ORF) flanked by non translated regions (NTRs) at 

the 5’ and 3’ ends of the RNA strand. The 5’ NTR contains an internal ribosomal 

entry site (IRES) which recruits the 40S ribosomal subunit and eukaryotic initiation 

factor 3 (eIF3) to initiate translation of the ORF and produce a single polyprotein 

(82). The ORF codes for structural proteins and non-structural (NS) proteins. 

Structural proteins include core and glycoproteins E1 and E2 which form the virus 
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particle. NS proteins include p7 protein, NS2 protease, NS3-4a complex with protease 

and helicase activity, NS4b, NS5a, and NS5b RNA dependent RNA polymerase (52).  

 

 

Figure 1.4 – HCV Genome: HCV uses a single strand positive RNA genome. The 5’ and 3’ end do 

not code for proteins and are referred to as NTR. The HCV proteins are translated as a polyprotein that 

is composed of structural proteins and nonstructural proteins. Structural proteins include core, E1 and 

E2 whereas non structural proteins include p7 ion channel, NS2 protease, N3-4a protease/ helicase, 

NS4b, NS5a and NS5b. IRES present at the 5’ end of the genome initiates the translation of the HCV 

polyprotein. Adapted from Kao et al. 2012 (83). 

 

1.2.3 Protein Overview 

The HCV RNA is translated in the cytoplasm to produce the first member of the 

polyprotein, core. Immediately after the core is the signal sequence which causes the 

translocalization of the polyprotein into the ER lumen. There, the host signal peptide 

peptidase (SPP) cleaves core to yield a 191 amino acid (aa) immature core protein 

which undergoes additional cleavage by SPP at its C terminal end to produce a 
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mature 177aa core protein (84–86). Signalase then cleaves the polyprotein in the 

lumen of the ER to produce the mature proteins E1, E2 and p7 (87,88). Next, NS2 

cleaves in cis the NS2/NS3 junction to release NS3 from the remainder of the 

polyprotein. NS3 then proteolytically cleaves the junction between NS5a and NS5b to 

yield NS5b and the polyprotein composed of NS4a to NS5a in trans. This 

intermediate is then cleaved between NS4a and NS4b to produce NS4b/NS5a 

polyprotein. Finally, the NS4b/NS5a polyprotein is cleaved by the NS3-4a protease to 

produce the individual proteins NS4b and NS5a (52,89). Each HCV protein plays a 

role in the lifecycle of HCV. A summary of each protein’s function is listed below.  

Core – the mature core protein is 21kDa in size is found as a membrane bound 

protein as a dimer (52). Core oligomerises with the HCV RNA to form the 

nucleocapsid of the HCV virion. It is composed of two domains, domain 1 (D1) and 

domain 2 (D2) which have exclusive functions. D1 has RNA chaperone activity 

which is needed to remodel and package RNA into the virion (90). Additionally, D1 

interacts with a variety of host factors to alter cellular function (91). For example, it 

interacts with cellular proteins such as microsomal transfer protein (MTP) and 

diacylglerycerol acyltransferase 1 (DGAT-1) leading to the  development of steatosis 

(as discussed in section 1.3.6) (92–97). D2, on the other hand, interacts with the 

phospholipids present on the membrane of lipid droplets (98,99). 

E1 and E2 – the envelope glycoproteins, E1 and E2 are 35 and 72 kDa respectively 

in size. They play a role in the assembly of infectious particle, entry and fusion with 

the endosome to release the HCV particle into the cytoplasm (52).  Both E1 and E2 

contain a single transmembrane domain (TMD) after signalase cleavage (52), the 

TMD functions to retain E1 and E2 at the membrane and aids in E1-E2 heterodimer 
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formation through formation of disulfide bonds (100). The formation of heterodimers 

has been implicated to play an active role in the budding of HCV. E2 is composed of 

3 domains, D1, D2, and D3. D1 and D3 are associated with CD81 receptor binding 

while D2 is the loop associated with endosomal fusion (101). Truncated forms of E2 

have also been implicated in the binding to surface receptors such as CD81, 

scavenger receptor B-1 (SRB-1), high density lipoprotein (HDL) receptor LDL 

receptor, claudin-1 and occludin (52).  

P7 – p7 forms hexamers or hepatmers which have cation channel activity and is 

associated with virus production (102–104). The function of p7 remains to be 

elucidated. One possibility is that it prevents acidication of cellular organelles and 

prevents premature conformational changes of HCV proteins (105).  

NS2 – NS2 is a 20-22kDa protease that functions to auto-catalytically cleave the 

polyprotein using the NS3 N terminal to release NS3 from the rest of the polyprotein 

(103, 104). NS2 also plays a role in HCV assembly through interactions with other 

structural and non-structural proteins such as E1, E2, p7, NS3 and NS5a (79, 104–

108).  

NS3-4a Complex – NS3 is a multifunctional protein that possesses a serine protease 

at its N terminus that requires NS4a as a cofactor while the C terminus possesses 

NTPase/RNA helicase activity (109, 110). NS3-4a protein is found on membranes 

associated with the ER such as mitochondrial associated membranes (MAMs) (111, 

112). The serine protease recognizes the cleavage sequences D/E-X-X-X-X-C/T and 

S/A-X-X-X which are found on a variety of cellular proteins. However, very few 

cellular proteins are cleaved by NS3-4a, suggesting additional mechanisms to control 
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specificity (113). The C terminus of NS3 couples ATP hydrolysis to the unwinding of 

double stranded RNA in an inchworm or ratchet-like fashion (116).  

NS4b – NS4b is a 27kDa protein that induces the formation of the membranous web 

complex, the site for the HCV replication in the cytoplasm (117–119). In order to 

induce membranous web formation, NS4b must form trimers by C-terminal 

palmitoylation. NS4b also interacts with other viral proteins and possibly possesses 

NTPase activity (117, 118).  

NS5a – NS5a is a 56-58kDa membrane associated phosphoprotein that is involved in 

a variety of processes that include HCV RNA replication, HCV particle formation, 

modulation of cell signaling pathways and modulation of the interferon response (79, 

119). NS5a is composed of 3 domains, D1 and D2 are involved in RNA replication 

while D3 is essential in assembly through interactions with core protein (103, 120–

122). Additionally, D1 is associated with binding to lipid droplets (126).   

NS5b – NS5b is a 68 kDa RNA dependent RNA polymerase with a “right hand” 

shape. Its finger, palm, and thumb domains completely enclose the active site. NS5b 

binds single stranded RNA in a groove between finger and thumb domains while 

NTPs are taken up into the active site (52). NS5b synthesizes the complimentary 

negative sense RNA using the positive sense RNA as a template. Subsequently, NS5b 

also synthesizes the positive sense RNA strand from the negative sense RNA after 

NS3 NTPase/helicase activity unwinds the double stranded RNA complex (52).  
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1.2.4 Life Cycle 

The lifecycle of HCV is summarized in Figure 1.5. Each step of the lifecycle will be 

discussed in further detail below. 

 

1.2.4.1 Entry 

It has been proposed that HCV infection is initiated when binding occurs between 

heparan sulfate proteoglycan syndecan 1 and LDL receptors present on the surface of 

hepatocytes, binds to ApoE present on the envelope of the HCV particle. Next, 

cellular receptors SRB1 and CD81 mediate high affinity attachment of the HCV 

particle. HCV interacts with SRB1 either directly through interaction with the 

hypervariable region (HVR) of E2 or through ApoB present in the LVP to unmask the 

binding site for CD81 (127–134). Following CD81 interaction with E2, activation of 

the epidermal growth factor receptor (EGFR) leads to activation of Ras (135). 

Activated Ras associates with CD81 and induces the lateral diffusion of CD81 in the 

membrane along with the HCV particle, to claudin 1 (CLDN1) (136). Additionally, 

CD81 may use Rho GTPase to move towards CLDN1 via actin cytoskeleton 

rearrangements (137).  Receptors such as Niemann-Pick C1-like 1 (NPC1L1), 

occludin (OCLN) and transferrin receptor 1 have roles in HCV entry but their precise 

function remains unclear (130, 135, 136). Once the HCV particle reaches the tight 

junction where CLDN1 is located, it is taken up via clathrin and dynamin-dependent 

endocytosis (140).  
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1.2.4.2 Uncoating and Fusion 

The HCV particle, along with CD81 and CDLN1, is taken into the cell by a 

retrograde actin transport mechanism and transferred to Rab5a positive early 

endosomes (141). During endosomal acidification, it has been proposed that the low 

pH causes viral protein E1 to interact with host cell receptors and undergo a 

rearrangement creating a fusion pore and releasing the HCV nucleocapsid into the 

cytosol (142–148). It was proposed that NPC1L1 may facilitate HCV fusion by 

interacting with the cholesterol present within the HCV envelope (149). Despite the 

extensive work done to elucidate the precise mechanism of fusion, uncoating and 

release of HCV RNA into the cytoplasm, it still remains unclear. 

 

1.2.4.3 Replication 

After uncoating translation of the HCV genome begins with the recruitment of 

ribosomes to the IRES present at the 5’ end of the RNA genome. The cellular factor 

miR-122 promotes the translation of HCV RNA by binding to the 5’ end of the HCV 

RNA
 
(150). Additionally, miR-122 can also protect the HCV RNA from 5’-3’ 

degradation by exonuclease and prevents the recognition of HCV RNA by PRR such 

as RIG-I to avoid immune recognition (148, 149). After processing of the 

polyprotein, both structural and non-structural proteins become associated with the 

ER. In order to replicate the RNA genome, NS4b along with other non-structural 

proteins induces membranous web formation (52). Additionally, core and NS5a 

recruit nuclear pore proteins to the membranous web to prevent proteins lacking 

nuclear localization sequences (NLS) from entering the membranous web. For 
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example, proteins such as pattern recognition receptors (PRR) that lack a NLS cannot 

enter the membranous web. The exclusion of PRRs from the membranous web 

prevents the detection of HCV RNA, thus, preventing the activation of an innate 

immune response (153–155). HCV RNA, core and replicase components have been 

found surrounding lipid droplets. NS5a interaction with Rab19 and Tail-Interacting 

Protein 47 (TIP47) are responsible for this interaction between HCV RNA and lipid 

droplets (156–159).  

1.2.4.2 Assembly and Egress   

Core protein homodimerizes and is loaded onto to lipid droplets by MAPK regulated 

cytosolic phospholipase A2 (PLA2G4) where it interacts with DGAT-1 at the lipid 

droplet surface (81, 96, 157, 158). The lipid droplet surface is considered to be the 

site of HCV assembly since inhibition of lipid droplet synthesis blocks HCV 

assembly (162). NS2 interacts with E1, E2 and p7 in order to move these proteins 

towards the virus assembly site at the surface of lipid droplets (104, 106–108). Other 

HCV nonstructural proteins such as NS3/4a, NS4b and NS5b also play a role in 

assembly of the HCV particle but their exact roles remain unclear (163–165). Overall, 

the mechanism of HCV assembly into a virus particle remains unclear (133).  

The VLDL secretion pathway has been implicated in the egress of HCV since patient 

derived HCV virions contain ApoB, ApoC1 and ApoE (166–168). MTP, found at in 

the ER, lipidates ApoB within the lumen of the ER by adding triglyceride and 

phospholipids to ApoB (164, 166). Nucleocapsids present on lipid droplets then fuse 

with lipid-enriched ApoB, ApoC and ApoE complexes (163, 164). These then exit 

through the endosomal-sorting complex required for transport (ESC-RT) pathway to 
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release LVPs from the cell. However, it remains unclear how HCV buds from the ER 

to use the ESC-RT pathway (170) 

 

Figure 1.5 – HCV Lifecycle The HCV particle initiates infection by binding to glycosaminoglycans 

(GAGs) present on the surface of hepatocytes such as heparan sulfate proteoglycan syndecan 1. By 

binding GAGs, HCV E2 then binds to CD81 and SRB-1 which causes internalization of the HCV 

particle using CLDN1, OCLN with the help of other surface receptors such as EFGR and NPC1L1. 

The HCV particle uncoats within the endosomes, releasing the HCV RNA into the cytoplasm. Next, 

HCV RNA docks onto the ER where the polyprotein is produced, miR-122 has been implicated in this 

process. The polyprotein is cleaved to produce single proteins which create a membranous web 

structure where HCV RNA can be replicated. The HCV particle is then assembled on the surface of 

lipid droplets and released via the VLDL secretory pathway along with apoB and apoE. Adapted from 

Scheel & Rice 2013 (171). 
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1.3 Metabolism and the Effects of HCV Infection 

Chronic infection with HCV causes metabolic changes leading to diseases such as 

metabolic syndrome, insulin resistance and steatosis (172). This is supported by 

studies that show the increased risk of these metabolic diseases in HCV infected 

individuals compared to individuals who are not infected with HCV. For example, 

there is a 2.5 fold increase in developing steatosis, characterized by the accumulation 

of lipids within the liver, in chronically infected patients compared to uninfected 

individuals (173,174). Several pieces of evidence suggest that HCV induces 

metabolic changes within the cells. First, HCV proteins increase oxidative stress of 

the cell, leading to changes in overall cellular metabolism (175). Second, microarray 

studies show that during HCV infection in chimpanzees, there are changes in 

expression of genes associated with lipid metabolism (176–178). The development of 

metabolic diseases such as insulin resistance and steatosis during infection is not 

surprising since both these diseases and the HCV lifecycle are closely linked with 

lipid metabolism (179).  

 

1.3.1 Metabolism of Glucose through Glycolysis  

Extracellular glucose is taken into the cytoplasm of hepatocytes by glucose 

transporter 2 (GLUT) (180). The glucose within the cell is metabolized through the 

glycolysis pathway where it is eventually converted into pyruvate. Each molecule of 

glucose entering this pathway yields 2 ATP, 2 NADH and 2 molecules of pyruvate 

(181). Glycolytic intermediates can also be shuttled to pathways associated with 

synthesis of macromolecules such as nucleotides, lipids and non essential amino acids 
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(NEAA). For example, glucose-6-phosphate (G6P) can enter the pentose phosphate 

pathway (PPP) to produce the pentose group in nucleic acids or glycogenesis to 

synthesize glycogen. Glyceraldehydes-3-phosphate (G3P) can be used to produce 

phospholipids and triglycerides while 3-phosphoglyceric acid (3PG) can be used to 

produce some NEAAs (178, Figure 1.5).   

There are two possible fates for pyruvate in mammalian cells, either conversion to 

lactate or conversion to acetyl-CoA. If oxygen is limited, pyruvate is converted to 

lactate by anaerobic glycolysis. If oxygen is present, the mitochondrial pyruvate 

dehydorgenase complex (PDC) converts one molecule of pyruvate to one molecule of 

acetyl-CoA and one molecule of CO2 (Figure 1.5). The acetyl-CoA can be further 

catabolized through the TCA cycle and oxidative phosphorylation (OXPHOS). 

Overall, glycolysis only generates 2 molecules of ATP while complete oxidation of 

glucose can generate up to 36 ATP molecules (181). 

The amount of glycolysis that occurs within a hepatocyte is controlled by hormones 

such as insulin and glucagon. Insulin promotes glycogenesis and decreases the 

amount of glucose that is catabolized through glycolysis. Conversely, the hormone 

glucagon promotes formation of glucose via gluconeogenesis and increases its 

degradation through glycolysis (181).   
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Figure 1.6 – The Glycolysis Pathway: In glycolysis, glucose is first converted to glucose-6 phosphate 

(G6P) using a single molecule of ATP. Next, G6P is converted to fructose-6-phosphate (F6P) at the 

expense of another molecule of ATP and rearranged to yield fructose 1, 6 bisphosphate (F16P). Next 

F16P is cleaved to produce 2 molecules of glyceraldehydes-3-phosphate (G3P). G3P is converted to 3-

phosphoglycerate (3PG) while producing a molecule of ATP and NADH per molecule of G3P. Next, 

3PG is used to generate phosphoenolpyruvate (PEP) which is then converted to yield pyruvate and a 

single molecule of ATP. There are two possible outcomes of pyruvate, either conversion to lactate to 

maintain a pool of NAD
+
 or acetyl-CoA for oxidative phosphorylation (OXPHOS) in the mitochondria 

by the pyruvate dehydrogenase complex (PDC). The glycolysis pathway produces intermediates that 

are precursors for the synthesis of other molecules involved in cell division. For example, G6P, F6P 

and F16P are precursors for nucleotides. G3P and 3PG are precursors for lipids such as triglycerides.  
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1.3.2 Disturbances of Glucose Metabolism during Hepatitis C Virus Infection 

There is evidence that infection with HCV causes the development of insulin 

resistance (IR) and type 2 diabetes in chronically infected patients. A study found the 

odds risk of developing type 2 diabetes in patients chronically infected with HCV 

compared to uninfected individuals is 3.77 (183). Additionally, it has been 

hypothesized that HCV-induced insulin resistance plays a role in the development of 

steatosis and increases the rate of fibrosis in chronically infected individuals (180, 

181).  The proposed mechanisms of insulin resistance in chronic HCV are 

summarized in Figure 1.7. 

 

One mechanism involves HCV core mediated inhibition of insulin signaling by 

upregulating the phosphorylation of serine (SER) on insulin receptor substrate 1 

(IRS1). SER phosphorylated IRS1 cannot interact with insulin receptor 1 (IR1) and is 

targeted for proteosomal degradation (182, 183). IRS1 is targeted for degradation by 

the inhibition of tuberous sclerosis 1 and 2 (TSC1/2) by HCV core protein (187). 

TSC1/2 negatively regulates mammalian target of rapamycin (mTOR). The inhibition 

of TSC1/2 leads to activation of mTOR  and degradation of SER phosphorylated 

IRS1 (188). Lastly, HCV has also been found to degrade IR1 through a core mediated 

increase in expression of the suppressor of cytokine signaling (SOCS) family and 

TNFα production (189).  

 

Overall, the reduction in IR signaling leads to a reduction in activity of 

phosphatidylinositol-4,5-bisphosphate 3-kinase - protein kinase B (PI3-AKT) 

signaling pathway (190). A reduction in PI3-AKT signaling ultimately results in 

impaired cellular response to insulin such as an increase in gluconeogenesis via 
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increase forkhead box protein (FOXO1) activity and a reduction in glucose uptake by 

downregulation of GLUT2 and GLUT4 (188). 

Ultimately, by inducing insulin resistance in the infected hepatocytes, less glucose is 

taken up by the cell forcing it to rely on other means to compensate for the reduced 

glycolysis.  
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Figure 1.7 – Mechanism of Insulin Resistance due to HCV Infection: HCV can cause insulin 

resistance through a variety of mechanisms. HCV core increases the degradation of insulin receptor 1 

(IRS) by increasing the phosphorylation of the serine residue rather than the tyrosine residue. 

Additionally, HCV induces suppressor of cytokine signaling (SOCS) and TNFα production which can 

lead to further degradation of IRS. Lastly, IRS can be degraded due to the inhibition of tuberous 

sclerosis (TSC) by HCV. The reduction in IRS signaling leads to a decrease in glucose uptake and 

increase in gluconeogenesis. Adapted from Bose & Ray 2014 (188).  
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1.3.3 Lipid Metabolism 

The metabolism of lipid droplets is summarized in Figure 1.8. Lipid droplets can be 

considered an organelle composed primarily of triglyceride and sterol esters enclosed 

in a monolayer of phospholipids and cholesterol (187, 188). There are also proteins of 

the perilipin family that provide the lipid droplets with structural integrity, lipid 

synthesis enzymes, lipases and trafficking proteins (193–196). The metabolic 

pathways associated with lipid metabolism are regulated by the hormones insulin and 

glucagon. The presence of insulin stimulates synthesis of lipids while preventing 

lipolysis in the liver (197). Conversely, glucagon stimulates lipolysis by increasing 

expression of genes associated with lipolysis pathways in the liver (198). 

 

1.3.4 Formation of Lipid Droplets 

There are two ways cells acquire fatty acids in the liver, de novo synthesis or uptake 

of extracellular lipids. The triglycerides of extracellular lipoproteins are broken down 

by lipoprotein lipase found on the surface of cells. This releases fatty acids which are 

taken up by the fatty acid translocase (FAT) (195, 196).  

Fatty acid can also be obtained via de novo synthesis consuming citrate from the TCA 

cycle. The citrate generated in the mitochondria is transported into the cytoplasm 

where it is converted to malonyl-CoA by fatty acid synthase enzymes. Through 

multiple reactions, malonyl-CoA units are joined to produce a fatty acid. The end 

product of the reaction is a fatty acid conjugated to a molecule of CoA which can be 

incorporated into triglyceride using enzymes of the glycerol-3-phosphate 

acyltransferase family to produce diacylglyceride (DG), the final step to produce 
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triglyceride is catalyzed by the enzyme DGAT-1. The newly synthesized triglyceride 

is then shuttled into the ER (201).  

Sterols, another component of lipid droplets, are synthesized from mevalonate and 

deposited into the ER as a sterol ester using acyl-CoA cholesterol acyltransferase or 

obtained from the degradation of lipoproteins. Lastly, phospholipids are produced 

through glycerolipid synthesis pathways. The sterol esters, triglyceride and 

phospholipids present in the ER membrane bud from the ER to form the lipid droplet, 

the exact mechanism of this budding process remains elusive (201). 

 

1.3.5 Consumption of Lipid Droplets through Lipolysis  

The triglycerides present within lipid droplets are broken down by multiple enzymes 

to provide cells with energy. The first steps in degradation of triglyceride, catalyzed 

by adipose triglyceride lipase hydrolyze (ATGL), yields DG and a fatty acid. Next, 

hormone sensitive lipase (HSL), the rate limiting step of this pathway, converts DG to 

monoacylglycerol (MG) and another fatty acid. The last step, which yields a fatty 

acid and a glyercol, is catalyzed by monoacylglycerol lipase (201).  

The fatty acid released by hydrolysis of triglyceride is shuttled into the mitochondria 

using the transporter carnitine palmitoyltransferase 1a (CPT-1). CPT-1, the rate 

limiting step of β-oxidation, is a protein found on the outer membrane of 

mitochondria. Each cycle of β-oxidation releases two carbons from the fatty acid in 

the form of acetyl-CoA. This process continues until the fatty acid is completely 

oxidized to form acetyl-CoA (202).  
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The acetyl Co-A produced by β-oxidation can enter either the TCA cycle or the 

ketogenesis pathway. The choice of pathways is determined by the concentration of 

acetyl-CoA in the mitochondria. At low concentrations, acetyl-CoA enters the TCA 

cycle where it reduces NAD
+
 and FAD into NADH and FADH2. NADH and FADH2 

is oxidized at the electron transport chain to produce ATP by OXPHOS. However, 

when fatty acids are broken down by β-oxidation, excess acetyl-CoA is generated 

which enters the ketogenesis pathway to produce acetoacetate. The acetoacetate is 

spontaneously degraded to produce acetone or be converted into 3-hydroxybutyrate. 

Collectively, these compounds are referred to as ketone bodies and can be oxidized to 

provide cells with ATP (202). In vivo, the ketogenesis pathway is highly active within 

hepatocytes to produce ketone bodies that are used as an energy source in other 

organs such as the brain (203).  

The metabolism of fatty acid is regulated by the transcription factor peroxisome 

proliferator-activated receptors α (PPARα) in hepatocytes. PPARα is activated by the 

binding of ligands such as fatty acids. Activated PPARα binds to promoter sequences 

upstream of multiple target genes to promote expression of proteins associated with 

uptake of fatty acids, intracellular fatty acid trafficking, β-oxidation, ketogenesis, 

triglyceride storage and lipolysis (200, 201).  

 

1.3.6 Disturbances of Lipid Metabolism during Hepatitis C Virus Infection 

Insulin resistance has been suggested to be one of the factors leading up to the 

development of steatosis otherwise known as fatty liver disease (see Section 1.3.2) 

which is characterized by the accumulation of triglyceride, in the form of lipid 
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droplets, in the cytoplasm of hepatocytes (206). Several mechanisms have been 

proposed to explain how HCV infection induces steatosis; they are summarized 

below (Figure 1.8). 

 

Figure 1.8 – The Mechanism of HCV Induced Steatosis: Phosphate and tensin homolog (PTEN) 

retains sterol regulatory element binding protein (SREBP) and SREBP cleavage activating protein 

(SCAP) in the endoplasmic reticulum (ER). Inhibition of PTEN and subsequent activation of SCAP 

leads to cleavage of SREBP to produce its active form. The active SREBP enters the nucleus to 

promote expression of genes associated with lipid synthesis.  Peroxisome proliferate activated receptor 

α (PPARα) interacts with retinoid X receptor (RXR) to promote expression of genes associated with 

lipid degradation.  Both PPARα and RXR mRNA are degraded by miR-27a and miR-27b. Microsomal 

transfer protein (MTP) lipidates apolipoprotein B (ApoB), leading to secretion of VLDL. Triglycerides 

(TG) found in lipid droplets undergo lipolysis to produce fatty acids (FA). FA is transported into the 

mitochondria by the mitochondria membrane bound protein, carnitine palmitoyl transferase 1a (CPT-

1). These FA is oxidized by β-oxidation to yield one molecule of acetyl-CoA per cycle until it is 

completely oxidized. Another source of acetyl-CoA is glycolysis and the subsequent oxidation of 
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pyruvate by the pyruvate dehydrogenase complex (PDC). Acetyl-CoA can enter the TCA cycle where 

it is completely oxidized or the ketogenesis pathway to yield the ketone bodies acetoacetate, acetone 

and 3-hydroxybutyrate (3HB). Intermediates such as citrate in the TCA cycle are precursor of FA and 

TG. Another pathway that feeds into the TCA cycle is glutaminolysis. The citrate produced from the 

TCA cycle is exported into the cytoplasm where it can be converted to a fatty acid using acetyl-CoA 

carboxylase (ACC) and fatty acid synthase (FAS). Translation of FAS and ACC mRNA is inhibited by 

miR-122. HCV causes lipid accumulation by inhibiting PPAR, PTEN and MTP leading to decreased 

lipid degradation, increased lipid synthesis and decreased export of lipids. Additionally, increased 

miR-27 and preventing miR-122 from interacting with transcripts encoding for FAS and ACC leads to 

decreased lipid degradation and increased lipid synthesis. Each grey block indicates an enzymatic step 

within the respective pathway. 

 

1.3.6.1 Increased Lipogenesis  

One mechanism by which HCV induces steatosis is by increasing the synthesis of 

fatty acids which are deposited into lipid droplets as triglycerides. One way to 

increase fatty acid synthesis is by the activation of the transcription factor sterol 

regulatory element binding protein (SREBP) which is associated with lipogenesis and 

cholesterologenesis (178). There are three SREBP isoforms expressed in the liver, 

SREBP-1a, SREBP-1c and SREBP-2 (207). Usually SREBPs are retained in the ER 

along with SREBP cleavage activating protein (SCAP) by phosphatase and tensin 

homologue (PTEN) and insulin response proteins (Insig) 1 and 2 (204, 205). SCAP is 

a sensor for the levels of intracellular sterols and an escort for SREBP. When sterol 

levels are low, the active SREBP binds to SREBP response element (SRE) and 

increases expression of genes for cholesterol and lipid synthesis (210). HCV can 

activate SREBP through several mechanisms. First, HCV infection can induce 

oxidative stress which activates the PI3-AKT pathway. This leads to inactivation of 

PTEN, activation of SCAP, and leads to nuclear translocation of SREBP (211). 
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Second, the induction of NLRP3 inflammosome degrades Insig-1 and Insig-2 through 

caspase 1 cleavage leading to the activation of SREBP (210). Finally, HCV can 

increase transcription of SREBP itself by the activation of liver X receptor (LXR) by 

HCV NS2 protein. LXR then binds an element found in the SREBP promoter, leading 

to increased expression of cholesterol and lipid synthesis genes (212).  

The second mechanism that HCV uses to increase fatty acid synthesis is to sequester 

miR-122. The HCV RNA acts as a “sponge” for miR-122 due to the need for miRNA 

to increase the stability and promote translation of the HCV RNA. By interacting with 

the HCV RNA, miR-122 cannot target transcripts encoding acetyl-CoA carboxylase 

(ACC) for degradation. ACC is the enzyme required to convert acetyl-CoA to 

malonyl-CoA, the building block for fatty acids. Additionally, miR-122 also targets 

transcripts that encode for fatty acid synthase (FAS) for degradation. By sequestering 

miR-122, the transcripts associated with fatty acid synthesis are no longer repressed 

and they are translated to produce proteins associated with fatty acid synthesis. Thus, 

leading to an increase in fatty acid synthesis (71, 209–211). 

Finally, the last mechanism leading to increased triglyceride accumulation within 

HCV infected hepatocytes originates extracellularly. HCV infection leads to 

increased expression of miR-27b which targets the transcript coding angiopoietin-like 

3 (ANGPTL3), an inhibitor of extracellular lipoprotein lipases, for degradation. By 

removing the inhibition of the extracellular lipases, more triglyceride is degraded to 

yield fatty acids which can be taken up by cells and converted back into triglyceride 

(212, 213).   
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1.3.6.2 Decreased Lipid Catabolism 

Another mechanism to induce steatosis is to decrease β-oxidation of fatty acids. For 

example, during HCV infection, there is a downregulation of PPARα. PPARα is a 

nuclear receptor that is highly expressed in hepatocytes and induces expression of 

genes involved in the catabolism of fatty acid by β-oxidation and ketogenesis. The 

exact mechanism HCV uses to inhibit PPARα function remains unclear. Expression 

of HCV core protein significantly reduces transcription of PPARα transcripts and 

CPT-1 (212, 214–217). Additionally, there is evidence that miR-27a and miR-27b 

play a role in further decreasing PPARα activity. MiR-27a targets transcripts for 

retinoid X receptor (RXR) leading to decrease activation of PPARα. MiR-27b targets 

transcripts coding for PPARα for degradation, reducing its expression. Both miR-27a 

and miR-27b are upregulated during HCV infection, decreasing expression of genes 

involved in lipolysis and β-oxidation and leading to lipid accumulation (212, 213, 

218).  

Additionally, core can interact with lipid droplets through DGAT-1, this can slow 

down the turnover of lipid droplets by preventing HSL from degrading triglyceride. 

Consequently this leads to a reduction in triglyceride degradation (97). 

 

1.3.6.3 Decreased Lipoprotein Secretion 

HCV infection can also lead to the accumulation of lipid droplets by reducing the 

amount of VLDL secreted by hepatocytes. MTP is found in the ER lumen stabilizing 

ApoB by lipidating ApoB. Lipidated ApoB can bind triglycerides to form VLDL 

which is exported from the cell. During HCV infection, a combination of core and 
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nonstructural proteins reduces MTP activity. This leads to an accumulation of 

intracellular lipids since less triglyceride is secreted from the cell in the form of 

VLDL (93, 95, 219).  

 

1.3.7 The Warburg Effect: The relationship between Glycolysis and Synthetic 

Pathways 

In 1924, Otto Warburg observed that cancer cells, unlike healthy cells, convert large 

amounts of glucose to pyruvate by glycolysis and subsequent conversion of pyruvate 

into lactate in the presence of oxygen. This process is termed aerobic glycolysis, the 

phenomenon where cells preferentially undergo glycolysis and fermentation despite 

having sufficient oxygen readily available for cells to utilize the TCA cycle and 

oxidative phosphorylation (OXPHOS) (224). This phenomenon is not limited to 

cancer cells as it is also seen in highly proliferative cells suggesting that aerobic 

glycolysis plays an important role in cell division (225,226).  

It has been proposed that aerobic glycolysis is due to dysfunctional mitochondria but 

this hypothesis does not take into account that mitochondria found within cancer cells 

and rapidly proliferating cells are highly active (227–229). Contemporary theories 

suggest that aerobic glycolysis occurs to balance two needs of rapidly dividing cells: 

ATP production and production of intermediates needed for the synthesis of cell 

components (182). During aerobic glycolysis, 93% of glucose is converted to either 

lactate or alanine and secreted from the cell (230). By directing large amounts of 

pyruvate to lactate and alanine, rapidly proliferating cells can maintain a pool of 

glycolytic intermediates needed as substrate for the synthesis of amino acids, 
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nucleotides and lipids (231,232). For example, G6P can be used to produce 

nucleotides, G3P can be used to produce NEAA such as serine, glycine and cystine or 

it can be converted to phospholipids or triglyceride. Although most of the pyruvate is 

converted to lactate, some pyruvate enters the TCA cycle producing further substrates 

such as citrate needed to produce fatty acids and cholesterol (182).  

It has been proposed that another function of increased lactate production stems from 

the regeneration of NAD
+
 from NADH that is coupled to the reduction of pyruvate to 

lactate. The NAD
+
 produced is needed for the conversion of G3P to 3PG. Thus, by 

maintaining a pool of NAD
+
, cells are able to maintain the flux of glycolysis needed 

to supply intermediates needed for the production of lipids, proteins and cholesterol 

required for the formation of a new cell (182).  

Another characteristic of some cancer cells and other highly proliferative cells is the 

uptake of large amounts of glutamine needed to maintain a constant supply of 

NADPH. NADPH is generated by two methods, either through metabolism of 

glutamine through malate dehydrogenase enzyme or during the conversion of 

glutamine to lactate. NADPH is a cofactor required in large quantities in nucleotide, 

amino acid and lipid biosynthesis (230). Another function of glutamine is to replenish 

intermediates within the TCA cycle. This process is termed anaplerosis (230,233). 

Glutamine can enter the TCA cycle by the glutaminase pathway which converts 

glutamine into glutamate which then enters the TCA cycle as α-ketoglutarate (182).  
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1.4. Huh7.5 Cells as an in vitro Model to Study HCV 

The Japanese fulminant hepatitis 1 (JFH) strain of HCV is often used as a model to 

study HCV infection in cell culture as it shows high rates of infection and replication 

efficiency without requiring any tissue adaptive mutations. Furthermore, it can infect 

and undergo its full replication cycle in a variety of cell lines such as HepG2, Huh7 

and IMY-N9. JFH belongs to the genotype 2a cluster and was initially isolated form a 

fulminant hepatitis patient in 1999. The sequence analysis of the JFH-1 strain shows 

some variation within the 5’NTR, core, NS3 and NS5a compared to the sequences 

found in most genotype 2a viruses (234). 

One cell line that is highly permissive to JFH infection relative to other cell lines is 

the human hepatoma Huh7 cells derived from the liver tumor from a Japanese patient 

in 1982 (235). Despite these cells supporting the full HCV lifecycle, infection of 

these cells with HCV was inefficient, averaging about 1 infected cell per 1 million 

cells (236). As a consequence, a cell line that was more permissive to HCV infection 

was needed. By transfecting Huh7 cells with HCV plasmids and isolating HCV 

positive cell, cells were subjected to prolong IFNα treatment to eliminate the sub-

genomic HCV. The Huh7.5 cell line was established when these cells were cleared of 

the sub-genomic HCV. It was shown that these cells were highly permissive to HCV 

infection compared to the parental Huh7 cell line (237).  

The Huh7.5 cell line are usually cultured in fetal bovine serum (FBS) but culturing 

Huh7.5 cells in the presence of human serum (HS), results in the restoration of many 

hepatocyte specific characteristics, functions and processes (238). Restored 

hepatocyte characteristics include contact inhibition, morphology similar to primary 

hepatocytes, secretion of VLDL and increased secretion of albumin compared to cells 
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grown in FBS media. Other restored hepatocyte characteristics include production of 

transcripts associated with regulation of lipid metabolism such as LXR, PPARα and 

PPARγ (238). LXR is associated with cholesterol processing and secretion while both 

PPAR proteins are involved in mitochondrial function, fatty acid uptake, β-oxidation, 

triglyceride metabolism and overall lipid metabolism. Finally, when cultured in HS 

media, the cells produce more lipids compared to cells grown in FBS media 

(238,239).  

Not only is there higher HCV production in cells grown in HS media, the virus 

produced also has different physical characteristics compared to virus produced in 

cells grown in FBS media. Notably,  it has lower density compared to virus produced 

in cells grown in FBS media (238). The lower density is similar that observed in HCV 

isolated from patients which can be explained by the association of HCV particles 

with ApoB (77). A limitation of using hepatoma cells cultured in FBS to grow HCV 

is that VLDL secretion is absent in these cells. Thus, these cell culture systems cannot 

fully support a natural HCV replication cycle. The restored VLDL secretion in cells 

growing in HS media, this may allow the cells to better support HCV replication 

(240).  Lastly, the virus produced in cells grown in HS have a specific infectivity of 1 

in 236 particles compared to 1 in 2513 particles seen in virus produced by cells grown 

in FBS (238). Overall, the restoration of hepatocyte-specific characteristics, functions 

and processes in cells grown in HS suggest that it may be a better model to study 

HCV infection in vitro than cells cultured in the presence of FBS. 
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1.5 Objectives and Hypothesis 

1.5.1 Objective 

The objective of this project is to use Huh7.5 cells cultured in HS media as a model to 

study HCV-induced changes in host lipid catabolism. 

1.5.2 Hypothesis  

When Huh7.5 cells cultured in HS media are infected with HCV, the breakdown of 

fatty acid from triglyceride and subsequent degradation of fatty acid through β-

oxidation will be reduced. This reduction in lipid catabolism in HCV infected cells 

may be one of the factors leading to lipid accumulation. To determine if there is a 

reduction in fatty oxidation in HCV infected cells, levels of the relevant metabolites 

and proteins and the rates of lipid catabolic pathways will be examined. By studying 

the reduction in fatty acid oxidation, we will provide direct evidence that there is a 

reduction in lipid catabolism during HCV infection. 
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Chapter 2: Material and Methods 

2.1 Huh7.5 Standard Cell Culture Conditions  

The Huh7.5 cell line was derived from human hepatoma cells (235,237). These cells 

were cultured using Dulbecco’s Modified Eagle’s Medium 5796 (DMEM5796) 

(Sigma-Aldrich, Cat.# D5796-500ML) supplemented with either 10% FBS (Sigma-

Aldrich,  F1051-500ML) or 2% HS (Valley Biomedical, Cat.# HP1022) and 50 

IU/mL penicillin and 10ug/mL streptomycin. These cells were maintained in a 5% 

CO2 incubator at 37
 o
C (238).   

 

2.1.1 Huh7.5 FBS Cultured Cells 

The traditional method of culturing Huh7.5 cells uses DMEM5796 that was 

supplemented with 10% FBS. Cells were propagated twice a week at 25% seeding 

density. To propagate these cells when they were confluent, the monolayer was 

washed once with filter sterilized phosphate buffered saline (PBS) (136.9mM NaCl, 

2.68mM KCl, 6.48mM Na2HPO4 and 0.866mM KH2(PO4)2, pH 7.4). Next, cells 

were removed from the flask using trypsin digestion (107.3mM KCl, 6.84mM NaCl, 

11.9mM NaHCO3,  3.2mM Dextrose, 0.5g/L Trypsin and 0.5mM Disodium EDTA) 

incubated at 37
 o

C for several minutes. The flask was percussed and the trypsin 

reaction was inactivated using DMEM5796 supplemented with 10% FBS. Enough 

DMEM5796 was added to suspend the cells at 1 million cells/mL, in the case of T-

75cm
2 

flask, 2.5 million cells were added to the new flask. Cells were normally 

confluent 3-4 days after propagation (238). 
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2.1.2 Huh7.5 HS Cultured Cells  

Huh7.5 cells were grown for a minimum for 21 days in the presence of 2% HS 

supplemented DMEM5796 to restore hepatocyte-specific functions and processes. 

When split, the trypsin was inactivated using DMEM5796 supplemented with 2% HS 

and seeding at 33% density into the new flask. After 4 days of growth, cells were 

removed from the plastic as described previously and seeded into a new flask at 50% 

density and the cells were maintained for a minimum of 17 additional days with 

media changes twice a week (238). Cells were cultured on Primeria tissue culture 

flasks (Corning, Cat.# 353810). 

 

2.1.3 Infection of Huh7.5 Cells 

Huh7.5 cells in either HS or FBS supplemented DMEM5796 were prepared as 

described above. However, to inactivate the trypsin reaction, HS and FBS 

supplemented media was replaced with 2% delipidated HS (dHS) or 5% delipidated 

FBS (dFBS) supplemented DMEM5796. The cells were grown overnight in 

delipidated serum supplemented DMEM5796. In a T-75cm
2 

flask, cells cultured in 

HS supplemented media were 60-70% confluent while cells in FBS supplemented 

with FBS was 50-60% confluent the next day. One genome equivalent (GE) of HCV 

RNA per cell was used to infect cells for 4 hours at 37
 o

C. After 4 hours, the 

supernatant was removed and replaced with either DMEM5796 supplemented with 

2% HS or 10% FBS (238).   
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2.1.4 Treatment of HCV Infected Cells with Sofosbuvir to Determine Dose 

Response 

Huh7.5 cells were grown for a minimum of 21 days with or without HCV infection. 

After 21 days, the media was removed and replaced with DMEM5796 supplemented 

with 2% HS, 50 IU/mL penicillin, 10ug/mL streptomycin and Sofosbuvir. Cells were 

treated with a Sofosbuvir concentration of 0.001µg/mL, 0.01µg/mL, 0.03µg/mL, 

0.1µg/mL, 0.3µg/mL, 1µg/mL, 3µg/mL or 10µg/mL. The media was replaced every 4 

days with new media containing the same concentration of Sofosbuvir as the media 

previously removed. Samples of the supernatant were taken prior to every media 

change to determine HCV production. 

 

2.1.5 Lipoprotein Depletion of Human Serum and Fetal Bovine Serum 

A 5mL HiTrap Heparin Hp column (GE Healthcare, 50005Cat.# 48) was connected 

to a 60mL syringe driven by a Harvard Apparatus PHD 2000 syringe pump. First, the 

heparin column was rinsed with 50mL of elution buffer composed of 0.05M NaP and 

2M NaCl at 5mL/min. Next, the column was rinsed with 50mL binding buffer (39mL 

of 0.2M NaH2PO4, 61mL 0.2M Na2HPO4, and 300mL MilliQ water) at 5mL/min. 

Next, 50mL of either FBS or HS was run through the column at 2mL/ minute. To 

completely remove the lipoprotein from HS, the serum must be run through the 

column twice while a single run was sufficient to remove most lipoprotein in FBS. 

The first 5mL was discarded as it was composed primarily of the binding buffer. 

Once the serum had been collected, 50mL of elution buffer (0.05M NaP and 2M 

NaCl) was run through the column at 5mL/min to dissociate lipoproteins from the 
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column. The delipidated serum obtained from the column was sterile filtered with a 

0.22um filter (Millex, Cat.# SLG033RS) and stored at -20
 o
C before use.  

 

2.2 Testing for Differentiation 

2.2.1 Determining VLDL Secretion with Fast Protein Liquid Chromatography 

(FPLC) 

The cell monolayer was washed three times with serum free DMEM5796 then placed 

in Opti-MEM media (Gibco, Cat.# 31985070) and the media collected 24 hours later. 

The media was concentrated using 15mL 100k MWCO ultracentrifugal filters (EMD 

Millipore, Cat.# UFC910024) by centrifuging the sample at 3000G for 15 minutes at 

15
o
C.  Samples were stored at 4

o
C until analysis by the Lipidomics Core Facility (in 

the Faculty of Medicine and Dentistry, University of Alberta in Edmonton). Briefly, 

the concentrated media (200µl) was injected into an Agilent 1200 HPLC instrument 

equipped with a Superose 6 10/300 FPLC column. Assays for triglycerides were 

performed at 37 °C using a post-column reaction. The reaction products were 

measured using Agilent Chemstation software at 500 nm (238,241). 

 

2.2.2 Quantifying Albumin Concentration 

Cell monolayers were washed three times with serum free DMEM5796 then 

incubated with Opti-MEM media. Samples of media were collected during the last 

wash and after 6 hours of incubation with Opti-MEM (238).  
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Albumin concentration was determined by a sandwich ELISA. First, ELISA plates 

were coated with 100µl of 0.625µg/mL goat anti- human albumin antibody (Bethyl, 

Cat.# A80229A) diluted in coating buffer (50mM NaHCO3, 51.9mM Na2CO3) 

overnight at 4
o
C. The next day, wells were washed three times with Tris-buffered 

saline + 0.1% Tween-20 (TBST) (10mM Tris-HCl, 150mM NaCl and 0.1% Tween-

20) and incubated in the blocking buffer (TBST and 1% gelatin; Bio-Rad, Cat.# 

1706537) for 30 minutes at room temperature. Meanwhile, samples were prepared by 

diluting them 1:40 in the blocking buffer. A working stock of human serum (already 

diluted at 1:100) served as a positive control, the positive control was further diluted 

at 1:100, for a total dilution of 1:10,000. The negative control consists of mouse 

serum stock already diluted at 1:150, the control was further diluted 1:133 for a final 

dilution of 1:20,000.  

After 30 minutes of incubation, the blocking buffer was removed and 133µl of the 

blocking buffer was added to wells that will contain the unknown samples and 

controls. Next, 100µl of the blocking buffer was added into wells used for serial 

dilution of the samples. A volume of 1µl taken from the unknown sample, positive 

control, and albumin stock needed to generate the standard curve was added to each 

well. Lastly, 100µl of the negative control was used. The samples in the wells were 

mix thoroughly by pipetting up and down 10 times then 33µl was transferred to the 

next well containing 100µl of blocking buffer to serially dilute the samples at 1:4. 

The extra 33µl for the well with the highest dilution was discarded to provide a 

consistent 100µl in each well. The samples were then incubated in the plate coated 

with primary antibody for 1 hour at room temperature. After the incubation, the wells 

were washed three times with TBST and incubated with 100µl of 6.25ng/mL goat 

anti-human HRP conjugated antibody (Bethyl, Cat.# A80229P) for 1 hour at room 
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temperature . Following the 1 hour incubation, wells were washed three times with 

TBST, and incubated with 100µl of TMB substrate for 15 minutes (238). Lastly, 

100µl of 1M phosphoric acid was added. Plates were then read using the SpectraMax 

Plus 384 plate reader from Molecular Devices at 450nm. 

 

2.3 HCV Quantification  

2.3.1 Production of HCV  

JFH-1 HCV obtained from T. Wakita was used to infect severe combined 

immunodeficient/Albumin- urokinase-type plasminogen activator (SCID/Alb-uPA) 

mice transplanted with human hepatocytes. Serum from infected mice was collected 

and subsequently used to infect Huh7.5 cells cultured in DMEM5796 supplemented 

with 10% FBS. The infected cells were propagated twice a week for 6 months to 

select for virus with reduced cytopathic effects. The selected viral stocks were 

sequenced and the mutations listed in Table 2.1 were found.  

The JFH strains used in the experiments have been propagated an additional 4 times 

since it was last sequenced. In the 4 passages, new mutations may have arisen or 

previous mutations may have reverted.  

 

 Mutation Codon Change AA Change Gene 

1 T391Y CGT to CGY Arg to Arg Core 

2 T429C ATC to ACC Ile to Ile Core 

3 C754T CCC to CCT Pro to Pro Core 
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4 G1138A GTG to GTA Val to Val E1 

5 T1142G TCC to GCC Ser to Ala E1 

6 C11180T CTC to CTT Leu to Leu E1 

7 A1568G AAC to GAC Asn to Asp E2 

8 A1575G CAG to CGG Gln to Arg E2 

9 T1637C TTG to CTG Lue to Leu E2 

10 T2967T GTG to GYG Val to Val or Ala p7 

11 C2979T GCC to GTC Ala to Val NS2 

12 A3185T ACT to TCT Thr to Ser NS2 

13 T3735Y GTC to GYC Val to Val or Ala NS3 

14 A3830R ACC to RCC Thr to Thr or Ala NS3 

15 T6770C TTT to CTT Phe to Leu NS5A 

16 A7163G ATG to GTG Met to Val NS5A 

17 A7195G TTA to TTG Leu to Leu NS5A 

18 C7653T ACC to ATC Thr to Ile NS5B 

19 A7655T ACC to TCC Thr to Ser NS5B 

20 T8149A GTT to GTA Val to Val NS5B 

21 G8222A GTA to ATA Val to Ile NS5B 

22 A9113G ACGto GCG Thr to Ala NS5B 

 

Table 2.1 – JFH-1 Tissue Culture Adapted Virus Mutations. JFH-1 was used to infect SCID/Alb-

uPA mice transplanted with human hepatocytes. Serum from infected mice was collected and used to 

infect Huh7.5 cells cultured in DMEM5796 supplemented with 10% FBS. The cells were propagated 

twice a week for 6 months and viral stocks were obtained and sequenced. The specific locations of the 

mutations within the JFH-1 genome are listed along with the specific amino acid change.  Y indicates 

T or C. 
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2.3.2 HCV RNA Isolation 

A sample of 200µl of media from cells was taken to determine the amount of HCV 

RNA present. HCV RNA was isolated using the High Pure Viral Nucleic Acid Kit 

(Roche, Cat.# 11858874001) according to manufacturer’s instructions. This kit uses a 

guanidine purification method in order to isolate RNA. The positive controls were pre 

existing HCV stocks with known titres. Ultra pure water (Invitrogen, Cat.# 

10977015) was used as negative control along with media taken from uninfected 

cells. The HCV RNA isolated from the supernatant was eluted from the columns 

provided by the kits using 50µl of the provided elution buffer. 

 

2.3.3 HCV RNA Quantification by qRT-PCR 

The first strand complimentary DNA (cDNA) synthesis reaction was prepared by 

combining 11µl of the elution buffer containing HCV RNA, 1µl of 10mM dNTP mix 

(Invitrogen, Cat.# 10297018) and 1µl of 2µM HCV-specific reverse primer. The 

reverse primer was complementary to nucleotide sequence 315-293 within the 5’NTR 

of the HCV genome (5’- GTG TTT CTT TTG GTT TTT CTT TGA GGT TTA GG – 

3’). Hybridization of the reverse primer to the HCV genome was performed for 5 

minutes at 65
o
C then a minimum of 1 minute at 4

 o
C in the TProfessional Basic 

Thermocycle from Biometra. Next, 4µl of 5x First Strand Synthesis buffer, 1µl of 

0.1M DTT, 1µl of RNaseOut (Invitrogen, Cat.# 10777019), and 1µl of Superscript III 

RT 200 units (Invitrogen, Cat.# 1808093) were added to the HCV genome and 

reverse primer hybrid. The cDNA synthesis was formed by incubating the mixture for 
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1 hour at 55
 o

C followed by the inactivation of the reverse transcription reaction at 70
 

o
C for 15 minutes in the TProfessional Basic Thermocycle (238). 

To determine the HCV RNA present through quantitative polymerase chain reaction 

(qPCR), 2.5µl of the cDNA mixture was combined with 12.5µl of the TaqMan 

Universal PCR Master Mix (Applied Biosystems, Cat.# 4324018), 2.25µl of the 

10µM forward primer, 2.25µl of the 10µM reverse primer, 2.5µl of the 2.5µM HCV 

specific probe, and 3µl of ultra pure water for a total volume of 25µl. Each sample 

was tested in duplicate. The forward primer was complementary to the nucleotide 

sequence at 150-168 found at the 5’ NTR of the HCV genome. The sequence of the 

forward primer was as follows: TCT GCG GAA CCG GTG AGT A. The 6-

carboxyfluorescein (FAM) probe was complementary at the position 315-331 found 

within the 5’NTR of the genome and has the sequence CAC GGT CTA CGA GAC 

CTC CCG GGG CAC. The standard curve was generated using known amounts (10
1
 

to 10
6
 copies/mL) of a cloned HCV genomic cDNA plasmid. The PCR conditions 

were 50
 o

C for 2 minutes to optimize UNG activity in the TaqMan Universal PCR 

Master Mix, 95
 o

C for 10 minutes to activate the DNA polymerase in the TaqMan 

Universal PCR Master Mix, 95
 o

C for 15 seconds to denature the DNA and 60
 o

C for 

1 minute to allow for replication. The third and fourth steps were repeated 44 more 

times for a total of 45 cycles (238). The reaction was carried out on 96 well plates 

(Axygen, Cat.# 32168051) and the Bio-Rad CFX96
TM 

Optics Module. Using the 

software Bio-Rad CFX manager v3.1, the qPCR threshold was manually changed to 

the middle of the geometric phase of the amplification curve for the standard curves. 

The calculated values of samples were adjusted for dilutions and represented as HCV 

RNA copies/mL.  
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2.3.4 Titering by Limiting Dilutions (50% Tissue Culture Infective Dose) 

Huh7.5 cells were plated onto flat-bottom 96 well plates coated with poly L lysine 

(PLL) at 25% density (12,500cells/ well) in dFBS. Cells were left overnight and 

infected the next day with 10 fold serial dilutions of samples containing virus in 

DMEM5796 supplemented with 10% FBS and 0.1mM non essential amino acid 

(NEAA) (Gibo, Cat.# 03438). From each dilution of HCV, 50µl was added to each 

well within a single column. Negative control contained media without virus and the 

positive control was a sample of virus of known concentration. Cells were incubated 

with virus for 4 hours at 37
o
C then media was aspirated and replaced with 100µl of 

DMEM5796 supplemented with 10% FBS and 0.1mM NEAA. After 72 hours, the 

confluent monolayer was washed twice with PBS then fixed and permeabilized with 

ice cold methanol for a minimum of 30 minutes at -20
o
C. After fixation, cells were 

washed twice with PBS and twice with PBS 0.1% Tween (PBST) and blocked for 

30mins using blocking buffer containing 1% BSA in 0.2% skim milk in PBST. The 

block was removed and 3% H2O2 in PBS was added to the cells for 5 minutes to 

inactivate any endogenous peroxidise activity. Cells were washed again and 

incubated with 50µL of anti-NS5a antibody 9E10 (supplied by Charlie Rice from the 

Rockefeller University) at 0.1µg/mL for 1 hour. The primary antibody was removed 

and cells were washed twice with PBS and twice with PBST. Next, cells were 

incubated with goat anti-mouse secondary antibody conjugated to HRP (US 

Biological, Cat.# I1904-06C) for 30 minutes then cells were washed twice with PBS 

and twice with PBST. DAB substrate (Dako, Cat.# K3468) diluted at 1 drop/mL, as 

per manufacturer’s instructions, was added and incubated for 5 minutes. Cells were 

washed with PBS twice and left in PBS for viewing. Cells were viewed using the 

CTL- Immunospot S6 Micro Analyzer. The tissue culture infectious dose 50/mL 
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(TCID50) was defined as the dose at which 50% of the wells showing positive staining 

for HCV infection. The TCID50 was calculated using Reed & Muench Calculator 

(242). 

 

2.3.5 Immunoflouresence Staining of HCV Core Protein 

Cells were plated onto 12 well plates containing PLL coated coverslips at the 

appropriate density and cultured accordingly (21 days for cells grown in HS and 1 

week in cells grown in FBS). Once the cells were ready, they were first washed twice 

with 4
o
C PBS and fixed using a 1:1 v/v of methanol and acetone for a minimum of 20 

minutes at -20
 o

C. After fixation, cells were washed twice with PBST with 5 minutes 

per wash. Next, the cells were blocked for 1 hour using 1% BSA and 2.5mM EDTA 

in PBS at room temperature. To incubate with anti-HCV core antibody 

(Thermofisher, Cat.# mAB8691), a humidification chamber was created by taping the 

edge of a piece of parafilm to the bench and adding 50µl of the antibody solution 

composed of 0.1ug/mL anti- HCV core antibody in blocking buffer. Coverslips were 

then placed with the cells faced down onto the antibody droplets. To complete the 

humidification chamber, a wet paper towel was placed around the coverslips, covered 

with the 12 well plate cover and an additional wet paper towels were placed on top. 

The primary antibody incubation was 1.5 hour at room temperature then the 

coverslips were moved back into the plate and washed twice with PBST. The 

coverslips were then incubated for 1 hour with 100µl of 1ug/mL goat anti-rabbit 

antibody conjugated to Alexa488 (Abcam, Cat.# ab97050) in blocking buffer by 

recreating the humidifying chamber. The coverslips were returned to the plates and 

washed twice with PBST.  
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In order to view the nuclei of each cell, coverslips were incubated for 5 minutes with 

500µl of 1:5000 dilution of Hoescht 33342 (Invitrogen, Cat.# H3570) in PBS. After 

incubation, cells were washed twice with PBST and mounted onto microscope slides 

(Fisherbrand, Cat.# 1250015) using a drop of glycerol mounting media 

(Thermofisher, Cat.# 484985).  

The cells were viewed using Zeiss fluorescence microscope and version 4.6 of 

Axiovision software. 

 

2.4 Coating Plates 

2.4.1 Coating Plates and Coverslips with Poly L Lysine 

PLL (Sigma-Alrich, Cat.# P8920) diluted to 0.01% w/v in water was added to each 

well, the volume added was dependent on the surface area of each well. Normally, a 

volume of 0.1, 1 or 2mL was added to 96, 12 and 6 well plates respectively for at 

minimum of 1 minute. Next, the PLL was removed and the plates were allowed to 

dry. Once dried, 70% ethanol was used to wash the plates. After a minimum of 1 

minute, the ethanol was removed and plates were left for minimum of 30 minutes 

under UV exposure, with a 90 degree rotation of the plates after 15 minutes. 

Coverslips (Fisherbrand, Cat.# 1254584) were normally coated in 12 well plates.  

 

2.4.2 Coating Plates with Collagen 

A solution containing 1mg/mL collagen in 0.013M HCl was sterilized using a 0.22um 

syringe filter. Next, enough of the collagen solution was placed onto each well to 
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cover the bottom and plates were incubated at room temperature for 30 minutes. 

After, the collagen solution was removed and the plates were washed once with PBS. 

The PBS was removed and fresh PBS was added into the wells, the plates were 

wrapped in parafilm and stored at 4
o
C until use. 

 

2.5 Testing for Lipid Content 

2.5.1 Bicinchoninic Acid Protein Assay 

Cell monolayers were first washed twice with PBS to remove any residual proteins 

present in the media. Next, the cells were lysed at 4
 o

C using 

radioimmunoprecipitation assay (RIPA) buffer (50mM Tris-HCl pH, 150mM NaCl, 

0.1% SDS, 1% NP40 and 0.5% deoxcholalic acid in MilliQ water) supplemented with 

the EDTA free protease inhibitor (Roche, Cat.# 11873580001) for 15 minutes. The 

protein lysate was spun at 17000 x g for 15 minutes to pellet any cellular debris. The 

protein concentration was determined using the micro bicinchoninic acid (BCA) 

protein assay according to manufacturer’s specifications (Pierce, Cat.# 23235). In 

brief, solutions A (alkaline tartrate-carbonate buffer), B (BCA) and C (CuSO4) were 

mixed at a 25:24:1 ratio, 150µl of the resulting mixture was pipetted into each well on 

a 96 well enzyme-linked immunosorbent assay (ELISA) plate (Costar, Cat.# 

0720035). Protein samples were serially diluted at 1:10 to obtain a value on the 

standard curve produced from albumin standards provided with the micro BCA kit. A 

volume of 150µl from the protein sample was added to the BCA mixture in each well, 

samples were assayed in duplicate. The plate was sealed using polyethylene sealing 

tape (Costar, Cat.# 6524) and incubated at 37
o
C for 2 hours (243). After incubation, 
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the plate was analyzed at 562nm using the SpectraMax Plus 384 plate reader from 

Molecular Devices.  

 

2.5.2 Total Lipid Classes Analysis by HPLC 

Huh7.5 cells were removed from the tissue culture plates using Accutase (Gibco, 

Cat.# A1110501), the reaction was inactivated using serum free DMEM5796 and 

transferred to a 15mL conical tube to pellet cells at 1000 x g for 5 minutes at room 

temperature. The pellet was washed once with PBS then resuspended in PBS. The 

equivalent of 1mg of total cellular protein was used for the total lipid class analysis 

by High Performance Liquid Chromatography (HPLC). 

Lipids were extracted from cells suspended in PBS by combining the protein sample 

with 3.75mL of 1:1 chloroform:methanol, 1.25mL of chloroform and 1.25mL of 

mildly acidified NaCl (0.9g NaCl, three drops acetic acid in 100mL MilliQ water) in 

glass vials (Pyrex, Cat.# 982616X) using 5mL glass pipettes (Fisherbrand, Cat.# 

1367827E). The internal standards, 200µl of 4.5mg/mL Batyl alcohol and 50µl 

dipalmitoyl-phosphatidyldimethylethanolamine (PDME) supplied from the Lipids 

Core Facility were included to quantify lipids present in each sample. The aqueous 

and organic layers within the tube were vortexed thoroughly and separated by 

spinning the samples at 1200 x g for 10 minutes at 4
o
C. The organic phase was 

removed from the bottom of the glass vial using the two pipette method and 

transferred to a new glass vial that had been washed with isopropanol then 

chloroform to remove any protein and lipid contaminants. The chloroform was 

evaporated using a nitrogen stream to prevent oxidation of lipids present within 
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samples. The lipids were resuspended in 100µl of 1:1 chloroform: octane then 

samples were analyzed by the Lipidomics Core Facility in Edmonton using an 

Agilent 1100 instrument equipped with a quaternary pump and Alltech ELSD2000 

Evaporative Light-Scattering Detector. The lipids present in the samples were 

separated using a three-solvent gradient on an Onyx monolithic silica normal-phase 

column.  

 

2.5.3 Oil Red O Staining 

Cells grown on coverslips were washed once with PBS, fixed with 10% buffered 

formal phosphate and incubated at room temperature for 10 minutes on a shaker. The 

cells were washed with 60% triethyl phosphate (TEP) (Sigma, Cat.# 538728) diluted 

in distilled water for a minimum of one minute. Coverslips were incubated in Oil Red 

O (24.5mM in 60% TEP) for 15 minutes at room temperature on a shaker. After 

staining, coverslips were washed twice with 60% TEP for a minimum of 1 minute per 

wash. Next, coverslips were washed once with distilled water and incubated with 

alum haematoxylin (1.5g haematoxylin, 50ml 1% iodine in 95% absolute alcohol, 

700mL saturated aqueous ammonium and 250mL distilled water) for 5 minutes at 

room temperature. Subsequently, coverslips were washed twice with distilled water, 

once with Scott Tap water (14.5mM K2CO3 and 16.5mM MgSO4) and twice with 

distilled water. Coverslips were mounted using Vectashield hard set (Vector 

Laboratories, Cat.# H-1400) onto microscope slides (244). Slides were viewed using 

Carl Zeiss Axio Imager M1 and photos were taken using Axiovision version 4.7.1.  
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2.5.4 Flow Cytometry 

The cell monolayer was removed from the flasks using Accutase to reduce the 

amount of cell aggregates and resuspended in serum free DMEM5796. The cells were 

pelletted at 1000 x g for 5 minutes in 15mL conical tube. Next, cells were washed 

once with 2mL PBS each and fixed using 2mL of 4% PFA for 15 minutes at room 

temperature. The cells were washed twice by resuspending in PBS then pelletting the 

cells at 1000 x g. To permeabilize cells, 2mL of permeabilization buffer (Biolegend, 

Cat.# 421002) was added to the cells and cells were incubated for 5 minutes at room 

temperature. The permeabilization step was repeated again.  

The cells were counted using the Bio-Rad TC20 automated cell counter and 2 million 

cells were incubated with 500µl of 1ug/mL of anti-NS5a 9E10 antibody diluted in 

permeabilization buffer for 25 minutes at room temperature and washed twice with 

permeabilization buffer. Next, cells were incubated with 500µl of 1ug/mL anti-mouse 

Alexa647 antibody (Invitrogen, Cat.# A21236) for 20 minutes at room temperature 

and washed twice with permeabilization buffer.  

To stain neutral lipids, cells were incubated for 15 minutes at 37
o
C in 2mL of 2µg/ml 

of Bodipy 493/503 (Thermofisher, Cat.# D3922) diluted in FACS buffer (2mM 

EDTA and 2% FBS in PBS). Next, cells were washed twice using FACS buffer to 

remove any extracellular Bodipy493/503. The cells were resuspended in FACS buffer 

for analysis. Controls used in this experiment include unstained cells, NS5a stained 

cells, isotype control, and Bodipy 493/503 stained cells.  

The samples were run on the BD LSR Fortessa X-20 machine and BD FACSDIVA 

version 8.0.1 software.  
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2.6 Assessment of Metabolism 

2.6.1 NMR Analysis of End Product Metabolites 

Approximately 24 hours before sample collection, the cell monolayer was washed 3 

times using serum free DMEM5796 and incubated in serum free DMEM5796.  After 

24 hours, the supernatant collected and filtered with a 0.22um filter to remove any 

large debris. Nanosep 3k Omega centrifuge tubes (Millipore, Cat.# UFC500396) were 

rinsed three times with MilliQ water to remove lipid complexes and large proteins 

that would obscure the NMR results from these sample. The filters were spun at 

13,000 x g for 10 minutes, 630µl of the flow through was combined with 70µl 

internal standard 1 (WAS-1) in NMR tubes. WAS-1 was supplied by Chenomx Inc, 

Edmonton, Canada. 

The NMR data was acquired in a Varian two-channel VNMRS 600 MHz NMR 

spectrometer with a HX 5mm probe and metabolites were identified and quantified 

using a target profiling technique developed by Chenomx Inc. The analysis was 

conducted by Chenomx Inc. 

 

2.6.2 Testing for the Dependency on Glycolysis, β-oxidation and Glutaminolysis 

Cells were prepared for analysis using instructions provided by the Seahorse XF Mito 

Fuel Flex Test Kit. Briefly, cell monolayers were grown on 24 well plates (Agilent, 

Cat.#102342-100) and washed once with 500ul PBS then 150ul assay medium 

(Agilient, Cat.#102353-100,  pH 7.4). Cells were left in a non CO2, 37
o
C incubator 

for a minimum of 30 minutes to allow cells to adjust to the assay medium. The assay 

medium was supplemented with 1mM pyruvate (Gibco, Cat.#11360070), 2mM 
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glutamine (Gibco, Cat.#25030081) and 10mM glucose (Gibco, Cat.#A2494001) to 

test cell’s dependency on fatty acid oxidation, glutaminolysis and glycolysis 

respectively. The drug BPTES was used to inhibit glutaminolysis through inhibition 

of glutaminase (GLS1) to prevent incorporation of α-ketoglutarate in the TCA cycle. 

Etomoxir was used to inhibit CPT-1 to prevent transport of fatty acid into the 

mitochondria to undergo β-oxidation. UK5099 was used to inhibit mitochondrial 

pyruvate carrier (MPC) to prevent metabolism of pyruvate by the pyruvate 

dehydrogenase complex (PDC) within the mitochondria. The respective concentration 

and volumes used is summarized in Table 2.2. The drugs were dissolved in the assay 

medium and loaded onto sensor cartridges according to manufacturer’s instructions 

(Agilent, Cat.# 102340-100). The analysis was conducted using the XFe24 analyzer 

(generously allowed by Michelakis Evangelos, HMRC 424) and the program Wave 

v1.2. The instrument run protocol is summarized in Table 2.3.  

The XFe24 analyzer creates transient microchamber by moving the probes within the 

sensor cartridge 200µm above the cells. The probes contain a flourophore that is 

quenched by oxygen. Based on the amount of quenching, the analyzer can determine 

the oxygen consumption rate (OCR). 
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Pathway Port Drug Injection Port 

Concentration 

(µM) 

Well 

Concentration 

(µM) 

Volume 

(µL) 

Glutamine 

Dependency 

A BPTES 30 3 56 

Fatty Acid 

Dependency 

A Etomoxir 40 4 56 

Glucose 

Dependency 

A UK5099 20 2 56 

 

Table 2.2 – Concentration of Drugs Loaded onto Sensor Cartridges to Measure the Dependency 

on Glycolysis, β-oxidation and Glutaminolysis. In order to test the dependency on glycolysis, β-

oxidation and glutaminolysis, a specific inhibitor was required. The concentration of the inhibitor 

added to the sensors was 10 times the well concentration.  

Command Number of Cycles Time per Command (min) 

Mix, Wait and Measure 3 3, 2, 3 

Inject Port A - - 

Mix, Wait and Measure 5 3, 2, 3 

 

Table 2.3 – The Instrument Run Protocol for Measuring the Dependency on Glycolysis, β-

oxidation and Glutaminolysis. The injections of all ports are followed by the next cycle of mix, wait 

and measure with minimal delay.  

 

2.6.3 Measuring Oxidation of Endogenous Fatty Acids 

Cells were prepared for analysis using instructions provided by the technical brief 

titled “Simultaneously measuring oxidation of exogenous and endogenous fatty acids 

using the XF Palmitate-BSA FAO substrate with the XF Cell Mito Stress Test” 

provided by Agilent. Briefly, cell monolayers were grown on 24 well plates from 

Agilent and placed in substrate limited DMEM (Agilient, Cat.#102353-100 

supplemented with 0.5mM glucose, 1mM glutamine, 0.5mM carnitine and either 1% 
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HS or FBS) for 24 hours prior to the day of the assay. On the day of the assay, cells 

were washed three times with 500µl PBS and once with 500µl of fatty acid oxidation 

(FAO) medium (111mM NaCl, 4.7mM KCL, 1.25CaCl2, 2mM MgSO4, 1.2mM 

NaH2PO4, 2.5 mM glucose, 0.5mM carnitine and 5mM HEPES at pH 7.4) per well. 

Cells were then incubated with 450µl of FAO medium in a non CO2, 37
o
C incubator 

for a minimum of 30 minutes to allow cells to adjust to the assay medium. A volume 

of 50µl of 400µM etomoxir was added to half the wells 15 minutes prior to the assay. 

The other half received 50µl of a drug vehicle control. The cells are incubated in a 

non CO2, 37
o
C incubator for 15 minutes. 

The sensors were loaded with inhibitors from the Mito Stress Test Kit according to 

instructions provided. The concentration and volumes of each drug are summarized in 

Table 2.4. The inhibitor oligomycin was used to inhibit ATP synthase to determine 

ATP production. FCCP is an uncoupling agent that interrupts ATP synthesis by 

disrupting the proton gradient of the mitochondria. A combination of rotenone and 

antimycin A were used to measure non-mitochondrial respiration by shutting down 

mitochondrial respiration by inhibiting complex I and III of the electron transfer 

chain.   

The plate and sensors are loaded into the XFe24 analyzer (generously allowed by 

Michelakis Evangelos, HMRC 424) and the analysis was conducted using the 

software Wave v1.2. The instrument run protocol is summarized in Table 2.4. 
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Inhibitor Port Port 

Concentration 

(µM) 

Volume 

Added to 

Port (µl) 

Well 

Concentration 

(µM) 

Final 

Well 

Volume 

(µL) 

Oligomycin A 10 56 1 556 

FCCP B 10 62 1 618 

Rotenone/ 

Antimycin 

A 

C 5 69 0.5 687 

 

Table 2.4 – Concentration and Volume of Inhibitors used in Measuring Endogenous Fatty Acid 

Oxidation using the XF Analyzer. The inhibitors were added to the ports on the sensors at a 

concentration 10 times of the final concentration. Each inhibitor was added at different times.  

 

Command Number of Cycles Time per Command (min) 

Mix, Wait and Measure 4 3, 2, 3 

Inject Port A - - 

Mix, Wait and Measure 3 3, 2, 3 

Inject Port B - - 

Mix, Wait and Measure 3 3, 2, 3 

Inject Port C - - 

Mix, Wait and Measure 3 3, 2, 3 

 

Table 2.5 – The Instrument Run Protocol for Measuring Endogenous Oxidation of Fatty Acids 

using the XFe24 Analyzer. The injections of all ports are followed by the next cycle of mix, wait and 

measure with minimal delay.  
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Parameter Definition 

Nonmitochondrial Respiration Rate after rotenone and antimycin A injection 

Basal Respiration (Rate prior to oligomycin injection) – 

(Nonmitochondrial Respiration) 

Endogenous β-oxidation (Basal Respiration in etomoxir untreated
 
cells ) – 

(Basal Respiration in etomoxir treated cells) 

Maximum β-oxidation (Rate after FCCP injection) – (Nonmitochondrial 

Respiration) 

Spare Capacity for β-oxidation (Maximum β-oxidation) – (Endogenous β-

oxidation) 

 

Table 2.6 – Calculating the different aspects of β-oxidation. The calculations for the different 

aspects of β-oxidation are listed. 

 

2.7 Western Blot Analysis 

The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel was 

composed of a separating gel and a stacking gel. A 10% separating gel was prepared 

first using 10.83mL dH2O, 3.75mL 2M Tris pH 8.8, 5mL Bis/Acrylamide 29:1 

(40%), 200µl 10% SDS, 200µl 10% APS and 20µl TEMED. The solution was loaded 

between glass plates with 1.5mm spacers. Isopropanol was added to the separating gel 

in order to prevent any bubble formation and allow for levelling of the separating gel. 

The separating gel was allowed to polymerize for 30 minutes at room temperature. 

Next, the stacking gel was prepared using 2.66mL H2O, 1.25mL 0.5M Tris pH 6.8,  

987µl bis/Acrylamide 29:1 (40%), 50µl 10% SDS, 50µl 10% APS and 5µl TEMED 

and loaded over top the separating gel. The stacking gel was allowed to polymerize 

for 20 minutes at room temperature. Samples were prepared by boiling 20µg of 

protein and 15µl loading buffer (125mM Tris-HCl pH 6.8, 5% SDS, 10% 2ME, 15% 

glycerol and 0.1% bromophenol blue) for 13 minutes.  
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The SDS-polyacrylamide was loaded onto the gel apparatus and chambers were filled 

with SDS-PAGE running buffer (247.6mM Tris, 191.8mM glycine and 3.47mM 

SDS) and samples loaded into each wells using a Hamilton syringe to directly deposit 

samples into the bottom of the well. The samples were run at 80V for 30 minutes to 

allow the SDS-PAGE standards (Bio-Rad, Cat.# 1610373) and proteins to separate 

from the stacking gel using the FB300 from Fisher Biotech. The voltage was 

increased to 120V for 1 hour.  

After electrophoresis, the gel apparatus was disassembled and gels were incubated in 

semi dry transfer buffer (39mM glycine, 48mM Tris base, 0.037% SDS and 20% 

methanol in water, pH was 8.8) for a minimum of 5 minutes at room temperature 

after removing the stacking gel. The gel was then moved onto a stack of two filter 

papers on the semi-dry transfer apparatus from Tyler Research. Next, a nitrocellulose 

membrane (GE Healthcare Life Sciences, Cat.# 10600003) was placed on top of the 

gel and another piece of filter paper was placed on the stack. The semi dry transfer 

was conducted with Model 200/2.0 from Bio-Rad using the settings 0.5mA and 26V 

for 1.5 hours.  

After transfer the membrane was stained using Ponceau (3mM Ponceau S, 13.7mM 5-

sulfosalicylic acid, 142mM 100% TCA) for 1 minute then washed 3 times with water 

to visualize the proteins transferred on the membrane. The membrane was then 

blocked for a minimum of 1 hour using PBST + 1% BSA. After the blocking step, the 

membrane was incubated with primary antibody directed against the protein of 

interest and an antibody directed to a loading control overnight at room temperature. 

The membrane was washed three times with PBST the next morning and incubated 

with goat anti-rabbit or mouse secondary antibody conjugated with IR dye (Licor, 
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Cat.# 92632221 and Cat.# 92632210) diluted to 0.1ug/mL in block for 1 hour. The 

membrane was washed 3 times with PBST and left in PBS for viewing. The 

membrane was scanned using Odyssey CLx from Licor under the settings: 84um for 

resolution and high for quality.  

The resulting scan was analyzed by normalizing the k counts (fluorescent intensity) of 

the protein of interest divided the loading control using the program Odyssey v1.2.  

 

2.8 Statistical Analysis 

Statistical analysis was performed using Prism software for PC version 7. The data 

represented in the results section were expressed as mean ± the standard deviation 

(SD). Unpaired Student’s t test was used to calculate the significance in experiments 

with two groups. One way ANOVA analysis was used to calculate significance in 

experiments with more than two groups. P values less than p<0.05 was considered 

significant.  

 

 

 

 

 

 

 



63 
 

 

 

 

CHAPTER 3: Huh7.5 Cells 
Cultured in HS as a Model to 
Study HCV Infection 

 

 

 

 

 

 

 

 

 

 

 

 



64 
 

Chapter 3: Huh7.5 Cells Cultured in HS as a Model to Study HCV Infection 

3.1 Culturing Huh7.5 cells in HS leads to differentiation 

The secretion of VLDL and increased albumin secretion were chosen as markers to 

confirm that Huh7.5 cells grown in DMEM5796 supplemented with 2% HS for a 

minimum of 21 days leads to differentiation (238). After 21 days of growth in HS 

media, cells were washed three times with serum free DMEM 5796 then placed in 

Opti-MEM media. Samples were taken after 6 hour incubation with Opti-MEM 

media to determine the concentration of albumin secreted using a quantitative ELISA 

analysis (Section 2.2.2). Similarly, cells grown in 10% FBS were subjected to the 

same method of preparation. The results showed that HS cultured cells secreted on 

average 5.6ug/mL albumin compared to 1.1ug/mL from cells grown in the presence 

of FBS. The 5.1 fold increase in the production of albumin in cells grown in HS 

compared to cells grown in FBS media (Figure 3.1) was consistent with previous 

findings (238). 

After 24 hour incubation in Opti-MEM, the supernatant was collected, concentrated 

and subjected to FPLC lipoprotein analysis to determine the lipoprotein profile 

secreted from these cells. As expected, cells cultured in the presence of HS for 21 

days secreted VLDL indicated by the peak at 20 minutes (Figure 3.2A), in line with 

previous results (238). The other peaks found at 30, 40, and 55 minutes are LDL, 

HDL, and glycerol respectively. The glycerol comes from the filters. The peaks 

corresponding to VLDL, LDL and HDL are absent from the last wash (Figure 3.2E). 

The secreted lipoprotein profile of HS cultured cells is similar to the lipoprotein 

profile found in normal human sera (238). When comparing the lipoprotein profile of 

HS and FBS cultured cells, the peak for VLDL at 20 minutes is absent for cells grown 
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in FBS (Figure 3.3B). When examining the lipoprotein profile of fetal bovine sera, 

there is very little VLDL present (Figure 3.2D). Overall, these results showed that 

cells cultured in the presence of HS secrete VLDL and have a lipoprotein profile 

similar to human sera. Whereas, cells cultured in FBS media lacked VLDL secretion 

and have a lipoprotein profile that was different from human serum. 

In summary, cells grown in HS for 21 days have higher secretion of albumin 

compared to cells in FBS and display a lipoprotein profile similar to normal human 

sera. These results confirm that Huh7.5 cells are differentiated after 21 days and are 

consistent with data previously reported (238). 

 

 

 

 

 

 

 

 

Figure 3.1 – Albumin Secretion in Cells Grown in 2% HS and 10% FBS Supplemented Media. 

Cells were differentiated in HS for 21 days, washed then placed in Opti-MEM media for 6 hours. 

Samples for albumin production are collected at 6 hours and quantified using an ELISA analysis. 

There was a 5.1 fold increase in albumin secreted when cells were cultured with HS media compared 

to cells cultured in FBS media. This experiment was conducted in duplicate and repeated twice. Each 

dot represents the average for the duplicate within a single experiment.  
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Figure 3.2 – Lipoprotein Profile of Huh7.5 Cells Cultured in 2% HS or 10% FBS Supplemented 

Media. Huh7.5 cells were differentiated in HS for 21 days. Cells are washed with Opti-MEM media 

three times. The last wash was collected as background. The cells were then incubated with Opti-MEM 

media for 24 hours. The supernatant was collected, concentrated and lipoproteins were separated using 

a size exclusion column. The sharp peak at 20 minutes indicates the presence of VLDL, the broad 

peaks are 30 and 40 minutes are LDL and HDL respectively. The peak between 50 to 60 minutes is 

glycerol from the filters. The TG lipoprotein profile of secreted lipoprotein from (A) cells cultured in 

the presence of 2% HS (B) human sera (C) cells cultured in 10% FBS (D) FBS (E) the last wash taken 

from cells. This experiment was conducted in duplicates and repeated twice, the lipoprotein profile 

shown here are the results from one experiment.  
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3.2 Assessment of Metabolism  

Huh7.5 cells grown for 21 days in media supplemented with 2% HS have increased 

albumin and VLDL secretion compared to cells cultured in the presence of FBS 

(Section 3.1). Additionally, previous data has shown that cells grown in HS media 

have increased expression of the transcription factors LXR and PPARα compared to 

cells cultured in FBS media. The increased expression of LXR and PPARα suggests 

that HS cultured cells have increased lipid synthesis and β-oxidation compared to 

cells grown in FBS media (238). To determine if there are changes in these and other 

pathways when culturing Huh7.5 cells in media containing 2% HS compared to 10% 

FBS, additional studies were completed.  

 

3.2.1 Assessment of Metabolomic Profile of Huh7.5 Cultured in HS or FBS 

Media 

To determine the metabolomic profile of cells cultured in HS media and FBS media, 

NMR analysis was used to determine the concentration of metabolites secreted in the 

supernatant (Section 2.6.1). A total of 33 metabolites were detected with 10 

compounds showing significant differences in concentration between the two culture 

conditions. The results are summarized in Table A.1 in the Appendix. Metabolites 

that were significantly different in concentration between the two culture conditions 

are presented in detail below.  
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3.2.1.1 Arginine Glycine and Proline Metabolism  

The amino acids glycine, arginine and proline were detected at significant differences 

between cells grown in HS media and FBS media using NMR analysis. Arginine is an 

amino acid and is a component of DMEM5796 media. Arginine can be used to 

synthesize proteins or it can be metabolized by the urea cycle and creatine synthesis 

pathway. Both the urea cycle and creatine synthesis pathway are highly active in the 

liver (245,246) . Glycine is a nonessential amino acid that is also a component of the 

DMEM5796 media. Glycine can be used to synthesize proteins or it can be 

metabolized in a variety of pathways. For example, glycine is an intermediate in the 

creatine synthesis pathway while proline which is absent from the DMEM5796 media 

is the product of arginine and glycine metabolism (245,247). Ornithine is the first 

metabolite generated when arginine is metabolized in the urea cycle and creatine 

synthesis pathway. Ornithine is converted to glutamate 5-semialdehyde (G5S) by 

ornithine aminotransferase (OAT) then OAT converts G5S into 1-pyrroline-5-

carboxylate (P5C). Finally, P5C is converted to proline using P5C reductase (Figure 

3.3D) (245,247). 

The amino acids glycine and arginine were utilized to a greater extent in HS relative 

to FBS cultured cells. Specifically, the concentration of glycine and arginine were 

50% and 30% respectively lower in media taken from cells cultured in HS media 

relative to cells cultured in FBS media (Figure 3.3A – 3.3B). On the other hand, 

proline, which is not a component of DMEM5796 media, was 4 fold higher in cells 

grown in HS media relative to FBS media (Figure 3.3C). The increased synthesis of 

proline is likely related to the increased utilization of arginine and glycine in cells 

cultured in HS media as both amino acids are precursors of proline. Proline can be 
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found in many proteins, in particular, collagen which also contains large amounts of 

glycine, hydroxyproline, and arginine (248). The increased utilization of arginine, 

glycine to produce proline may be related to collagen synthesis. However, more 

experiments are needed confirm this hypothesis.  

 

 

Figure 3.3 – Arginine, Glycine and Proline Metabolism in Cells Cultured in Huh7.5 Cells 

Cultured Using 2% HS Supplemented or 10% FBS Media.  Huh7.5 cells were differentiated in 

media containing HS for 21 days then placed in serum free media. The supernatant was collected after 

24 hours and analyzed using NMR. The concentration of (A) arginine and (B) glycine were 

significantly lower in supernatant taken from cells grown in media supplemented with HS compared to 

FBS. (C) There was significantly more proline detected in media taken from cells cultured in HS 

media compared to FBS media. (D) The pathway to synthesize proline using arginine and glycine as 

precursors. This experiment was conducted in duplicate and repeated 5 times. Each point represents the 

average value for each experiment. *P<0.05 
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3.2.1.2 Branched Carbon Amino Acids Metabolism 

Two metabolites from the branched carbon amino acid (BCAA) degradation pathway 

were detected at significant differences between cells grown in HS media and FBS 

media using NMR analysis. They were 3-methyl-2-oxovalerate, the first intermediate 

of the isoleucine degradation pathway and 3-hydroxyisovalerate, one of the 

intermediates of the leucine degradation pathway (249). The differences are 

summarized in Section 3.2.1.2.1 and Section 3.2.1.2.2. 

 

3.2.1.2.1 Isoleucine Degradation 

In the isoleucine degradation pathway, isoleucine is first degraded to 3-methyl-2-

oxovalerate by BCAA transferase (BCAT). Next, the rate limiting step of the 

isoleucine degradation pathway, the branched-chain alpha-keto acid dehydrogenase 

(BCKDH) complex converts 3-methyl-2-oxovalerate into 2-methylbutyryl-CoA 

(250). Through additional steps, the end products of the isoleucine degradation 

pathway are acetyl-CoA and propanoyl-CoA. The acetyl-CoA can either be further 

degraded by the TCA cycle or the ketogenesis pathway to provide ketone bodies for 

energy production (1.3.5) or it can be exported from mitochondria after the synthesis 

of citrate for the synthesis of fatty acids (251). The propanoyl-CoA can be converted 

to methylmalonyl CoA and finally succinate CoA, one of the intermediates of the 

TCA cycle using the enzyme methylmalonyl-CoA mutase (MCM) (249).  

When cells were grown in HS media, there was no significant difference in the 

utilization of isoleucine when compared to cells grown in FBS media (Figure 3.4A). 

However, there was 50% less 3-methyl-2-oxovalerate detected in media taken from 
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cells cultured in HS media compared to cells cultured in FBS media (Figure 3.4B). 

Overall, these results suggest that the degradation of isoleucine into 3-methyl-2-

oxovalerate was higher in cells cultured in FBS media compared to cells cultured in 

HS media. The increased degradation of isoleucine to yield the end products acetyl-

CoA and propanyl CoA suggests that there may be an increase in the utilization of the 

TCA cycle in cells in cells grown in FBS.  

 

Figure 3.4 – Isoleucine Metabolism in Cells Cultured in Huh7.5 Cells Cultured Using 2% HS 

Supplemented or 10% FBS Media.  Huh7.5 cells were differentiated in media containing HS for 21 

days then placed in serum free media. The supernatant was collected after 24 hours and analyzed using 

NMR. The concentration of (A) isoleucine was similar in supernatant taken from cells grown in either 

culture conditions. (B) The concentration of 3-methyl-2-oxovalerate was significantly lower in 

supernatant taken from Huh7.5 cells cultured in HS media compared to FBS media. This experiment 

was conducted in duplicate and repeated 5 times. Each point represents the average value for each 

experiment. *P<0.05 
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3.2.1.2.2 Leucine Degradation 

In the leucine degradation pathway, leucine is first converted to 4-methyl-2-

oxopentanoate by BCAT. Next, 4-methyl-2-oxopentanoate is metabolized into 3-

hydroxyisovalerate by BCAT. Further degradation of 3-hydroxyisovalerate yields β-

hydroxy β-methylbutyrate (HMB), the precursor for 3-hydroxy-3-methylglutaryl-

coenzyme A (HMG-CoA). HMG-CoA can be metabolized to produce acetoacetate in 

the ketogenesis pathway (Figure 3.9D) or it can be used to synthesize sterols (252–

254). 

The utilization of leucine in the two culture conditions was similar (Figure 3.5A). 

However, when cells were cultured in HS media, there was increased production of 3-

hydroxyisovalerate compared to the absence of 3-hydroxyisovalerate found in cells 

grown in the presence of FBS media (Figure 3.5B). These results suggest that cells 

grown in using HS media utilize the leucine degradation pathway in order to generate 

3-hydroxyisovalerate while cells grown FBS media did not degrade leucine. 
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Figure 3.5 – Leucine Metabolism in Cells Cultured in Huh7.5 Cells Cultured Using 2% HS 

Supplemented or 10% FBS Media.  Huh7.5 cells were differentiated in media containing HS for 21 

days then placed in serum free media. The supernatant was collected after 24 hours and analyzed using 

NMR. The concentration of (A) leucine was similar in supernatant taken from cells grown in either 

culture conditions. (B) The concentration of 3-hydroxyisovalerate was significantly higher in 

supernatant taken from Huh7.5 cells cultured in HS media compared to FBS media. This experiment 

was conducted in duplicate and repeated 5 times. Each point represents the average value for each 

experiment. *P<0.05 

 

3.2.1.3 Methionine Metabolism 

Methionine metabolism was significantly different between Huh7.5 cells grown under 

the two culture conditions. Methionine is an essential amino acid that can be used to 

synthesize protein or enter two pathways, the methionine cycle which produces S-

adenosyl methionine (SAM) and homocysteine. S-adenosylmethionine synthase is the 

rate limiting enzyme that catalyzes the conversion of methionine to SAM.  SAM is 
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used to methylate phospholipids, proteins and metabolites. For example, SAM can be 

used to synthesize phosphatidylcholine (PC) from phosphatidylethanolamine (PE) 

through a series of enzymatic reactions. Moreover, SAM is required to synthesize 

carnitine, which is required by CPT-1 to transport fatty acids into the mitochondria. 

SAM can be converted to homocysteine by adenosylhomocysteinase. Homocysteine 

can either be converted back into methionine or converted to cysteine as part of the 

transsulfuration pathway. Cysteine can be converted to several different metabolites 

in the transsulfuration sequence. For instance, cysteine can be converted to either 

glutathione which is an antioxidant, taurine, a major component of bile acid, or 

pyruvate. Both the methionine cycle and transsulfuration pathway are highly active 

pathways within hepatocytes (255–257). The conversion of homocysteine into 

methionine requires tetrahydrofolate (THF). The production of THF is coupled to the 

production of formate. Formate is derived from metabolites found in the glycine and 

tryptophan degradation pathways (258).  

The results from the NMR analysis showed that when cells were cultured in HS 

media, there was significantly higher utilization of methionine relative to cells 

cultured in FBS media. Specifically, there was a 35% increase in methionine 

utilization in cells cultured in HS media compared to FBS media (Figure 3.6A). 

However, there was no difference in the concentration of formate in cells grown in 

HS media and FBS media (Figure 3.6B). Taken together, these results suggest that the 

methionine cycle within Huh7.5 cells grown with HS media are more active 

compared to cells grown in FBS media. 
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Figure 3.6 – Methionine Metabolism in Cells Cultured in Huh7.5 Cells Cultured Using 2% HS 

Supplemented or 10% FBS Media.  Huh7.5 cells were differentiated in media containing HS for 21 

days then placed in serum free media. The supernatant was collected after 24 hours and analyzed using 

NMR. The concentration of (A) methionine was significantly lower in supernatant taken from Huh7.5 

cells cultured in HS compared to FBS while (B) there was no difference in formate in HS or FBS 

media cultured cells. This experiment was conducted in duplicate and repeated 5 times. Each point 

represents the average value for each experiment. *P<0.05 

 

3.2.1.4 Phospholipid Metabolism  

The metabolite O-phosphocholine was detected at significant differences between 

cells grown in HS media and FBS media using NMR analysis. O-phosphocholine is 

normally an intracellular metabolite that is an intermediate of the CDP-choline 

pathway that generates phosphatidylcholine (PC), the end product of the CDP-choline 

pathway (Figure 3.7C). PC, the most common phospholipid, is involved in the 

synthesis of membranes and secretion of lipoproteins (259). It has also been shown 

that synthesis of PC is closely linked with secretion of VLDL (260,261).  



76 
 

The choline present within the media was utilized similarly in cells were cultured in 

HS and FBS media (Figure 3.7A). However, there was 7 fold less O-phosphocholine 

present in media taken from cells grown in HS media compared to cells grown in 

FBS media (Figure 3.7B). Since O-phosphocholine is normally an intracellular 

metabolite, the presence of O-phosphocholine in the media may be related cell lysis. 

If this is true, the increase in O-phosphocholine detected in the media in cells grown 

in FBS media may be related to an increase in cell death. 

 

 

 

 

 

 

 

 

Figure 3.7 –Phospholipid Metabolism in Cells Cultured in Huh7.5 Cells Cultured Using 2% HS 

Supplemented or 10% FBS Media.  Huh7.5 cells were differentiated in media containing HS for 21 

days then placed in serum free media. The supernatant was collected after 24 hours and analyzed using 

NMR. The concentration of (A) choline was similar in supernatant taken from cells cultured using HS 

and FBS media. (B) The concentration of O-phosphocholine in supernatant taken from Huh7.5 cells 

cultured in HS was significantly lower compared to FBS. (C) The CDP-choline pathway produces O-

phosphocholine as a precursor to synthesize phosphatidylcholine. CTP-phosphocholine 

cytidylyltransferase (CCT) Choline/ ethanolamine phosphotransferase (C/EPT). This experiment was 

conducted in duplicate and repeated 5 times. Each point represents the average value for each 

experiment. *P<0.05 
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3.2.1.5 Glycolysis 

The metabolites associated with glycolysis such as glucose, pyruvate and lactate were 

detected at significant differences between cells grown in HS media and FBS media 

using NMR analysis (Figure 1.6). The concentration of glucose detected in media 

taken from Huh7.5 cells cultured in HS and FBS media were similar (Figure 3.8A). 

However, the concentration of pyruvate was 10 times lower in media taken from cells 

cultured using HS media compared to FBS media (Figure 3.8B). The levels of lactate 

secreted by cells grown in HS and FBS media were similar (Figure 3.8C). Overall, 

these results suggest that glycolysis in cells grown using HS media convert minimal 

levels of glucose to pyruvate. The glucose entering glycolysis is most likely 

converted to intermediates that could be utilized to synthesize amino acids, lipids and 

glycogen (Figure 1.6). In cells cultured in FBS, a large concentration of glucose is 

converted into pyruvate which is then utilized in the TCA cycle. These results suggest 

that HS cultured cells do not utilize glycolysis to synthesize pyruvate whereas cells 

cultured in FBS utilize glycolysis to generate high concentrations of pyruvate. This 

glycolytic flux in FBS cultured cells is reminiscent of the Warburg effect while cells 

cultured in HS do not display the Warburg effect (182).  
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Figure 3.8 – Glycolysis in Cells Cultured in Huh7.5 Cells Cultured Using 2% HS Supplemented 

or 10% FBS Media.   Huh7.5 cells were differentiated in media containing HS for 21 days then 

placed in serum free media. The supernatant was collected after 24 hours and analyzed using NMR. 

The concentration of (A) glucose was similar in supernatant taken from cells cultured with either HS or 

FBS media. (B) The concentration of pyruvate was significantly lower in supernatant taken from 

Huh7.5 cells cultured in HS media compared to FBS media. (C) There was no difference in lactate in 

cells cultured using HS media or FBS media. This experiment was conducted in duplicate and repeated 

5 times. Each point signifies the average value for each experiment. ***P<0.001 
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3.2.1.6 Ketogenesis  

The ketone bodies, acetone, acetoacetate and 3-hydroxybutyrate were detected at 

significant differences between cells grown in HS media and FBS media using NMR 

analysis. These ketone bodies are products of the ketogenesis pathway (Figure 3.9D). 

The ketogenesis pathway is highly active within hepatocytes where there is an 

abundance of acetyl-CoA due to the breakdown of fatty acids through β-oxidation 

(Section 1.3.5). The results from the NMR analysis show that there was a 21 fold 

increase in acetoacetate and 8 fold increase in 3-hydroxybutyrate present in media 

taken from cells cultured in HS media compared to FBS media (Figure 9A – 9B). 

Overall, these results imply that the ketogenesis pathway is utilized more within 

differentiated cells cultured in HS media relative to cells cultured in the FBS media. 

The increased production of ketone bodies may be directly related to the increase in 

β-oxidation. Sections 3.2.2 to Section 3.3 will examine the levels of β-oxidation in 

Huh7.5 cells grown in HS and FBS media. 
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Figure 3.9 –Ketogenesis in Cells Cultured in Huh7.5 Cells Cultured Using 2% HS Supplemented 

or 10% FBS Media. Huh7.5 cells were differentiated in media containing HS for 21 days then placed 

in serum free media. The supernatant was collected after 24 hours and analyzed using NMR. The 

concentration of (A) acetoacetate (B) 3-hydroxybutyrate was higher in supernatant taken from Huh7.5 

cells cultured in HS media compared to FBS media while (C) the concentration of acetone did not 

change. (D) The end products of ketogenesis are acetoacetate, 3-hydroxybutyrate and acetone. 

Hydroxymethylglutaryl-CoA (HMG-CoA). This experiment was conducted in duplicate and repeated 

five times. Each point represents the average value for each experiment. **P<0.01 

 

3.2.2 Assessment of Metabolic Flux  

The results from the NMR analysis show that there was a reduction in glycolysis as a 

source of pyruvate in Huh7.5 cells cultured in 2% HS media (Section 3.2.1.5). The 

results from Section 3.2.1.6 show that there was an increase in β-oxidation through 

the increase in ketone bodies when cells were grown in HS media compared to FBS 

media. To confirm that there is a change in the utilization of glycolysis and β-
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oxidation, the Seahorse XFe24 analyzer was used. This analyzer measures the oxygen 

consumption rate (OCR) as a marker for the TCA cycle activity. The TCA cycle leads 

to the reduction of NAD
+
 and FAD to yield NADH and FADH2. NADH and FADH2 

are oxidized by OXPHOS while consuming oxygen. The utilization of oxygen is 

detected by the analyzer. Using the XFe24 analyzer, the cell’s dependency for 

utilizing the glutaminolysis pathway was also examined. The dependency refers to the 

ability for the cell’s mitochondria to utilize a particular pathway.  

In order to differentiate between the various pathways that feed into the TCA cycle, 

inhibitors such as etomoxir, BPTES, UK5099 were injected into the cell culture wells 

after the third basal measurement to determine the dependency the cells have on each 

pathway. Etomoxir inhibits β-oxidation through CPT-1 inhibition, BPTES inhibits 

glutaminolysis by GLS1 inhibition and UK5099 inhibits the oxidation of pyruvate by 

PDC. When a cell is highly dependent on a particular pathway, the OCR will decrease 

significantly once that pathway is inhibited (Section 2.6.2). 

To determine the metabolic flux through each pathway, the analysis was conducted 

on Huh7.5 cells differentiated in HS media for at least 21 days and cells cultured in 

FBS media. The values of each measurement in treated cells were normalized to the 

value of untreated cells. The steady decline in oxygen consumption was a 

consequence of a reduced supply of oxygen since no new oxygen was introduced into 

the wells during this assay. When UK-5099 was used to inhibit PDC after the third 

OCR measurement (approximately 10 minutes), there was no change in the OCR in 

cells grown in HS while there was a 25% reduction in OCR for cells cultured in FBS 

(Figure 3.10A). This result showed that cells cultured in FBS media were 

significantly more dependent on the glycolysis pathway to provide pyruvate for the 
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TCA cycle compared to cells grown in HS media. When β-oxidation was inhibited 

with etomoxir, there was a reduction in OCR in both HS and FBS cultured cells. 

However, the cells cultured in HS media showed a 30% reduction in OCR compared 

to a 15% reduction in cells cultured in FBS media (Figure 3.10B), suggesting that 

there was a larger dependency on β-oxidation in cells grown in HS. When 

investigating the dependency both HS and FBS media cultured cells have for the 

glutaminolysis pathway, GLS1 was inhibited using BPTES. The result showed that 

there was a similar reduction in OCR in cells grown in HS media and FBS media 

suggesting a similar dependency on glutaminolysis (Figure 3.10C). These results 

suggest that the mitochondria in cells cultured in HS media preferentially utilize β-

oxidation instead of glycolysis compared to cells cultured in FBS media. 
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Figure 3.10 – Dependency of β-oxidation, Glycolysis and Glutaminolysis in Cells Cultured in 

Huh7.5 Cells Cultured Using 2% HS Supplemented or 10% FBS Media. Huh7.5 cells were 

differentiated in 2% HS supplemented media for 28 days grown cells and FBS cultured cells were 

analyzed using the XFe24 analyzer. The first three points were basal measurements. The inhibitor was 

added after the third timepoint. (A) The inhibitor of MPC, UK5099 was added after the third time 

point to measure dependency on glycolysis to provide pyruvate for the TCA cycle (B) The inhibitor of 

CPT-1, etomoxir was added after the third time point to measure dependency on β-oxidation to provide 

acetyl-CoA for the TCA cycle (C) The inhibitor BPTES was added after the third time point to 

measure dependency on glutaminolysis to provide α ketoglutarate for the TCA cycle. This experiment 

was conducted in duplicate and repeated three times. Each point represents the average measurement 

for all three experiments. *P<0.05. Arrows indicate the addition of inhibitors.  
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3.2.3 Assessment of the Rate of β-oxidation 

The results from Section 3.2.2 suggests a greater dependency of β-oxidation in cells 

that are cultured using HS media compared to FBS media. To determine the exact 

rate of β-oxidation that occurs in cells grown in HS or FBS media, the OCR of cells 

were analyzed using the XFe24 analyzer from Seahorse Bioscience. The inhibitors 

oligomycin (ATPase inhibitor), FCCP (proton gradient uncoupler) and a combination 

of rotenone and antimycin A (inhibitors of the electron transport chain) were injected 

into cell culture wells to measure endogenous, maximum and spare capacity for β-

oxidation (Section 2.6.3). The endogenous β-oxidation is defined as the level of β-

oxidation to meet the energetic demand of the cell under baseline conditions. The 

maximum β-oxidation is defined as the maximum rate of β-oxidation that a cell can 

achieve. The spare capacity of β-oxidation is defined as the cells ability to respond to 

energetic demands by increasing the rate of β-oxidation. There was a 10 fold increase 

in the endogenous β-oxidation in cells grown in HS media compared to cells grown in 

FBS media. Additionally, the maximum β-oxidation and spare capacity for β-

oxidation was 3.5 and 6.5 fold higher in cells grown in HS media relative to FBS 

media (Figure 3.11). These results show that in HS differentiated cells, β-oxidation is 

highly active compared to cells that are grown using FBS media. 
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Figure 3.11 – Endogenous β-oxidation, Maximum β-oxidation and Spare Capacity for β 

oxidation in Huh7.5 Cells Cultured using 2% HS Supplemented or 10% FBS Media. Huh7.5 cells 

were differentiated in 2% HS supplemented media for 28 days grown cells and FBS cultured cells were 

analyzed using the XFe24 analyzer. The endogenous β-oxidation was calculated by taking the basal 

OCR and subtracting the nonmitochondrial respiration rate after rotenone and antimycin A were added. 

The maximum β-oxidation was calculated by taking the maximal OCR after the addition of FCCP and 

subtracting the nonmitochondrial respiration. The spare capacity for β-oxidation was calculated by 

taking the maximal β-oxidation and subtracting the basal respiration. (A) There was significantly 

higher endogenous β-oxidation (B) maximum β-oxidation and (C) spare capacity for β-oxidation in 

cells cultured using HS media compared to FBS media. This experiment was conducted in triplicates 

and repeated three times. Each point represents the average value for each experiment. * P<0.05 ** 

P<0.01 
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3.3 Assessment of the Rate Limiting Step of β-oxidation 

The previous findings show an increase in β-oxidation and ketogenesis in cells 

cultured in HS media relative to cells grown in FBS media. To provide additional 

evidence that β-oxidation is increased in cells cultured with HS, levels of CPT-1, the 

enzyme catalyzing the rate limiting step of β-oxidation, were examined using a 

quantitative western blot (Section 2.7). The ratio of the fluorescence intensity 

between the loading control β-tubulin and CPT-1 was determined for each sample and 

normalized to FBS which was set at a value of 1. When comparing the CPT-1 protein 

levels in the two different culture systems, there was approximately 7 times more 

CPT-1 present in cells cultured in HS media compared to FBS media (Figure 3.12). 

The levels of CPT-1 in primary hepatocytes (PHH) are much higher still, at 100 fold 

greater than in Huh7.5 cells cultured in FBS media.  

These results show an increase in CPT-1 in cells grown in the HS media compared to 

cells cultured in FBS media. The increase in CPT-1 found in cells grown in HS media 

was more reflective of a PHH compared to cells grown using FBS media. This 

suggests that that Huh7.5 cells grown with HS may be a better model to study β-

oxidation compared to cells grown in FBS.  
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Figure 3.12 – CPT-1 Production in Huh7.5 Cells. Cell lysates were subjected to SDS-PAGE and 

Western blot analysis using a Licor approach. (A) 5 µg of protein was loaded into the lane containing 

lysates from primary hepatocytes (PHH) while 20 µg of protein was loaded in lanes containing lysates 

from HS and FBS cultured cells. CPT-1 is shown in green (82kDa). The loading control, β-tubulin is 

shown in red (51kDa). (B) The ratio of signal intensity was obtain from CPT-1 and tubulin and 

normalized to FBS to control for the varying fluorescent intensity between each experiment. This 

experiment was repeated three times. Each point represents the average value for each experiment. 

****P<0.0001 

 

3.4 Assessment of Lipids  

The experiments from Section 3.2.1.6 to 3.3 showed that there are higher levels of β-

oxidation within cells cultured in HS media relative to FBS media. To determine if 

there are more substrates such as triglycerides and fatty acids available for β-

oxidation, two approaches were used to determine lipid content in Huh7.5 cells 

cultured in 2% HS media for 21 days. 
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3.4.1. Assessment of Lipid Droplets  

The lipid droplets in cells cultured in FBS or HS media for 21 days were stained with 

Oil Red O (Section 2.5.3). The results showed that cells that are grown in HS media 

have much larger lipid droplets compared to cells cultured in FBS media through the 

red staining (Figure 3.13). Overall, the increase in lipid droplet formation in cells 

cultured in HS was consistent with data reported previously (238).  

 

 

Figure 3.13 – Lipid Droplets in Cells Cultured in Huh7.5 Cells Cultured Using 2% HS 

Supplemented or 10% FBS Media.  Huh7.5 Cells were differentiated in media containing HS for 21 

days. Cells were fixed and stained using Oil Red O. Lipid droplets are shown in red and nucleus in 

blue. (A) There are larger lipid droplets in cells cultured in HS (B) than cells cultured in FBS. 

 

3.4.2 Assessment of Total Lipid Content  

In order for cells to utilize β-oxidation, cells need to have triglyceride available as a 

substrate. Triglycerides are broken down to yield fatty acids which are degraded 

through β-oxidation. To determine the amount of lipids present in Huh7.5 cells under 
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both culture conditions, lipids were extracted using chloroform: methanol. The lipids 

were then separated using a three solvent gradient in an Onyx monolithic silica 

normal phase column (Section 2.5.2). This analysis was conduction in the Lipidomics 

Core Facility in Edmonton. The lipids detected include triglycerides, phospholipids 

and cholesterol (Section 3.3.1.2.1 and Section 3.3.1.2.2). 

 

3.4.2.1 Triglycerides and Fatty Acid Content 

The previous experiment using Oil Red O to stain lipid droplets in Huh7.5 cells 

showed that cells grown in the presence of HS have larger and more lipid droplets. In 

order to quantify the triglyceride present in cells cultured in HS and FBS, extracted 

lipids were analyzed using HPLC total lipid class analysis. The results from the 

analysis show that when cells were grown in HS media there is a 3.7 fold increase in 

triglyceride compared to FBS media. Fatty acids were also detected using this method 

of analysis. There was a significant increase in the mass of fatty acids present in cells 

grown in HS media compared to FBS media (Figure 3.14).  

Overall, this set of results is consistent with our hypothesis that Huh7.5 cells grown in 

HS have increased triglyceride present within each cell. Additionally, this result is 

consistent with data reported previously (238). 
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Figure 3.14 –Triglyceride and Fatty Acid Content in Cells Cultured in 2% HS Media or 10% 

FBS Media. Lipids were extracted from Huh7.5 cells grown HS media for 21 days or FBS media. The 

lipids were analyzed using HPLC total lipid class analysis (Lipidomics Core Facility in Edmonton). 

The mass of lipids were normalized to cell number. (A) The mass of triglycerides and (B) fatty acid 

was higher in cells cultured in HS media compared to FBS media. This experiment was conducted in 

duplicate and repeated 3 times. Each point represents the average value for each experiment. * P<0.05 

** P<0.01  

 

3.4.2.2 Phospholipid and Cholesterol Content 

Phospholipids and cholesterol were detected in the HPLC total lipid class analysis. 

The precursor to phospholipids, DG was detected, along with phospholipids such as 

PC, PE and sphingomyelin. PC and PE are the most common phospholipids present 

within plasma membranes. Sphingomyelin, also a phospholipid is involved in cellular 

signaling and cholesterol clustering in the plasma membrane (262–264). The main 

purpose of cholesterol in the cell is to modulate the fluidity of the plasma membrane 

(264). 
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When cells were cultured in HS media, there was no significant difference in the 

mass of DG detected when normalized to cell number. However, the phospholipids 

PE, PC and sphingomyelin were respectively 13, 7 and 4 fold greater in cells grown 

with HS (Figure 3.15). Additionally, there was 6 fold more free cholesterol and 9 fold 

more cholesterol esters (16:0 and 18:0) in cells cultured in the presence of HS. 

However, the cholesterol ester (20:4) was absent in cells grown with HS media or 

FBS media (Figure 3.16). Overall, these results suggest that there are much more 

phospholipids and cholesterol per HS media grown cell compared to FBS media 

grown cells.  
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Figure 3.15 – Phospholipid Content in Cells Cultured in 2% HS Media or 10% FBS Media. 

Lipids were extracted from Huh7.5 cells grown in FBS and differentiated cells grown in media 

containing HS for 21 days. The lipids were analyzed using HPLC total lipid class analysis (Lipidomics 

Core Facility in Edmonton). The mass of lipids were normalized to cell number. (A) The mass of 

phosphatidylethanolamine (B) phosphatidylcholine (C) sphingomyelin was significantly higher in cells 

cultured in HS media compared to FBS media (D) there was no difference in diacylglycerol in HS 

cultured and FBS cultured cells. This experiment was conducted in duplicate and repeated 3 times. 

Each point represents the average value for each experiment. *P<0.05 *** P<0.001 **** P<0.0001 

 



93 
 

 

Figure 3.16 –Cholesterol Content in Cells Cultured in 2% HS Media or 10% FBS Media. Lipids 

were extracted from Huh7.5 cells grown in FBS and differentiated cells grown in media containing HS 

for 21 days. The lipids were analyzed using HPLC total lipid class analysis (Lipidomics Core Facility 

in Edmonton). The mass of lipids were normalized to cell number. (A) The mass of cholesterol esters 

16:0 and 18:0 was significantly higher in cells cultured in HS media compared to FBS media (B) There 

is no difference in cholesterol esters 20:4 (C) There was higher free cholesterol cells grown in HS 

compared to FBS media. This experiment was conducted in duplicate and repeated 3 times. Each point 

signifies the average value for each experiment. ** P<0.01 
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3.5 HS Differentiated Cells as a Model to Study HCV  

The results from Section 3.2 to Section 3.3 show increased lipid metabolism in cells 

grown in HS media. Prior to using Huh7.5 cells cultured in HS to study the effects of 

HCV infection on lipid metabolism, these cells were infected with HCV to examine 

the characteristics of the infection and the proportion of cells infected with HCV. 

 

3.5.1 Assessment of HCV Production 

To determine virus production in Huh7.5 cells grown in the presence of HS and FBS, 

cells were infected at a GE of 1. Supernatant was collected at different time points 

post infection for quantification of HCV RNA through qPCR (Section 2.3.2 to 

Section 2.3.3). Virus released by HS media cultured cells reached 1.5x10
7
 HCV RNA 

copies per mL 13 days post infection. At 21 days post infection, the virus production 

remained relatively stable at 2.1 x10
7
 HCV RNA copies per mL (Figure 3.17).  

In cells grown in FBS media, virus production reached a maximum at days 10 post 

infection (1x10
6 

HCV RNA copies per mL). The virus production decreased sharply 

13 days post infection (Figure 3.17). By microscopy, the reduction of HCV RNA at 

day 13 was a result of massive cell lysis due to HCV infection. The reduction in virus 

production continued to 17 days post infection when the experiment was terminated 

due to the lack of adherent cells. This experiment showed that HS cultured cells 

produce more virus compared to cells grown in FBS without undergoing cell lysis as 

indicated by the stable production of HCV until the experiment was terminated. 
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Figure 3.17 – HCV Production in Huh7.5 Cells in Two Different Culture Systems.  Huh7.5 cells 

are infected for 4 hours at GE of 1 after an overnight incubation in delipidated serum. Samples were 

collected at different time points and HCV RNA was quantified using qPCR. This experiment was 

repeated twice. Each point represents the average value for both experiments. 

 

3.5.2 Assessment of Specific Infectivity of HCV  

Next, the specific infectivity of HCV produced under the two culture conditions was 

examined using a TCID50 assay. It was previously reported that virus produced from 

cells grown in HS media have a 10 fold increase in specific infectivity compared to 

cells cultured in media supplemented with FBS (238). Huh7.5 cells grown in FBS 

media were infected with HCV produced from either HS or FBS cultured cells. An 

initial stock of 3 x10
6
 HCV RNA/ml was used to infect cells, the stock was serially 

diluted from 10
-1

 to 10
-6

 to determine the concentration where 50% of the wells had 



96 
 

positive staining for HCV infection. The TCID50 was calculated using the Reed and 

Muench method (Section 2.3.4).  

The specific infectivity of virus produced in cells cultured in HS was 1 per 247 copies 

of HCV RNA. This is similar to values reported previously (238). On the other hand, 

the specific infectivity of virus produced in cells cultured in FBS was 1 per 1241 

copies of HCV RNA (Figure 3.18). HCV produced in cells cultured in HS was 5 fold 

more infectious then virus produced in cells cultured in FBS.  

 

 

 

 

 

 

 

 

Figure 3.18 – Specific Infectivity of HCV Produced in Huh7.5 Cells. Cells were incubated 

overnight in DFBS then infected with serially diluted HCV produced from cells grown in HS media or 

FBS media for 4 hours. After 72 hours, cells were fixed and anti-NS5a antibody was used as a marker 

for HCV infection. The TCID50 was defined as the concentration required to infect 50% of the wells. 

The TCID
50

 was calculated using Reed and Muench method. This experiment was repeated twice. 

Each point represents the average value for each experiment. 
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3.5.3 Assessment of Proportion of HCV Infected Cells 

To study metabolic differences between HCV infected and uninfected cells, we 

needed to determine the time at which all the cells were infected. To assess the 

proportions of cells that are infected with HCV in cells grown in HS and FBS, cells 

were infected with HCV during the differentiation process. The cells were grown on 

coverslips and subjected to fluorescence microscopy to view cells that stained 

positively for HCV core protein. Cells grown in HS media and infected with HCV 

infection for 7 days, approximately 90% of the cells were positive for HCV core 

(Figure 3.19A – 3.19C). At 21 days post infection, all cells stained positive for HCV 

core (Figure 3.20A – 3.30C). Conversely, when cells were grown in FBS in the 

presence of HCV infection for 7 days, 70-80% of the cells stained positive for HCV 

core with minimal cell lysis (Figure 3.20A – 3.20C). The high specificity of the anti-

core antibody used in the assay is indicated by the lack of staining in uninfected cells 

(Figure 3.19D – 3.19E, Figure 3.20D – 3.20E and Figure 3.21D – 3.20E).  

These results show that that the optimal time to study HCV infection of cells in HS 

media was 21 days post infection when cells are fully differentiated and are 100% 

infected.  
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Figure 3.19 – Proportion of Huh7.5 Cells Cultured in 2% HS Media with HCV Infection for 7 

Days.  Huh7.5 cells were grown in HS media for 7 days with or without HCV infection then fixed. 

Anti-HCV core protein was used as a primary antibody. The secondary antibody is Alexafluor 488 

which is fluorescent green. The nucleus of each cell is stained blue using Hoechst. (A) Nuclear staining 

in infected cells (B) Alexafluor488 staining in infected cells (C) Merge of the previous two channels. 

(D) Nuclear staining of uninfected cells (E) Alexafluor488 staining on uninfected cells (F) Merge of 

the previous two channels.  
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Figure 3.20 – Proportion of Huh7.5 Cells Cultured in 2% HS Media with HCV Infection for 21 

Days.  Huh7.5 cells were grown in HS media for 21 days with or without HCV infection then fixed. 

Anti-HCV core protein was used as a primary antibody. The secondary antibody is Alexafluor 488 

which is fluorescent green. The nucleus of each cell is stained blue using Hoechst. (A) Nuclear staining 

in infected cells (B) Alexafluor488 staining in infected cells (C) Merge of the previous two channels. 

(D) Nuclear staining of uninfected cells (E) Alexafluor488 staining on uninfected cells (F) Merge of 

the previous two channels. 
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Figure 3.21 – Proportions of Huh7.5 Cells Grown in 10% FBS Media Infected with HCV in the 

two Culture Systems.  Huh7.5 cells grown using FBS media were fixed after 7 days of HCV 

infection. Anti-HCV core protein was used as a primary antibody. The secondary antibody is 

Alexafluor 488 which is fluorescent green. The nucleus of each cell is stained blue using Hoechst. (A) 

Nuclear staining in infected cells (B) Alexafluor488 staining in infected cells (C) Merge of the 

previous two channels. (D) Nuclear staining of uninfected cells (E) Alexafluor488 staining on 

uninfected cells (F) Merge of the previous two channels. 
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3.6 Summary of Differences in Huh7.5 Cells Cultured in HS and FBS 

The markers of differentiated cells grown in HS media and cells grown in FBS media 

cultured cells were studied. The key biomarkers for proper differentiation were 

VLDL secretion and increased albumin secretion. The results from Section 3.1 

showed that HS media cultured cells produced VLDL and increased albumin 

production compared to cells grown in FBS media. These results were comparable to 

data reported in literature (238). 

Next, the metabolism of these cells was studied using NMR. NMR was used to 

determine secreted metabolites while the XFe24 analyzer was used to determine 

whether there were any changes in pathways such as glycolysis and β-oxidation when 

cells cultured in HS media compared to FBS media. A variety of metabolites showed 

significant differences in Huh7.5 cells cultured in HS media compared to FBS media. 

However, only the metabolites acetoacetate and 3-hydroxybutyrate were further 

examined as these compounds are produced in the ketogenesis pathway that is 

downstream of β-oxidation. The concentration of acetoacetate and 3-hydroxybutyrate 

were 21 and 8 fold higher in media taken from HS cultured cells respectively (Section 

3.2.1.6). The increase in ketogenesis was reflected by an increase dependency on β-

oxidation and increased rate of β-oxidation (Section 3.2.2 – 3.2.3) and increased 

production of CPT-1 in cells cultured in HS media (Section 3.3). Finally, the amount 

of lipid droplets present in HS and FBS cultured cells were examined using an Oil 

Red O stain. The results from this analysis showed that there were larger lipid 

droplets when cells are grown in media containing HS (Section 3.4.1). Next, the main 

component of lipid droplets, triglycerides, was examined using the HPLC total lipid 

class analysis. The results showed that there was 3.7 fold more TG present within cell 
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when they are grown in the presence of HS compared to FBS, consistent with our 

expectation and previously reported data (Section 3.4.2.1) (238).  

Finally, Huh7.5 cells cultured in HS media were infected with HCV to determine the 

optimal time to collect media samples and cell lysates for analysis.  Cells grown in 

HS media were infected for 21 days during the differentiation process and the 

proportion of cells that were infected was visualized using immunoflouresence. The 

analysis showed that after 21 days post infection, nearly all cells stained positive for 

HCV core. Thus, for future experiments, cells were grown for 21 days in HS media in 

the presence of HCV infection before any samples were collected.  
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Chapter 4: The Effects of HCV Infection on Lipid Metabolism  

4.1 Assessment of Metabolism during HCV Infection 

To examine whether HCV infection leads to metabolic changes relative to uninfected 

cells, the metabolism of HCV infected and uninfected cells were examined using 

NMR to study changes in secreted metabolites. We focused on the secreted 

metabolites rather than the intracellular metabolites since very few intracellular 

metabolites detected in the NMR analysis. The XFe24 analyzer was used to confirm 

some of the results from the NMR analysis.  

 

4.1.1 Assessment of Metabolomic Profile  

The metabolomic profile of Huh7.5 cells cultured with or without HCV infection was 

examined. Cells were grown for a minimum of 21 days in media supplemented with 

HS, with or without HCV infection. The day before sample collection, cells were 

washed three times then incubated for 24 hours in serum free DMEM5796. The 

supernatant was collected from these cells and metabolites were measured using 

NMR (Section 2.6.1). Using this approach, a total of 16 out of 34 detected 

metabolites were significantly different between HCV infected and uninfected cells 

cultured in HS media. The results from the analysis are summarized in Table A.2 in 

the Appendix. The metabolites that showed significant differences between each 

condition were grouped into 4 categories: metabolites associated with amino acid 

metabolism, phospholipid metabolism, glucose metabolism and lipid metabolism.  
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4.1.1.1 Amino Acid Metabolism 

4.1.1.1.1 Arginine, Glycine and Proline Metabolism  

The amino acids glycine, arginine and proline were significantly different in the 

media of HCV infected and uninfected cells (Section 3.2.1.1). The amino acids 

glycine and arginine present in DMEM5796 media, were utilized significantly more 

slowly by HCV infected cells relative to uninfected cells. Specifically, there was 2 

fold more arginine, and 1.8 fold more glycine detected in media take from HCV 

infected cells relative to uninfected cells (Figure 4.1A – 4.1B). On the other hand, 

proline, which is not a component of DMEM5796 media, was 3 fold lower in HCV 

infected cells (Figure 4.1C).  

 

Figure 4.1 – Arginine, Glycine and Proline Metabolism in Huh7.5 Cells Cultured in 2% HS with 

or without HCV Infection.  Huh7.5 cells were cultured in media containing HS for 21 days with or 

without HCV infection. Prior to collecting the supernatant for analysis, cells were placed in serum free 

media and incubated at 37
o
C. The supernatant was collected after 24 hours and analyzed using NMR. 

The concentration of (A) arginine, (B) glycine were significantly higher in HCV infected cells while 

(C) proline was lower in the supernatant taken from HCV infected cells compared to uninfected cells. 

This experiment was conducted in duplicate and repeated 5 times. Each point represents the average 

value for each experiment. *P<0.05 



106 
 

4.1.1.1.2 Tryptophan Metabolism  

The amino acid tryptophan was significantly different in the supernatant of HCV 

infected and uninfected cells using NMR. Tryptophan is an essential amino acid that 

is involved in the synthesis of proteins, serotonin in the central nervous system and 

the kyneurenine pathway in all tissues. In most tissues, including the liver, 95% of all 

tryptophan is metabolized in the kyneurenine pathway. In this pathway, tryptophan is 

initially converted into kyneurenine by tryptophan dioxygenase. Next, kyneurenine is 

converted into 2-amino-3-carboxymuccnate semialdehyde through a series of 

multiple reactions involving the enzymes kyneurenine hydroxylase, kyneureninase 

and 3-hydroxyanthraniate 3, 4 dioxygenase. Finally, 2-amino-3-carboxymuccnate 

semialdehyde is metabolized to yield NAD
+
 (265). NAD

+
 can be reduced to yield 

NADH, NADH can be oxidized to synthesize ATP by OXPHOS. NAD
+
 has also 

been implicated in the regulation of NAD-dependent deacetylase sirtuin 1 (SIRT1)  

(266–270). SIRT1 is known to deacetylate transcription factors that are major 

regulators of metabolism such as peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC-1α) and estrogen-related receptor alpha (ERRα). SIRT-1 

regulation of PGC-1 leads to increase gluconeogenesis while SIRT-1 regulation of 

ERRα leads to increased expression of genes associated with gluconeogenesis, 

OXPHOS and fatty acid metabolism (267,271–273).  

Tryptophan is one of the components of DMEM5796 media. When cells were 

cultured in the presence of HCV infection, there was a 3 fold increase in tryptophan 

detected relative to uninfected cells (Figure 4.2). The higher concentration of 

tryptophan detected in media taken from cells infected with HCV suggests that there 

is a reduced metabolism of tryptophan and possibly a reduction of NAD
+
 synthesis. 
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Figure 4.2 – Tryptophan Metabolism in Huh7.5 Cells Cultured in 2% HS with or without HCV 

Infection.  Huh7.5 cells were cultured in media containing HS for 21 days with or without HCV 

infection. Prior to collecting the supernatant for analysis, cells are first placed in serum free media and 

incubated at 37
o
C. The supernatant was collected after 24 hours and analyzed using NMR. The 

concentration of tryptophan was lower in the supernatant taken from Huh7.5 cells cultured in HS in the 

presence of HCV compared to uninfected cells. This experiment was conducted in duplicate and 

repeated 4 times. Each point represents the average value for each experiment. *P<0.05 

 

4.1.1.1.3 Methionine Metabolism  

Methionine can be used to synthesize new proteins or it can be metabolized in two 

main pathways, the methionine cycle produces homocysteine which is an 

intermediate in the transsulfuration pathway. Formate is involved in the conversion of 

homocysteine into methionine (Section 3.2.1.3). The results from the NMR analysis 

show that during HCV infection, there was significantly lower utilization of 
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methionine compared to cells that were not infected with HCV. Specifically, there 

was approximately 50% more methionine detected in media taken from HCV infected 

cells compared to uninfected cells (Figure 4.3A). Formate, on the other hand, was 

50% lower in media taken from HCV infected cells relative to uninfected cell (Figure 

4.3B). These results suggest that the methionine cycle and transsulfuration pathways 

within HCV infected cells may be less active in producing metabolites such as 

glutathione, taurine and pyruvate. Additionally, there may be a reduction in the 

conversion of homocysteine into methionine in HCV infected cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 



109 
 

 

 

Figure 4.3 – Methionine Metabolism in Huh7.5 Cells Cultured in 2% HS with or without HCV 

Infection. Huh7.5 cells were cultured in media containing HS for 21 days with or without HCV 

infection. Prior to collecting the supernatant for analysis, cells are first placed in serum free media and 

incubated at 37
o
C. The supernatant was collected after 24 hours and analyzed using NMR. The 

concentration of (A) methionine was significantly higher in supernatant taken from cells that are 

infected with HCV while (B) the concentration of formate was significantly lower relative to 

uninfected cells. This experiment was conducted in duplicate and repeated 5 times. Each point signifies 

the average value for each experiment. **P<0.01 *** P<0.001 

 

4.1.1.1.4 Alanine Metabolism  

There was significant differences in alanine was detected in the supernatant of HCV 

infected compared to uninfected cells by using NMR. Alanine is a nonessential amino 

acid that is not a component of the DMEM5796 media. Alanine is used to synthesize 

new proteins or metabolized in the liver primarily through the actions of ALT. ALT 

catalyzes the reversible reaction between pyruvate and glutamate to produce alanine 

and α-ketoglutarate, an intermediate of the TCA cycle. In vivo, the liver is involved in 
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the uptake of alanine produced during protein degradation in the muscle and the 

conversion of the alanine to pyruvate as part of the alanine cycle (274). In cells 

infected with HCV, there was 50% less alanine detected in the media relative to 

uninfected cells suggesting a reduction in the conversion of pyruvate to alanine 

(Figure 4.4).  

 

 

 

 

 

 

 

 

 

 

Figure 4.4 – Alanine Metabolism in Huh7.5 Cells Cultured in 2% HS with or without HCV 

Infection. Huh7.5 cells were cultured in media containing HS for 21 days with or without HCV 

infection. Prior to collecting the supernatant for analysis, cells are first placed in serum free media and 

incubated at 37
o
C. The supernatant was collected after 24 hours and analyzed using NMR. There was 

significantly less alanine detected in the supernatant take from HCV infected cells compared to 

uninfected cells. This experiment was conducted in duplicate and repeated 5 times. Each point 

represents the average value for each experiment. * P<0.05 
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4.1.1.1.5 Phenylalanine Metabolism  

Phenylalanine, another component of the DMEM5796 media was detected at 

significantly difference concentrations in HCV infected and uninfected cells.  This 

essential amino acid can be incorporated into protein or it can be metabolized to yield 

fumurate and acetoacetate that are part of the TCA cycle and ketogenesis pathway 

respectively (275). In cells cultured in the presence of HCV infection, there was a 

decrease in the utilization of phenylalanine relative to HCV uninfected cells (Figure 

4.5). These results indicate that there may be increased phenylalanine metabolism in 

uninfected cells compared to infected cells.  

 

 

 

 

 

 

 

Figure 4.5 – Phenylalanine Metabolism in Huh7.5 Cells Cultured in 2% HS with or without 

HCV Infection.  Huh7.5 cells were cultured in media containing HS for 21 days with or without HCV 

infection. Prior to collecting the supernatant for analysis, cells are first placed in serum free media and 

incubated at 37
o
C. The supernatant was collected after 24 hours and analyzed using NMR. The 

concentration of phenylalanine in the supernatant was significantly higher in Huh7.5 cells cultured in 

HS in the presence of HCV. This experiment was conducted in duplicate and repeated 5 times. Each 

point represents the average value for each experiment. *P<0.05 
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4.1.1.1.6 Leucine Metabolism  

The leucine degradation yields 3-hydroxyisovalerate. Further metabolism of 3-

hydroxyisovalerate degradation yields HMG-CoA, a precursor of cholesterol and 

ketone bodies (Section 3.2.1.2.1).When cells were infected with HCV, there was 20% 

more leucine present relative to uninfected cells (Figure 4.6A). The reduced 

metabolism of leucine seen in HCV infected cells was reflected in a 5 fold reduction 

in 3-hydroxyisovalerate (Figure 4.6B). These results suggested that when cells were 

infected with HCV, the reduction in leucine degradation leads to the decreased 

synthesis of metabolites such as acetoacetate. 

 

 

 

 

 

 

 

 

Figure 4.6 – Leucine Metabolism in Huh7.5 Cells Cultured in 2% HS with or without HCV 

Infection. Huh7.5 cells were cultured in media containing HS for 21 days with or without HCV 

infection. Prior to collecting the supernatant for analysis, cells are first placed in serum free media and 

incubated at 37
o
C. The supernatant was collected after 24 hours and analyzed using NMR. (A) Leucine 

was significantly higher the supernatant of  HCV infected cells compared to uninfected cells (B) There 

was significantly lower 3-hydroxyisovalerate detected in the supernatant of cells cultured in the 

presence of HCV infection. This experiment was conducted in duplicates and repeated at least 4 times. 

Each point represents the average value for each experiment. *P<0.05 **P<0.01 
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4.1.1.2 Phospholipid Metabolism 

O-phosphocholine was detected at significantly difference concentrations in the 

supernatant taken from HCV infected and uninfected cells. O-phosphocholine is the 

precursor of PC, the most common phospholipid in cells (Section 3.2.1.4). There was 

no detectable difference in the concentration of choline detected between HCV 

infected and uninfected cells (Figure 4.7A).  Conversely, there was 15 fold more O-

phosphocholine in the media of cells infected with HCV compared to uninfected cells 

(Figure 4.7B). This result suggests in both infected and uninfected cells, the choline 

was completely metabolized into O-phosphocholine. However, the presence of O-

phosphocholine in the supernatant taken from infected cells may likely be the result 

of cell death since O-phosphocholine is normally an intracellular metabolite.  
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Figure 4.7 – O-phosphocholine Metabolism in Huh7.5 Cells Cultured in 2% HS with or without 

HCV Infection. Huh7.5 cells were cultured in media containing HS for 21 days with or without HCV 

infection. Prior to collecting the supernatant for analysis, cells are first placed in serum free media and 

incubated at 37
o
C. The supernatant was collected after 24 hours and analyzed using NMR. (A) There is 

no difference in choline while (B) there was a higher concentration of O-phosphocholine that was 

detected in the supernatant during HCV infection compared to cells that were not infected. This 

experiment was conducted in duplicate and repeated 5 times. Each point represents the average value 

for each experiment. **** P<0.0001 

 

4.1.1.3 Glycolysis  

The metabolites associated with glycolysis and OXPHOS were detected in 

supernatant of HCV infected and uninfected cells. The concentration of glucose was 

40% higher in the media of HCV infected cells compared to uninfected cells (Figure 

4.8A). The concentration of pyruvate generated by HCV infected or uninfected cells 

were comparable (Figure 4.8B). However, in uninfected cells, there was 50% more 

lactate generated relative to HCV infected cells (Figure 4.8C). In addition, there was 

25% more acetate detected in HCV infected cells (Figure 4.8D). Acetate is 
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metabolized into acetyl-CoA which enters the TCA cycle, ketogenesis pathway (276). 

Taken together, these results suggest that there is an increase in glycolysis in 

uninfected cells to generate pyruvate or macromolecules. Additionally, the pyruvate 

is converted into lactate more readily in uninfected cells compared to infected cells.  
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Figure 4.8 – Glucose Metabolism in Huh7.5 Cells Cultured in 2% HS with or without HCV 

Infection. Huh7.5 cells were cultured in media containing HS for 21 days with or without HCV 

infection. Prior to collecting the supernatant for analysis, cells are first placed in serum free media and 

incubated at 37
o
C. The supernatant was collected after 24 hours and analyzed using NMR. (A) There 

was significantly more glucose detected in the supernatant of cells that were infected with HCV 

compared to uninfected cells. (B) There was similar concentration of pyruvate secreted into the 

supernatant of HCV infected and uninfected cells. (C) There was significantly less lactate that was 

detected during HCV infection compared to the absence of infection. (D) There was significantly more 

acetate that was detected in the supernatant of HCV infected cells relative to uninfected cells. This 

experiment was conducted in duplicate and repeated at least 4 times. Each point represents the average 

value for each experiment. * P<0.05 
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4.1.1.4 Ketogenesis  

Using NMR analysis on secreted metabolites, ketone bodies were detected in the 

supernatant of HCV infected and uninfected cells. The ketone bodies are a product of 

the ketogenesis pathway which is downstream from β-oxidation (Section 3.2.1.6). 

When cells were infected with HCV, there was an 8.5 fold reduction in acetoacetate 

and 7 fold reduction in 3-hydroxybutyrate secreted in the media. However, there was 

no difference in acetone in the media of HCV infected and uninfected cells (Figure 

4.9). This result suggests that there was less ketogenesis occurring in HCV infected 

cells. One possibility leading to the reduction in ketogenesis is decreased β-oxidation 

in HCV infected cells. 

 

Figure 4.9 – Ketogenesis in Huh7.5 Cells Cultured in 2% HS with or without HCV Infection. 

Huh7.5 cells were cultured in media containing HS for 21 days with or without HCV infection. Prior to 

collecting the supernatant for analysis, cells are first placed in serum free media and incubated at 37
o
C. 

The supernatant was collected after 24 hours and analyzed using NMR. (A) There was significantly 

less acetoacetate and (B) 3-hydroxybutyrate during HCV infection compared to the absence of HCV 

infection. (C) There was no difference in acetone that was detected in the supernatant of HCV infected 

and uninfected cells. This experiment was conducted in duplicate and repeated 5 times. Each point 

represents the average value for each experiment. ** P<0.01 
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4.1.2 Assessing the Metabolic Flux of Huh7.5 Cells during HCV Infection 

To determine whether there was a change in the cell’s ability to utilize energy 

producing pathways such as glycolysis, β-oxidation and glutaminolysis, cells were 

grown in HS media with or without HCV infection. The OCR was then measured 

using the XFe24 analyzer to measure the dependency on each pathway.  

The results show that glycolysis, β-oxidation and glutaminolysis were active in HCV 

infected and uninfected cells. However, there was no difference in the dependency of 

glycolysis, β-oxidation and glutaminolysis as means to provide substrates for the 

TCA cycle and OXPHOS in HCV infected and uninfected cells cultured in HS media 

(Figure 4.10). Taken together, these results suggest that there is no difference in the 

mitochondria’s ability to utilize glycolysis, β-oxidation and glutaminolysis in HCV 

infected and uninfected cells. However, this assay does not measure the rates of each 

pathway that is occurring in HCV infected and uninfected cells. 
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Figure 4.10 – HCV Infected and Uninfected Cells Cultured in 2% HS dependency on Glycolysis, 

β-oxidation and Glutaminolysis. Huh7.5 cells were grown in HS, with or without HCV infection for 

28 days. The metabolic flux was analyzed using the XFe24 analyzer. The first three points were basal 

measurements then the inhibitor is added after the third timepoint. The results were normalized to 

untreated cells. (A) The inhibitor UK5099 was added after the third time point to measure dependency 

on glycolysis to provide pyruvate for the TCA cycle (B) The inhibitor etomoxir was added after the 

third time point to measure dependency on β-oxidation to provide acetyl CoA for the TCA cycle (C) 

The inhibitor BPTES was added after the third time point to measure dependency on glutaminolysis to 

provide α-ketoglutarate for the TCA cycle. This experiment was repeated three times. Each point 

represents the average value for each experiment. Arrows indicate the addition of inhibitors. 
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4.1.3 Assessment of the Rate of β-oxidation 

To address the limitation of Section 4.1.2, a different assay was used to assess the 

rates of β-oxidation rather than the cell’s ability to utilize different pathways in HCV 

infected and uninfected cells. The exact rates of β-oxidation were assessed by the 

XFe24 analyzer from Seahorse Bioscience (Section 2.6.3). To differentiate between 

the endogenous, maximum and spare capacity for β-oxidation, the inhibitors 

oligomycin, FCCP and a combination of rotenone and antimycin A was used (Table 

2.6). The endogenous β-oxidation is defined as the level of β-oxidation to meet the 

energetic demand of the cell under baseline conditions. The maximum β-oxidation is 

defined as the maximum rate of β-oxidation that a cell can achieve. The spare 

capacity of β-oxidation is defined as the cells ability to respond to energetic demands 

by increasing the rate of β-oxidation. 

In cells grown in the presence of HCV infection, there was a 4 fold decrease in the 

endogenous β-oxidation compared to uninfected cells. Additionally, the maximum β-

oxidation and spare capacity for β-oxidation was 8 and 9 fold lower respectively in 

infected cells compared to uninfected cells (Figure 4.11). Taken together with the 

results in Section 4.1.2, the mitochondria in infected and uninfected cells have a 

similar ability to utilize β-oxidation when glycolysis and glutaminolysis were 

inhibited. However, when assessing β-oxidation alone, there was a significantly lower 

rate of β-oxidation in infected cells compared to uninfected cells. Overall, the results 

from Sections 4.1.1.4 to Sections 4.1.3 suggest an overall reduction in β-oxidation in 

HCV infected cells compared to uninfected cells.  
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Figure 4.11 – Endogenous β-oxidation, Maximum β-oxidation and Spare Capacity for β-

oxidation in Huh7.5 Cells Cultured using 2% HS Supplemented Media with or without HCV 

Infection. Huh7.5 cells were differentiated in 2% HS supplemented media for 28 days grown cells 

with or without HCV infection were analyzed using the XFe24 analyzer. The endogenous β-oxidation 

was calculated by taking the basal OCR and subtracting with the nonmitochondrial respiration rate 

after rotenone and antimycin A were added. The maximum β-oxidation was calculated by taking the 

maximal OCR after the addition of FCCP and subtracting with the nonmitochondrial respiration. The 

spare capacity for β-oxidation was calculated by taking the maximal β-oxidation and subtracting with 

the basal respiration. (A) There was significantly lower endogenous β-oxidation (B) maximum β-

oxidation and (C) spare capacity for β-oxidation in cells that are infected with HCV compared to 

uninfected cells. This experiment was conducted in triplicates and repeated three times. Each point 

represents the average value for each experiment. * P<0.05 ** P<0.01 
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4.2 Assessment of CPT-1 Levels  

The previous findings from Section 4.1.1.4 and 4.1.2 suggest that there was a 

reduction in β-oxidation during HCV infection. To confirm that β-oxidation is 

reduced during HCV infection, the levels of CPT-1, the transporter that catalyzes the 

rate limiting step of β-oxidation, was examined in HCV infected and uninfected cells. 

Cells were first cultured in media supplemented with 2% HS for 21 days with or 

without HCV infection. Next, the cells were lysed using RIPA buffer and subjected to 

SDS-PAGE and western blot analysis (Section 2.7). The ratio of the fluorescent 

intensity between the loading control, β-tubulin and the protein of interest, CPT-1 

was determined for HCV infected and uninfected cells. There was approximately 

50% less CPT-1 detected in HCV infected cells compared to cells that were not 

infected with HCV (Figure 4.11). These results suggested that a decrease in CPT-1 in 

HCV infected cells may lead to a reduction in β-oxidation and accumulation of lipids.  
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Figure 4.11 – CPT-1 Protein Levels in Huh7.5 Cells Cultured in 2% HS media with or without 

HCV Infection. Huh7.5 cells were cultured in media containing 2% HS for 21 days with or without 

HCV infection. After 21 days, cells were lysed using RIPA and 20ug of protein from cell lysates were 

subjected to SDS-PAGE and Western blot analysis using a Licor approach. (A) CPT-1 is shown in 

green, which is 82kDa. The loading control, β-tubulin is shown in red, which is 51kDa. (B) The ratio 

of signal intensity was obtained from CPT-1 and β-tubulin and normalized to uninfected cells. This 

experiment was repeated three times, each point signifies a single experiment. ***P<0.001 

 

4.3 Assessment of Lipid Content  

It was shown previously that β-oxidation and ketogenesis were decreased in HCV 

infected Huh7.5 cells cultured in media supplemented with 2% HS (Section 4.1 – 

4.2). To determine whether HCV infection leads to an increase in lipids, two different 

approaches were used. 
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4.3.1 Assessment of Total Lipid Content  

To determine the total lipid content within HCV infected and uninfected cells 

cultured in the presence of 2% HS, lipids were extracted using a 1:1 ratio of 

chloroform: methanol. The lipids were then separated using a three solvent gradient 

in an Onyx monolithic silica normal phase column (Section 2.5.2, Lipidomics Core 

Facility in Edmonton). Using this approach, several groups of lipids such as 

cholesterol, phospholipids and triglycerides were detected.  

 

4.3.1.1. Triglycerides and Fatty Acid Content 

The major constituents of lipid droplets, triglycerides and fatty acids were detected 

using the HPLC total lipid class analysis. When cells were infected in the presence of 

HS, there was no difference in the levels of triglyceride compared to the levels found 

in uninfected cells (Figure 4.12A). However, significantly less fatty acids were 

detected in HCV infected cells compared to uninfected cells (Figure 4.12B). Taken 

together these results suggest that there were similar triglyceride content in HCV 

infected and uninfected cells. However, there was likely a reduction in the breakdown 

of triglyceride into fatty acid in HCV infected cells compared to uninfected cells. A 

limitation of using the HPLC total lipid class analysis to determine triglyceride 

content was the inability to detect small differences in the levels of triglycerides 

detected. This approach was more suitable in determining the mass of phospholipids 

and cholesterol in cells (277–279). 
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Figure 4.12 – Triglyceride and Fatty Acids Content in Huh7.5 Cells Cultured in 2% HS media 

with or without HCV Infection. Lipids were extracted from Huh7.5 cells grown in HS, with or 

without HCV infection for 21 days. The lipids were extracted using a 1:1 ratio of chloroform: 

methanol. The lipids were then separated using a three solvent gradient in an onyx monolithic silica 

normal phase column. The mass of lipids were normalized to cell number. (A) There was no 

significant difference in triglycerides in HCV infected and uninfected cells (B) The mass of fatty acid 

in HCV infected cells was significantly lower compared to uninfected cells. This experiment was 

conducted in duplicate and repeated 3 times. Each point represents the average value for each 

experiment. * P<0.05vb 

 

4.3.1.2 Phospholipid and Cholesterol Content 

Using the HPLC total lipid class analysis, the phospholipids PE, PC and 

sphingomyelin were detected.  Additionally, the free cholesterol and the cholesterol 

esters 16:0, 18:0 and 20:4 were also detected. Collectively, these compounds make up 

majority of the membrane of the cell and organelles (Section 3.3.1.2.2).  

When cells were infected in the presence of HS, there were less phospholipids and 

cholesterol detected per cell. Specifically, the phospholipids PE, PC and 

sphingomyelin were 7 fold, 6 fold and 5 fold lower respectively in HCV infected cells 
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compared to uninfected cells. There was no significant change in DG during HCV 

infection (Figure 4.13). Free cholesterol was 2.5 fold lower during HCV infection 

while the cholesterol esters 16:0/18:0 and 20:4 were 2 fold and 3 fold lower 

respectively in HCV infected cells compared to uninfected cells (Figure 4.14). These 

results are suggest a decrease in phospholipid and cholesterol content in HCV 

infected cells compared to uninfected cells.  
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Figure 4.13 – Phospholipid Content in Huh7.5 Cells Cultured in 2% HS supplemented Media 

with or without HCV Infection. Lipids were extracted from Huh7.5 cells grown in HS media, with or 

without HCV infection for 21 days. The lipids were extracted using a 1:1 ratio of chloroform: 

methanol. The lipids were then separated using a three solvent gradient in an onyx monolithic silica 

normal phase column. The mass of lipids were normalized to cell number. (A) The mass of 

phosphatidylethanolamine (B) phosphatidylcholine (C) sphingomyelin was significantly lower in cells 

infected with HCV relative to HCV uninfected cells (D) there was no difference in diacylglycerol in 

HCV infected and uninfected cells. This experiment was conducted in duplicate and repeated 3 times. 

Each point represents the average value for each experiment. *P<0.05 ** P<0.01  
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. 

Figure 4.14 –Cholesterol Content in Huh7.5 Cells Cultured in 2% HS media with or without 

HCV Infection. Lipids were extracted from Huh7.5 cells grown in HS, with or without HCV infection 

for 21 days. The lipids were extracted using a 1:1 ratio of chloroform: methanol. The lipids were then 

separated using a three solvent gradient in an onyx monolithic silica normal phase column. The mass 

of lipids were normalized to cell number. (A) The mass of cholesterol esters 16:0, 18:0 (B) cholesterol 

esters 20:4 and (C) free cholesterol was significantly lower during HCV infection compared to cells 

that were not infected with HCV. This experiment was conducted in duplicate and repeated 3 times. 

Each point represents the average value for each experiment. * P<0.05 **P<0.01 
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4.3.2 Assessment of Lipid Droplets using Flow Cytometry  

In order to address the limitation of the HPLC total lipid class analysis, cells were 

stained for neutral lipids using Bodipy493/503. Bodipy493/503 was chosen due to the 

high specificity for lipid droplets compared to other stains such as Nile red while 

NS5a staining was a marker for HCV infection (280).  When comparing the Bodipy 

493/503 staining in HCV infected and uninfected cells, there was an average of 50% 

increased median fluorescence intensity in cells that were HCV infected compared to 

uninfected cells (Figure 4.14). These results show that there is an accumulation of 

neutral lipids during HCV infection 
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Figure 4.15 – Bodioy493/503 Staining in Huh7.5 Cells Cultured in 2% HS media with or without 

HCV Infection. Huh7.5 cells were grown in HS, with or without HCV infection for 21 days. Cells 

were fixed using 4% PFA and permeabilized using the permeabilization buffer from Biolegend. Anti-

NS5a 9E10 antibody was used as a marker for HCV infection, the secondary antibody was anti-mouse 

Alexa647. Neutral lipids were stained using Bodipy493/503. Bodipy493/503 shows a similar emission 

and excitation wavelengths as Alexa488. (A) There was an increase in the detection of Bodipy493/503 

in HCV infected cells compared to (B) uninfected cells. The data shown here was from one 

experiment. This experiment was representative of 4 other experiments.  ** P<0.01 
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4.4 Effects of Antiviral Therapy on Metabolism in HCV Infected Cells 

It has been reported that in a subpopulation of patients who achieve SVR, there is no 

improvement in liver disease. In fact, it has been reported that steatosis remains 

unchanged in 50% of the patients who achieved SVR while steatosis worsen in 13% 

of patients who achieved SVR (281). Additionally, 10% of patients who achieve SVR 

progress onto more severe liver disease such as fibrosis, cirrhosis and HCC many 

years after cessation of therapy (282–285). Here, we wanted to examine whether 

treating cells with Sofosbuvir and eliminating HCV infection would restore levels of 

ketogenesis to levels present in uninfected cells.  

 

4.4.1 Assessment of HCV RNA following Sofosbuvir Treatment 

To determine the optimal concentration of Sofosbuvir to treat HCV infected cells, a 

dose response curve was generated. Huh7.5 cells that were infected for a minimum of 

21 days were treated with a Sofosbuvir concentration of 0.001µg/mL, 0.01µg/mL, 

0.03µg/mL, 0.1µg/mL, 0.3µg/mL, 1µg/mL, 3µg/mL or 10µg/mL. The media was 

replaced with new media containing Sofosbuvir every 4 days.  

Cells treated with a concentration of Sofosbuvir greater than 0.1µg/mL showed a 

reduction in HCV RNA compared to untreated HCV infected cells. At a 

concentration of 1µg/mL or greater with Sofosbuvir, there was a consistent 4 – 5 log 

reduction in HCV RNA after 12 days of treatment (Figure 4.16A – 4.16C). Despite 

the consistent 4 – 5 log reduction in HCV RNA, the HCV RNA did not decrease to 

undetectable levels after 16 days of treatment. Since there was no difference in the 

reduction of HCV RNA in cells that were treated for 12 and 16 days with 
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concentrations greater than 1µg/mL, the treatment regimen chosen for the NMR 

analysis was 3µg/mL for 14 days.  The dose response curve was generated from data 

taken from day 12 of treatment with Sofosbuvir. The inhibitory concentration 50 

(IC50) of 38nM obtain from Figure 4.16D was comparable to the IC50 of 75 ± 50nM 

reported in literature (286). 
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Figure 4.16: HCV Production during Sofosbuvir Treatment in HCV Infected Huh7.5 Cells 

Cultured in 2% HS. Huh7.5 cells were cultured in media containing HS for 21 days with HCV 

infection. Cells were treated with Sofosbuvir concentration of 0.001µg/mL, 0.01µg/mL, 0.03µg/mL, 

0.1µg/mL, 0.3µg/mL, 1µg/mL, 3µg/mL or 10µg/mL. Prior to media replacements, a sample was taken 

to quantify HCV RNA by qPCR. Samples were taken at different time points to determine a dose 

response. The HCV RNA detected from media taken from cells after (A) 8 days (B) 12 days (C) 16 

days of treatment. (D) The dose response curve generated from the previous data.  This experiment 

was conducted in triplicates and conducted once. Each point represents the average of the triplicate.  
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4.4.2 Assessment of Ketone Body Production after Sofosbuvir Treatment 

Cells were cultured in HS media with or without HCV infection for a minimum 21 

days. After 21 days, the cells were then treated with 3µg/mL of Sofosbuvir for 14 

days. Samples of the media were taken after 14 days to quantify the HCV RNA 

present. Cells were then placed in serum free media for 24 hours. The media was then 

analyzed using NMR to determine the concentration of acetoacetate secreted.  

The quantified HCV RNA confirmed that a 14 day treatment regimen with 3µg/mL of 

Sofosbuvir led to a 4 log reduction in HCV RNA (Figure 4.17A). The secreted 

metabolites were examined by NMR. Acetoacetate was detected but 3-

hydroxybutyrate was not detected. In the media taken from HCV infected cells, there 

was no significant difference in acetoacetate detected in Sofosbuvir treated and 

untreated cells. The concentration of acetoacetate secreted in the media of treated 

HCV infected was significantly lower compared to media taken from uninfected cells 

(Figure 4.17B). Surprisingly, these results showed that despite treatment with 

Sofosbuvir, ketogenesis and possibly β-oxidation was not reversed to levels seen in 

uninfected cells. The lack of reversal in metabolism may be related to the long term 

effects HCV infection have on the metabolism of hepatocytes. This long term change 

in metabolism may be one of the factors contributing to the failure to reserve steatosis 

reported in patients who achieve SVR (281).  
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Figure 4.17: HCV RNA and Acetoacetate Production after 3µg/mL Sofosbuvir Treatment for 14 

days in Infected Huh7.5 Cells Cultured in 2% HS. Huh7.5 cells were cultured in media containing 

HS for 21 days with HCV infection. Cells were treated with 3µg/mL of Sofosbuvir for 14 days. After 

14 days, samples were collected to quantify HCV RNA by qPCR and cells were placed in serum free 

media. The supernatant was collected after 24 hours and analyzed using NMR. (A) There was a 4 log 

reduction in HCV RNA after treatment. (B) There were similar levels of acetoacetate secreted in HCV 

infected cells regardless if cells were treated with Sofosbuvir or not.  This experiment was conducted 

in duplicates and repeated at least 5 times. Each point represents the average of each experiment. * P< 

0.05 *** P<0.001 ****P<0.0001. Sof+ indicates treatment with Sofosbuvir. Sof- indicates no 

treatment. HCV+ indicates infection. HCV- indicates no infection.  
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4.5 Summary of the Effects of HCV Infection 

The metabolomic profile of Huh7.5 cells cultured in media supplemented with 2% 

HS was examined in the presence or absence of HCV infection. The secretion of a 

total of 34 metabolites were detected with 16 metabolites that were significantly 

different between HCV infected and uninfected cells. The metabolites that showed 

significant difference between HCV infected and uninfected cells included 

metabolites associated with amino acid metabolism, phospholipid metabolism, 

glucose metabolism and lipid metabolism (Section 4.1.1). The metabolites detected 

include acetoacetate and 3-hydroxybutyrate which were 8.5 and 7 fold lower in HCV 

infected cells compared to uninfected cells. Acetoacetate and 3-hydroxybutyrate are 

collectively known as ketone bodies. Ketone bodies are products of the ketogenesis 

pathway that is downstream of β-oxidation. The other pathway downstream of β-

oxidation is the TCA cycle. The XFe24 analyzer was used to measure whether there 

were any differences in the TCA cycle in HCV infected and uninfected cells. The 

results from Section 4.1.2 showed no difference in the mitochondria’s ability to 

utilize β-oxidation when glycolysis and glutaminolysis were active in HCV infected 

and uninfected cells. However, the rates of endogenous, maximum and spare capacity 

for β-oxidation were significantly reduced in HCV infected cells when there were no 

substrates available for glutaminolysis and glycolysis to occur (Section 4.1.2 and 

Section 4.1.3).  Next, the rate limiting protein of β-oxidation, CPT-1 expression level 

was examined using SDS-PAGE and Western Blot analysis (Section 4.2). During 

HCV infection, there was a 50% reduction in the level of CPT-1 compared to cells 

that were not infected with HCV. The reduction in β-oxidation, ketogenesis (Section 

4.1) and CPT-1 (Section 4.2) indicate that there was a quantitative reduction in β-

oxidation in HCV infected cells. 
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There was a reduction in β-oxidation observed during HCV infection and this 

reduction in β-oxidation was accompanied by an increase in lipid content. The lipid 

droplet content in HCV infected cells and uninfected cells were measured using 

Bodipy493/503 since Bodipy493/503 is highly specific towards lipid droplets. The 

results show a 50% increase in Bodipy493/503 staining in HCV infected cells 

compared to uninfected cells. These results suggest that HCV infected cells had 50% 

more lipid droplet content compared to uninfected cells. 

Treatment of HCV infected cells with Sofosbuvir did not lead to the restoration of 

ketogenesis compared to uninfected cells. This lack of reversal may be related to 

patients who remain steatotic after achieving SVR. 

The data in this chapter were consistent with the concept that that impairing β-

oxidation may be one of the factors by which HCV causes lipid accumulation and 

steatosis.  
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Chapter 5: Discussion and Future Directions 

5.1 Discussion and Future Directions 

There are several mechanisms by which HCV induces steatosis. They include 

increased lipogenesis, decreased lipid catabolism and decreased lipoprotein secretion 

(Figure 5.1). SREBP is a transcription factor which is a major activator of 

lipogenesis. The target genes of SREBP include ATP citrate lyase (ACL), ACC and 

FAS (210,287–289). These enzymes are involved in the conversion of citrate into 

acetyl-CoA, conversion of acetyl-CoA into malonyl-CoA and the synthesis of fatty 

acids using malonyl-CoA (287,289). A series of studies show that abnormally high 

activation or abundance of SREBP leads to the development of steatosis (208,290–

294). One mechanism by which HCV increases lipogenesis is by increasing the 

activation of SREBP (210–212). Lipogenesis can also occur due to the interaction 

with HCV RNA and miR-122. By interacting with miR-122, miR-122 cannot target 

transcripts coding for ACC and FAS for degradation. Lastly, HCV infection 

decreases translation of ANGPTL3, an inhibitor of extracellular lipases. Increased 

lipase activity leads to an increase in extracellular fatty acids that are then taken up by 

the cell (216,217).  

HCV infection decreases lipid catabolism by several mechanisms. PPARα is a 

transcription factor that controls the expression of genes associated with fatty acid 

transport and catabolism such as the major fatty acid transporter CPT-1, whose 

activity is the rate limiting step of β-oxidation (295). Other pathways regulated by 

PPARα include β-oxidation and ketogenesis which are the main pathways for the 

catabolism of fatty acids (216,218,220,295). There have been reports that link a 

reduction in PPARα activity with the development of steatosis due to decreased 
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degradation of triglycerides (296–302). HCV interferes with the PPARα activity by 

several mechanisms, possibly contributing to the development of steatosis. First, 

HCV infection increases miR-27b expression. Increased miR-27b expression leads to 

reduced translation of transcripts that code for PPARα. An increase in miR-27a 

expression reduces levels of another expression factor, RXR. A reduction in RXR 

decreases heterodimerization with PPARα and decreased PPARα activity 

(216,217,222). The last way HCV infection reduces lipid catabolism is by preventing 

the degradation of triglycerides within lipid droplets by preventing their interaction 

with HSL (97).  

Another possible mechanism of HCV induced lipid accumulation occurs is by 

interfering with lipoprotein secretion. HCV infection leads to the inhibition of MTP. 

MTP functions to lipidate ApoB. The lipidated apoB then interacts with triglycerides 

to form VLDL which is exported from the cell. A reduction in MTP activity and 

consequently decreased VLDL secretion might lead to an accumulation of 

intracellular lipids since less triglyceride is secreted from the cell with VLDL 

(94,96,223).  

In summary, each mechanism by which HCV disturbs lipid metabolism might cause 

steatosis. The goal of our project was to elucidate elements of the molecular 

mechanism of steatosis consequent to HCV infection, specifically the effects of HCV 

infection on lipid catabolism. To examine this, Huh7.5 cells cultured in HS media 

were used as a model to study the effects of HCV infection on lipid catabolism.  

In this model system,  hepatocyte-specific functions and lipid metabolism are restored 

to levels much more similar to that seen in vivo compared to the traditional culture 

system using FBS media (238). Culturing Huh7.5 cells in HS media generates a 
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lipoprotein profile in the media which is similar to the lipoprotein profile seen in 

normal sera (Section 3.1) (238). In particular, cells grown in HS media produce HCV 

that is associated with apoB leading to the formation of virus of lower buoyant 

density than that of HCV from cells cultured in FBS media (238).  This low density 

of HCV is similar to the density of HCV present in patient sera (74–76,238). Cells 

grown in HS media have increased transcripts for transcription factors LXRa, PPARα 

and PPARγ (238). LXRa regulates lipogenesis by increasing SREBP1 expression. On 

the other hand, PPARα upregulates genes associated with lipid catabolism. Finally, 

PPARγ is involved in the storage of fatty acids. The increased expression of these 

transcripts is reflective of processes that occur in hepatocytes in vivo since these 

pathways are highly active within hepatocytes (303–313). Thus, Huh7.5 cells grown 

in HS media are more similar to normal hepatocytes due to their secretion of VLDL, 

increased lipogenesis and their increased lipid catabolism. These cells were chosen to 

study the effects of HCV infection on these processes. However, we mainly focused 

on the effects of HCV infection on lipid catabolism.  

Prior to using Huh7.5 cells cultured in HS media as a model to study the effects of 

HCV infection on lipid catabolism, we first wanted to confirm whether there were 

increased rates of metabolic pathways associated with the increased PPARα activity 

in these cells (238). These pathways include β-oxidation and ketogenesis. The protein 

CPT-1 was also examined since it is the major regulator of fatty acids transport (314). 

Using the XFe24 analyzer, we showed the mitochondria in cells grown in HS media 

preferentially use β-oxidation compared to glycolysis. On the other hand, cells in FBS 

preferentially use glycolysis over β-oxidation. Additionally, we also found a 10 fold 

increase in the rate of endogenous β-oxidation when culturing cells in HS compared 

to FBS media (Figure 3.11). Additionally, we found that levels of CPT-1, the 
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transporter that is the rate limiting step of β-oxidation, was 7 fold higher in cells 

grown in HS relative to FBS media. In PHH, CPT-1 levels were a 100 fold higher 

than in cells grown in FBS media. This result implies Huh7.5 cells cultured using HS 

media were more reflective of PHH’s compared to cells grown in FBS media. The 

activity of ketogenesis was examined using NMR. We found that there was a 21 fold 

and 8 fold increase in acetoacetate and 3-hydroxybutyrate secreted in cells grown in 

HS media compared to cells grown in FBS media (Sections 3.2.1.6 to Section 3.3). 

Overall, the increases in β-oxidation, ketogenesis and CPT-1 activity were observed 

and are reflective of the increase in PPARα transcripts in cells grown in HS compared 

to FBS media (238). 

An alternative explanation for the increased ketone bodies generated in cells grown in 

HS media may partly be explained to the increased degradation of leucine. An 

intermediate of leucine degradation, 3-hydroxyisovalerate was detected using NMR. 

The complete metabolism of 3-hydroxyisovalerate yields acetyl-CoA and 

acetoacetate (315).  The acetyl-CoA could enter the ketogenesis pathway while the 

production of acetoacetate could contribute to the increase in ketone bodies detected 

during growth in HS media. However, the most likely explanation for the increase in 

ketone body production is the increase in β-oxidation since the majority of the ketone 

bodies generated in vivo comes from β-oxidation due to the high concentrations of 

acetyl-Co-A generated when β-oxidation is active (316). 

In vivo, the ketogenesis pathway is extremely active at producing ketone bodies that 

can be used by other organs such as the brain and heart as a source of energy (316–

320). Generally, ketogenesis only occurs when β-oxidation is active (316). Since, 
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there was an increase in both β-oxidation and ketogenesis in cells grown using HS 

media, these cells may be more reflective of hepatocytes in vivo. 

Since we were interested in whether there would be lipid accumulation during HCV 

infection, we wanted to confirm if there was an increase in lipids present in cells 

grown in HS media compared to FBS media. The major regulators of lipid synthesis 

and lipid storage reported previously are LXRa and PPARγ (296,321–324). 

Expression of both these transcription factors increases when cells are grown in HS 

media compared to FBS (238). The increase in both these transcription factors could 

lead to lipid droplet formation. In Section 3.4 we reported that there was a dramatic 

increase in lipid droplet size when cells were grown in HS media compared to FBS 

media. This was consistent with the increase in triglycerides present in cells grown in 

HS compared to FBS media. These results are consistent with data reported 

previously (238). This increase in lipid content in cells grown in HS is similar to the 

lipid content that is normally found in hepatocytes (325). 

During chronic HCV infection, it is proposed that the downregulation of PPARα 

leads to reduced transcription of genes associated with fatty acid oxidation, however, 

there has been little direct evidence of a reduction in  pathways that are regulated by 

PPARα during HCV infection (96,216,217,222). Since Huh7.5 cells grown in HS 

media have increased lipid catabolism, these cells were chosen as a model to study 

the effects of HCV on the pathways regulated by PPARα (238). We found that during 

HCV infection, the rate of β-oxidation was 4 fold lower compared to uninfected cells. 

Additionally, we observed a 50% reduction in CPT-1 in HCV infected cells compared 

to uninfected cells. As a consequence of decreased β-oxidation, the levels of ketone 

bodies such as acetoacetate and 3-hydroxybutyrate secreted by infected cells were 8.5 
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and 7 fold lower respectively compared to uninfected cells (Section 4.1.1.4 to Section 

4.2). These results provide direct evidence that during HCV infection, pathways such 

as β-oxidation and ketogenesis which are regulated by PPARα were decreased 

(216,218–221). The data presented in this thesis are consistent with studies that show 

decreased expression of mitochondrial trifunctional protein, an enzymatic complex 

that is catalyzes the last three steps in β-oxidation, during HCV infection (96). We 

also found that during HCV infection there was a reduction in free fatty acids levels 

in the cells. The reduced production of free fatty acids from triglycerides can be 

attributed to reduced lipolysis in HCV infected cells (97). A reduction in lipolysis 

leads to less fatty acids available for β-oxidation. In summary we showed that during 

HCV infection in our model system there was a significant reduction in β-oxidation, 

consistent with previously reported data (216–218,220,221). We also show that 

during HCV infection, there was a 50% increase in lipids such as triglycerides 

compared to uninfected cells (Section 4.3.2). This accumulation of triglycerides 

potentially stems from a reduction in lipid catabolism (218,221,296–299,326–328). 

In summary, we established that Huh7.5 cells grown in HS media compared to FBS 

media were a viable model to study lipid catabolism. During HCV infection we find a 

reduction in β-oxidation and ketogenesis compared to uninfected cells. The reduction 

in both these pathways leads to accumulation of lipids in HCV infected cells relative 

to uninfected cells (Figure 5.1).  

There are reports that state that achieving SVR is a virological cure but it may not 

reverse HCV induced liver disease. Around 50% of patients who achieve SVR will 

have no change in their steatosis severity while 13% will have their steatosis worsen 

(281). Additionally, 10% of patients who achieve SVR will continue to develop liver 
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diseases such as fibrosis, cirrhosis and HCC many years after achieving SVR (282–

285,329–331). We were interested examining whether this phenomenon can be 

observed in our cell culture system. Huh7.5 cells grown in HS media were infected 

with HCV and treated with Sofosbuvir. Following Sofosbuvir treatment, the 

concentration of ketone bodies secreted was examined using NMR. We found no 

change in acetoacetate in the media taken from treated and untreated HCV infected 

cells. Both conditions had lower ketone bodies compared to uninfected cells. These 

results suggest that short term Sofosbuvir treatment does not lead to the reversal of 

ketogenesis and β-oxidation. This may be reflective of the persistence and 

progression of steatosis seen in many patients who achieve SVR.  
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Figure 5.1 – Mechanism of HCV Induced Steatosis. HCV induces steatosis by increased lipogenesis, 

decreased lipid catabolism and decreased lipoprotein export. Lipogenesis is increased during HCV 

infection due to increased SREBP activity and increased translation of transcripts for FAS and ACC. 

Lipid catabolism is decreased by reducing PPARα activation and translation of PPARα coding 

transcripts. Lipoprotein secretion is reduced by the inhibition of MTP during infection. Here, we 

showed that HCV infection also decreases lipid catabolism by decreased CPT-1 expression and 

reduced β-oxidation and ketogenesis (gray area). Abbreviations are: phosphate and tensin homolog 

(PTEN) sterol regulatory element binding protein (SREBP) SREBP cleavage activating protein 

(SCAP) endoplasmic reticulum (ER) peroxisome proliferator activated receptor α (PPARα) retinoid X 

receptor (RXR) microsomal transfer protein (MTP) apolipoprotein B (ApoB) very low density 

lipoprotein (VLDL) triglycerides (TG) fatty acids (FA) carnitine palmitoyl transferase 1a (CPT-1) 

pyruvate dehydrogenase complex (PDC) 3-hydroxybutyrate (3-HB) acetyl-CoA carboxylase (ACC) 

fatty acid synthase (FAS).  

 

There were some unexpected results from the NMR analysis when we were 

comparing the metabolites secreted by cells grown in HS media or FBS media. O-

phosphocholine, an intermediate of the CDP-choline pathway, was detected in the 

NMR analysis. The concentration of O-phosphocholine was significantly lower in 
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cells cultured in HS media compared to FBS media. The increase utilization of O-

phosphocholine was reflected by the increased synthesis of phospholipids in cells 

grown in HS media compared to FBS media (Section 3.4.2.2). This increase may be 

related to the secretion of VLDL (260,261).  

Metabolites of glycolysis were also detected. There was no difference in the 

concentration of glucose detected in the media between cells cultured with HS media 

and FBS media. However, the concentration of pyruvate was lower in the media in 

cells cultured in HS media compared to FBS media. The utilization of glycolysis by 

cells grown in HS media and FBS media was measured using the XFe24 Seahorse 

analyzer. The results suggests that in HS cultured cells, there was reduced glycolysis 

as a means for providing substrate for the TCA cycle compared to cells grown in FBS 

media (Section 3.2.2). Since there was similar utilization of glucose between cells in 

both culture conditions, it is reasonable to conclude that when cells were cultured in 

HS media, the intermediates in glycolysis are converted into other molecules such as 

lipids and glycogen (332,333).  

In summary, the changes in these metabolites suggest the cells grown in HS media 

differ markedly from cells grown in FBS media. From these results, we can conclude 

that cells grown in HS media use lipid metabolism as a source of energy whereas 

cells grown in FBS media rely on both glycolysis and β-oxidation of fatty acids as a 

source of energy.  

There were also some unexpected results that arose when identifying the metabolites 

secreted by HCV infected and uninfected cells. O-phosphocholine, the precursor to 

PC, was significantly increased during HCV infection (Section 4.1.1.2). The 

reduction in O-phosphocholine utilization implies that there is a reduction in PC 
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synthesis during HCV infection. This speculation was confirmed in Section 4.3.1.2 

that shows a significant decrease in PC during HCV infection. The reduction in PC 

synthesis may be related to the reduction in lipoprotein secretion other studies 

reported (94,96,223,260,261,334).  

There was a significant reduction in glucose utilization in cells that were infected 

with HCV compared to uninfected cells. Similar concentrations of pyruvate were 

secreted by HCV infected and uninfected cells but the amount of lactate secreted was 

significantly higher by cells that were not infected with HCV. Additionally, there was 

a significantly increase in acetate secreted by cells that were infected with HCV 

compared to uninfected cells (Section 4.1.1.3). In Section 4.1.2 we showed that there 

was little dependency on glycolysis in both HCV infected and uninfected cells. Taken 

together these results imply that there was an increase in the conversion of glucose to 

precursors of lipid, amino acid or nucleotide synthesis in uninfected cells. 

Additionally, the pyruvate generated in glycolysis was not converted to lactate in 

uninfected cells compared to infected cells (Figure 1.8). In cells infected with HCV, 

the pyruvate generated from glycolysis is converted to acetyl-CoA and finally acetate.  

One of the limitations of this study was the inability to compare the metabolism 

between Huh7.5 cells grown in HS media and PHH. By having a comparison between 

Huh7.5 cells and PHH, a conclusion could be drawn of how reflective cells grown in 

HS media are of PHH. PHH were not included in this experiment due to the difficulty 

in culturing them. After a single day of growth in cell culture, the PHH began to lift 

off from the plates. These cells could not be incubated in serum free media for 24 

hours for the NMR analysis without the cells detaching from the tissue culture flask. 
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Additionally, we could not compare HCV infected PHH with HCV infected Huh7.5 

cells grown in HS media since PHH are very difficult to infect with HCV.  

The conclusions and key findings of this thesis were: 

1. Huh7.5 cells cultured in HS media exhibited different metabolic profiles 

compared to cells cultured in FBS media. There was decreased glycolysis in 

cells cultured in HS media compared to FBS media. While pathways 

associated with lipid metabolism were more active in cells grown in HS media 

compared to FBS media. 

2. Huh7.5 cells cultured in HS media possessed increased lipid catabolism 

compared to cells cultured in FBS media. There was increased β-oxidation 

and ketogenesis in cells grown in HS media compared to FBS media. The 

protein responsible for the rate limiting step for these pathways, CPT-1, was 7 

fold greater in cells grown in HS media compared to FBS media. The increase 

in lipid catabolism in cells grown in HS media made these cells more suitable 

as a model to study the effects of HCV infection on lipid catabolism compared 

to cells grown in FBS media.  

3. Huh7.5 cells cultured in HS media have larger lipid droplets. This was 

reflected in the increase in triglycerides observed in cells in cells grown in HS 

media compared to FBS media.  

4. Huh7.5 cells cultured in HS media with HCV infection possessed a different 

metabolic profile compared to uninfected cells. Many of the changes occurred 

in pathways associated with phospholipid metabolism and lipid metabolism. 

5. In HCV infected cells, there was a reduction in lipid catabolism compared to 

uninfected cells. There was a reduction in both β-oxidation and ketogenesis in 
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infected cells compared to uninfected cells. There was 50% less CPT-1 

present in infected cells compared to uninfected cells. 

6. In HCV infected cells, there was 50% more lipids compared to uninfected 

cells. The increase in lipids in HCV infected cells was related to the reduction 

in lipid catabolism. 

7. Previous studies report that the reduction in PPARα expression and activation 

leads to a reduction in lipid catabolism during HCV infection. The reduction 

in lipid catabolism is one of the factors that results in lipid accumulation 

during HCV infection. Here we show that the rate of pathways regulated by 

PPARα such as β-oxidation and ketogenesis were reduced during HCV 

infection. Taken together, these findings contribute to our better understanding 

of lipid accumulation as a result of HCV infection. 

8. Treating HCV infected cells with Sofosbuvir for 14 days does not reverse the 

levels of ketogenesis to levels seen in uninfected cells. This lack of reversal in 

ketogenesis may be related to the lack of change in steatosis or worsening of 

steatosis in some patients who achieve SVR.  

 

With the conclusion of this project, there are several future studies that can be created 

from the data presented in this thesis. We established that Huh7.5 cells grown in HS 

media display a lipoprotein profile in the medium similar to human sera, possessed 

increased lipogenesis and increased lipid catabolism. Huh7.5 cells cultured in HS 

media has proven indispensible in studying lipid accumulation due to decreased lipid 

catabolism during HCV infection due to the similarities between these cells and 

hepatocytes (238). Given that this thesis focuses primarily on lipid catabolism, we 
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cannot rule out that possibility of increased lipogenesis and decreased lipoprotein 

secretion as potential contributors of lipid accumulation during HCV infection. There 

is the possibility of using Huh7.5 cells grown in HS media to study these pathways 

during HCV infection.  

This hepatocyte model may be useful in studying the underlying mechanism of the 

development of another liver disease, non-alcoholic fatty liver disease (NAFLD). 

These cells could be used to develop novel treatments that can prevent or ameliorate 

lipid accumulation seen in NAFLD.  
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Appendix 

Compound HS cultured cells 

compared to FBS 

cultured cells (µM) 

Pathway or Reaction 

 

 

 

EC. 

Number 

HS FBS P Value 

 

2-Oxoisocaproate 

33.1 ± 

6.767 

50.92 

± 4.57 

0.0606 

 

 

Valine Degradation 

 

1.2.1.25 

2-Oxoisovalerate 

Decarboxylation to 

Isobutanoyl-CoA 

 

1.2.4.4 

 

Leucine Degradation 1.2.1- 

 

2.6.1.6 

 

3-

Hydroxybutyrate 

 

74.03 

± 

15.01 

 

9.4 ± 

9.4 

 

0.0065 Ketogenesis 1.1.1.30 

Ketolysis 

3-

Hydroxyisovalera

te 

 

49.12 

± 

14.65 

0 ± 0 0.0100 Leucine Biosynthesis 

 

No data 

3-Methyl-2-

oxovalerate 

 

45 ± 

7.682 

68.1 ± 

5.053 

0.0362 Isoleucine Degradation 

 

2.6.1.42 

2.6.1.- 

Valine Degradation 

 

2.6.1.42 

Acetoacetate 

 

145.9 

± 

39.35 

6.8 ± 

4.576 

0.0079 Acetone degradation I 4.1.1.4 

 

Ketogenesis and Ketolysis 

pathways 

2.8.3.5 

4.1.3.4 

1.1.1.30 

Leucine degradation 4.1.3.4 

Tyrosine degradation 3.7.1.2 

Acetate 

 

30.76 

± 

1.148 

31.58 

± 

0.8259 Ethanol Degradation II, IV 6.2.1.1 

1.2.1.3 

Oxidative Ethanol 

Degradation III 

6.2.1.1 

1.2.1.3 
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3.432 Acetate Conversion to 

Acetyl Co-A 

 

6.2.1.1 

Heparan Sulfate 

Biosynthesis 

3.1.1.- 

 

Acetone 64.56 

± 7.2 

66.52 

± 

11.74 

0.8900 Acetone Degradation I 1.14.14.1 

1.1.1.80 

4.1.1.4 

Ketogenesis 4.1.1.4 

Alanine 587.8 

± 

57.99 

638 ± 

151.5, 

n=5 

0.7650 tRNA Charging 6.1.1.7 

γ-glutamyl Cycle 2.3.2.2 

Leukotriene Biosynthesis 2.3.2.2 

S-methyl-5-thio-α-D-ribose 

1-phosphate Degradation 

2.6.1.88 

L-kynurenine Degradation 3.7.1.3 

 

Tryptophan Degradation to 

2-amino-3-

carboxymuconate 

Semialdehyde 

3.7.1.3 

Molybdenum Cofactor 

Biosynthesis 

2.8.1.7 

Thio-molybdenum Cofactor 

Biosynthesis 

2.8.1.9 

Alanine Biosynthesis and 

Degradation 

2.6.1.2 

Glycine Biosynthesis 2.6.1.44 

Arginine 108.2 

± 

50.75 

282.9 

± 32 

0.0196 Citrulline-Nitric Oxide 

Cycle 

1.14.13.39 

Creatine Biosynthesis 2.1.4.1 

Putrescine Biosynthesis II 4.1.1.19 

tRNA Charging 6.1.1.19 

urea Cycle 3.5.3.1 

4.3.2.1 

Citrulline-Nitric Oxide 

Cycle 

4.3.2.1 
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Choline 2.411 

± 

2.411 

2.411 

± 

2.411 

0.3466 Creatine Biosynthesis 1.1.99.1 

Kennedy pathway 2.7.1.32 

Phospholipases 3.1.4.4 

Ethanol 1387 

± 665 

 

1408 

± 

314.5 

0.9783 Ethanol Degradation II, IV 1.11.1.6 

1.1.1.1 

Oxidative Ethanol 

Degradation III 

RXN66-2 

Formate 

 

294.3 

± 

10.54 

252.1 

± 

54.73 

0.4714 Folate Transformations 6.3.4.3 

 

Folate Polyglutamylation 6.3.4.3 

Cholesterol Biosynthesis cytochrome 

P450 51A1 

Estradiol Biosynthesis cytochrome 

P450 2A6 

Fatty Acid α-oxidation 3.1.2.10 

Formaldehyde Oxidation 3.1.2.12 

Tryptophan Degradation to 

2-amino-3-

carboxymuconate 

Semialdehyde 

3.5.1.9 

Methylthiopropionate 

Biosynthesis 

1.13.11.53 

S-methyl-5-thio-α-D-ribose 

1-phosphate Degradation 

1.13.11.54 

Tetrahydrobiopterin de novo 

Biosynthesis 

3.5.4.16 

Glucose 

 

11932 

± 

1550 

15147 

± 

2387 

0.2913 GDP-Glucose Biosynthesis 

II 

2.7.1.2 

2.7.1.1 

Glycolysis 2.7.1.2 

Trehalose Degradation 2.7.1.2 

UDP-N-acetyl-D-

galactosamine Biosynthesis 

II 

2.7.1.2 

Glycogenolysis 3.2.1.33 

Lactose Degradation III 3.2.1.23 

Trehalose Degradation 3.2.1.28 
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5.1.3.3 

Sucrose Degradation 5.1.3.3 

 

Glutamate - - - Folate Polyglutamylation 6.3.2.17 

GABA Shunt 4.1.1.15 

Glutamate Dependent Acid 

Resistance 

4.1.1.15 

 

Glutamine Biosynthesis 6.3.1.2 

 

Glutathione Biosynthesis 6.3.2.1 

L-glutamine tRNA 

Biosynthesis 

RXN-9386 

Malate-Aspartate Shuttle 2.6.1.1 

 

Asparagine Biosynthesis 2.6.1.1 

6.3.5.4 

Asparagine Degradation 2.6.1.1 

 

Ornithine de novo 

Biosynthesis 

2.7.2.11 

 

Proline Biosynthesis 2.7.2.11 

 

Serine Biosynthesis 2.6.1.52 

 

tRNA Charging 

 

6.1.1.17 

 

4-aminobutyrate 

Degradation 

2.6.1.19 

 

β-alanine Degradation 2.6.1.19 

 

4-hydroxy-2-nonenal 

Detoxification 

3.4.19.9 

 

Glutathione-mediated 

Detoxification 

3.4.19.9 

 

Glutamate Removal from 

Folates 

3.4.19.9 

 

4-hydroxybenzoate 

Biosynthesis 

2.6.1.5 

 

Tyrosine Degradation 2.6.1.5 

5-aminoimidazole 

Ribonucleotide Biosynthesis 

6.3.5.3 
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2.4.2.14 

 

γ-glutamyl Cycle 3.5.2.9 

Glutamine Degradation/ 

Glutamate Biosynthesis 

3.5.1.2 

 

Guanosine Ribonucleotides 

de novo Biosynthesis 

6.3.5.2 

 

Histidine Degradation 2.1.2.5 

L-cysteine Degradation II 2.6.1.3 

L-glutamine tRNA 

Biosynthesis 

6.3.5.7 

Leucine Degradation 2.6.1.6 

Lysine Degradation I 

(Saccharopine Pathway) 

2.6.1.39 

 

1.5.1.9 

Lysine Degradation II 

(Pipecolate Pathway) 

2.6.1.39 

RXN66-565 

NAD Biosynthesis from 2-

amino-3-carboxymuconate 

Semialdehyde 

6.3.5.1 

Proline Degradation 1.2.1.88 

UMP Biosynthesis 6.3.5.5 

UTP and CTP de novo 

Biosynthesis 

6.3.4.2 

 

UTP and CTP 

Dephosphorylation I, II 

6.3.4.2 

Glutamine 

 

1062 

± 

172.1 

1038 

± 

92.74 

0.9031 5-aminoimidazole 

Ribonucleotide Biosynthesis 

2.4.2.14 

6.3.5.3 

Aspargine Biosynthesis 6.3.5.4 

Glutamine Degradation/ 

Glutamate Biosynthesis 

3.5.1.2 

3.5.1.38 

 

Asparagine Degradation 3.5.1.38 

 

Guanosine Ribonucleotides 

de novo Biosynthesis 

6.3.5.2 

 

L-glutamine tRNA 6.3.5.7 
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Biosynthesis  

NAD Biosynthesis from 2-

amino-3-carboxymuconate 

Semialdehyde 

6.3.5.1 

 

tRNA Charging 6.1.1.18 

UMP Biosynthesis 6.3.5.5 

UTP and CTP de novo 

Biosynthesis 

6.3.4.2 

 

Glutamine Biosynthesis 6.3.4.1 

 

UDP-N-acetyl-D-

Glucosamine Biosynthesis 

II 

2.6.1.16 

 

Glycerol 

 

18602 

± 

16884 

2070 

± 

900.1 

0.3660 Triacylglycerol Degradation 3.1.1.23 

CDP-diacylglycerol 

Biosynthesis 

2.7.1.30 

Glycerol degradation 2.7.1.30 

Glycine 

 

201.8 

± 

43.62 

375.7 

± 

37.64 

0.0166 5-aminoimidazole 

Ribonucleotide Biosynthesis 

6.3.4.13 

 

Bile Acid Biosynthesis, 

Neutral Pathway 

2.3.1.65 

 

Bupropion Degradation RXN66-185 

Creatine Biosynthesis 2.1.4.1 

Glutathione Biosynthesis 6.3.2.3 

Tetrapyrrole Biosynthesis 2.3.1.37 

Glutathione-mediated 

Detoxification 

3.4.11.2 

4-hydroxy-2-nonenal 

Detoxification 

3.4.11.2 

 

γ-glutamyl cycle 3.4.13.18 

 

Superpathway of Choline 

Degradation to L-serine 

RXN66-577 

 

Glycine Betaine 

Degradation 

RXN66-577 

L-carnitine Biosynthesis RXN-9896 

Leukotriene Biosynthesis 3.4.13.19 

Folate Transformations 2.1.2.1 
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Folate Polyglutamylation 2.1.2.1 

 

dTMP de novo Biosynthesis 2.1.2.1 

 

Serine Biosynthesis 2.1.2.1 

 

Glycine Betaine 

Degradation 

2.1.2.1 

 

Superpathway of Choline 

Degradation to L-serine 

2.1.2.1 

 

Glycine Biosynthesis 2.6.1.44 

Glycine Cleavage 1.4.4.2 

Histidine 

 

145.7 

± 

12.39 

157.7 

± 

15.71 

0.5631 Carnosine Biosynthesis 6.3.2.11 

 

Homocarnosine 

Biosynthesis 

6.3.2.11 

 

Histidine Degradation 4.3.1.3 

Histidine Degradation 6.1.1.21 

γ-glutamyl Cycle 2.3.2.2 

Leukotriene Biosynthesis 2.3.2.2 

 

S-methyl-5-thio-α-D-ribose 

1-phosphate Degradation 

2.6.1.88 

 

Histamine Biosynthesis 4.1.1.22 

Isoleucine 

 

560.5 

± 

31.88 

607.9 

± 45.8 

0.4203 tRNA Charging 6.1.1.15 

Leukotriene Biosynthesis 2.3.2.2 

 

γ-Glutamyl Cycle 2.3.2.2 

S-methyl-5-thio-α-D-ribose 

1-phosphate Degradation 

2.6.1.88 

 

Isoleucine Degradation 2.6.1.42 

 

Lactate 

 

15947 

± 

1430 

15426 

± 

3464 

0.8928 Methylglyoxal Degradation 

I and VI 

1.1.2.4 

3.1.2.6 

1.1.5- 

Leucine 

 

382.3 

± 

452.4 

± 

0.2122 Leucine Degradation 2.6.1.42 

2.6.1.6 
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31.67 40.85 tRNA Charging 6.1.1.4 

γ-glutamyl Cycle 2.3.2.2 

Leukotriene Biosynthesis 2.3.2.2 

S-methyl-5-thio-α-D-ribose 

1-phosphate Degradation 

2.6.1.88 

 

Lysine 

 

532.8 

± 

31.74 

573 ± 

44.53 

0.4839 Lysine Degradation I 

(Saccharopine Pathway) 

1.5.1.8 

 

Lysine Degradation II 

(Pipecolate Pathway) 

RXN66-565 

tRNA Charging 6.1.1.6 

Leukotriene Biosynthesis 2.3.2.2 

 

γ-glutamyl Cycle 2.3.2.2 

S-methyl-5-thio-α-D-ribose 

1-phosphate Degradation 

2.6.1.88 

 

Methanol 

 

20.44 

± 

1.426 

20.41 

± 

1.556 

0.9878 N/A N/A 

Methionine 

 

106.4 

± 11.1 

142.7 

± 

9.139 

0.0354 S-adenosyl-L-methionine 

Biosynthesis 

2.5.1.6 

 

Methionine Degradation 2.5.1.6 

S-methyl-5-thio-α-D-ribose 

1-phosphate Degradation 

2.6.1.88 

 

tRNA Charging 6.1.1.10 

γ-glutamyl Cycle 2.3.2.2 

Leukotriene Biosynthesis 2.3.2.2 

 

7-(3-amino-3-

carboxypropyl)-wyosine 

Biosynthesis 

4.1.3.44 

 

Folate Transformations 2.1.1.13 

Methionine Salvage 2.1.1.13 

Superpathway of Choline 

Degradation to L-serine 

2.1.1.5 

 

Methionine Salvage 2.1.1.5 

2.1.1.10 

Glycine Betaine 

Degradation 
2.1.1.5 
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Lipoate Biosynthesis and 

Incorporation 

2.8.1.8 

O-

Phosphocholine 

 

0.777

8 ± 

0.777 

5.456 

± 1.47 

0.0227 Phosphatidylcholine 

Biosynthesis 

2.7.7.15 

2.7.1.32 

Phospholipases 3.1.4.3 

Sphingomyelin Metabolism/ 

Ceramide Salvage 

3.1.4.12 

Phenylalanine 

 

234.9 

± 

23.62 

273 ± 

25.74 

0.3079 Phenylalanine Degradation 1.14.16.1 

tRNA Charging 6.1.1.20 

S-methyl-5-thio-α-D-ribose 

1-phosphate Degradation 

2.6.1.88 

γ-glutamyl Cycle 2.3.2.2 

Leukotriene Biosynthesis 2.3.2.2 

Proline 

 

606.9 

± 

138.1 

141.4 

± 

41.36 

0.0121 Proline Degradation 1.5.5.2 

tRNA Charging 6.1.1.15 

Proline Biosynthesis 1.5.1.2 

Pyroglutamate 

 

1548 

± 

128.1 

1625 

± 

187.5 

0.7457 γ-glutamyl Cycle 3.5.2.9 

2.3.2.4 

Pyruvate 

 

97.96

± 

9.939 

1015 

± 

122.8 

0.0003 7- (3-amino- 3- 

carboxypropyl)- 

Wyosine Biosynthesis 
 

4.1.3.44 
 

Gluconeogenesis 6.4.1.1 

Pyruvate Decarboxylation to 

Acetyl-CoA 

1.2.4.1 

4-hydroxyproline 

Degradation 

4.1.3.16 

Glutathione-mediated 

Detoxification 

4.4.1.6 

L-cysteine Degradation I 2.7.1.40 
 

L-cysteine Degradation II 3.13.1- 

L-serine Degradation 2.8.1.2 

Methylglyoxal Degradation 

I 

3.5.99.10 

Alanine Biosynthesis / 1.1.5.- 

http://humancyc.org/HUMAN/NEW-IMAGE?type=PATHWAY&object=PWY66-399
http://humancyc.org/HUMAN/NEW-IMAGE?type=PATHWAY&object=PYRUVDEHYD-PWY
http://humancyc.org/HUMAN/NEW-IMAGE?type=PATHWAY&object=PYRUVDEHYD-PWY
http://humancyc.org/HUMAN/NEW-IMAGE?type=PATHWAY&object=HYDROXYPRODEG-PWY
http://humancyc.org/HUMAN/NEW-IMAGE?type=PATHWAY&object=HYDROXYPRODEG-PWY
http://humancyc.org/HUMAN/NEW-IMAGE?type=PATHWAY&object=CYSTEINE-DEG-PWY
http://humancyc.org/HUMAN/NEW-IMAGE?type=PATHWAY&object=PWY-5329
http://humancyc.org/HUMAN/NEW-IMAGE?type=PATHWAY&object=SERDEG-PWY
http://humancyc.org/HUMAN/NEW-IMAGE?type=PATHWAY&object=PWY-5386
http://humancyc.org/HUMAN/NEW-IMAGE?type=PATHWAY&object=PWY-5386
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Degradation 
 

Glycine Degradation 

 

1.1.2.4 

Alanine Biosynthesis/  

Degradation 
 

2.6.1.2 

Glycine Biosynthesis  

 

2.6.1.44 

Lactate Fermentation   1.1.1.27 

Threonine 

 

595.6 

± 

26.51 

617.9

± 34.7 

0.6227 

 

 

 

 

 

 

Threonine Degradation 4.3.1.19 

tRNA Charging 6.1.1.3 

γ-glutamyl Cycle 2.3.2.2 

Leukotriene Biosynthesis 2.3.2.2 

S-methyl-5-thio-α-D-ribose 

1-phosphate Degradation 

2.6.1.88 

Tryptophan 

 

16.96 

± 

11.31 

45.57 

± 

12.51 

0.1283 Tryptophan Degradation to 

2-amino-3-

carboxymuconate 

Semialdehyde 

1.13.11.11-

52 

 

Serotonin and Melatonin 

Biosynthesis 

1.14.16.4 

tRNA Charging 6.1.1.2 

Tryptophan Degradation X 4.1.1.28 

Tyrosine 

 

451 ± 

25.72 

443.5 

± 

30.42 

0.8554 (S)-Reticuline Biosynthesis 4.1.1.25 

4-hydroxybenzoate 

Biosynthesis 

2.6.1.57 

Tyrosine Degradation 2.6.1.57 

Catecholamine Biosynthesis 1.14.16.2 

L-dopachrome Biosynthesis 1.14.18.1 

tRNA Charging 6.1.1.1 

 

Phenylalanine Degradation/ 

Tyrosine Biosynthesis 

1.14.16.1 

Valine 

 

604.6 

± 

38.59 

 

666.5 

± 

50.76 

0.3597 tRNA Charging 

 

6.1.1.9 

Valine Degradation 2.6.1.42 

γ-glutamyl cycle 2.3.2.2 

Leukotriene Biosynthesis 2.3.2.2 

 

S-methyl-5-thio-α-D-ribose 

1-phosphate Degradation 

2.6.1.88 

http://humancyc.org/HUMAN/NEW-IMAGE?type=PATHWAY&object=ALANINE-DEG3-PWY
http://humancyc.org/HUMAN/NEW-IMAGE?type=PATHWAY&object=GLYSYN-ALA-PWY
http://humancyc.org/HUMAN/NEW-IMAGE?type=PATHWAY&object=GLYSYN-ALA-PWY
http://humancyc.org/HUMAN/NEW-IMAGE?type=PATHWAY&object=PWY-5481
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Table A.1 – Metabolites Secreted by Huh7.5 Cells Cultured in 2% HS Supplemented or 10% 

FBS Supplemented Media. Huh7.5 cells were differentiated in media containing HS for 21 days then 

placed in serum free media. The supernatant was collected after 24 hours and analyzed using NMR. 

The concentration was reported in µM with the standard deviation. A student t test was used to 

determine statistical significance. Significant results were defined as a p<0.05 and are highlighted in 

orange. The pathways that consume or produce the metabolites are listed. The EC number is a 

classification of the chemical reaction that is catalyzed by an enzyme. The suspected dominant 

pathway is highlighted in green. 
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Compound Concentration of metabolites detected in HCV 

infected and uninfected cells grown in HS (µM) 

HCV+ HCV- P value 

T Test 

2-Oxoisocaproate 43.62 ± 1.693 33.1 ± 6.76 0.1699 

 

3-Hydroxybutyrate 

 

10.14 ± 6.212 74.03 ± 15.01 0.0043 

 

3-Hydroxyisovalerate 

 

9.1 ± 2.522 49.12 ± 14.65 0.0274 

 

3-Methyl-2-oxovalerate 

 

53.72 ± 2.812 45 ± 7.682 0.3174 

 

Acetoacetate 

 

17.12 ± 4.874 145.9 ± 39.35 0.0117 

Acetate 

 

40.51 ± 3.734 30.76 ± 1.148 0.0371 

 

Acetone 52.98 ± 8.451 64.56 ± 7.2 0.3275 

Alanine 373.9 ± 41.76 587.8 ± 57.99 0.0172 

 

Arginine 244.1 ± 19.62 108.2 ± 50.75 0.0371 

 

Choline 1.444 ± 1.444 0 ± 0 0.3466 

 

Ethanol 1171 ± 536.8 1387 ± 665 0.8088 

Formate 

 

211.6 ± 5.457 294.3 ± 10.54 0.0001 

 

Glucose 

 

16552 ± 1062 11932 ± 1550 0.0393 

 

Glutamate 43.29 ± 27.29 0 ± 0 0.1514 

 

Glutamine 

 

1197 ± 134.1 1062 ± 172.1 0.5531 

 

Glycerol 

 

1060 ± 520.2 18602 ± 16884 0.3391 

 

Glycine 

 

354.9 ± 17.97 201.8 ± 43.62 0.0118 

 

Histidine 

 

163.5 ± 10.58 145.7 ± 12.39 0.3067 

 

Isoleucine 

 

631.7 ± 32.4 560.5 ± 31.88 0.1561 
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Lactate 

 

10570 ± 742.2 15947 ± 1430 0.0103 

 

Leucine 

 

474.3 ± 33.69 382.3 ± 31.67 0.0818 

 

Lysine 

 

604.1 ± 34.34 532.8 ± 31.74 0.1660 

 

Methanol 

 

19.32 ± 1.381 20.44 ± 1.426 0.5875 

 

Methionine 

 

155.7 ± 7.281 106.4 ± 11.1 0.0059 

 

O-Phosphocholine 

 

11.63 ± 1.244 0.7778 ± 0.7778 <0.0001 

 

Phenylalanine 

 

321.5 ± 21.76 234.9 ± 23.62 0.0272 

 

Proline 

 

211.7 ± 35.06 606.9 ± 138.1 0.0242 

 

Pyroglutamate 

 

211.7 ± 35.06 606.9 ± 138.1 0.0242 

 

Pyruvate 

 

1576 ± 128.7 1548 ± 128.2 0.8829 

 

Threonine 

 

198.9 ± 107.6 264.8 ± 167.1 0.7485 

 

Tryptophan 

 

47.61 ± 13.27 16.96 ± 11.31 0.1167 

 

Tyrosine 

 

433.6 ± 17.49 451 ± 25.72 0.5920 

 

Valine 692.2 ± 30.66 604.6 ± 38.59 0.1133 

 
 

Table A.2 – Metabolites Secreted by Huh7.5 Cells Cultured in 2% HS Supplemented or 10% 

FBS Supplemented Media. Huh7.5 cells were cultured in media containing HS for 21 days with or 

without HCV Infection. Prior to collecting the supernatant for analysis, cells are first placed in serum 

free media and incubated at 37
o
C. The supernatant was collected after 24 hours and analyzed using 

NMR. The concentration was reported in µM with the standard deviation. A student t test was used to 

determine statistical significance. Significant results were defined as a p<0.05 and are highlighted in 

orange.  
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