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SUMMARY

Ischemia reperfusion (IR) injury is a common phenomenon associated with the surgical
treatment of hepatocellular carcinoma (HCC) and metastatic cancer of the liver.
Rapamycin, an effective immunosuppressant and inhibitor of growth of cancer cells, is
often employed in the management of HCC patients who undergo liver resection or
liver transplantation. Rapamycin has also been shown to induce the synthesis of the
antioxidant enzymes heme oxygenase 1 (HO-1) and peroxiredoxin 1 (Prx-1). However,
rapamycin also inhibits bile flow. Oltipraz, is a very effective inducer of antioxidant
enzymes and inhibits cancer cell growth, is currently undergoing clinical trials as a
chemopreventive agent for the treatment of HCC. Strategies employing pre-treatment
with rapamycin and oltipraz have the potential to reduce IR injury. However, their
abilities to induce antioxidant enzymes and potential detrimental effects on both normal
and transformed liver cells are not well understood. Therefore, the aim of this study
was to characterize the abilities of rapamycin and oltipraz to induce the expression of
HO-1 and Prx-1 in normal and transformed liver cells. Another aim of this study was
to determine the effects of rapamycin and oltipraz on the expression of bile acid
transporters in normal and transformed liver.

To achieve these goals, a rat model of segmental hepatic ischemia and reperfusion,
isolated cultured rat hepatocytes and transformed rat liver (H4IIE) cells were employed.
Quantitative PCR (qPCR) was conducted for measurement of the expression of mRNA
encoding antioxidant enzymes and bile acid transporters. Probe-based strategies, βactin as reference RNA, and the ΔΔCT method were employed.

Rapamycin increased HO-1 and Prx-1 mRNA expression in rat liver in vivo and in
cultured rat hepatocytes. On the other hand, rapamycin inhibited expression of mRNA
encoding the sinusoidal bile acid transporters Ntcp, Oatp1 and Oatp2 mRNA. But
rapamycin induced the canalicular transporter Mrp2 and Bsep mRNA expression in
cultured rat hepatocytes. However, in transformed rat liver (H4IIE) cells rapamycin
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inhibited HO-1 and Prx-1 expression whereas oltipraz induced HO-1 and Prx-1 mRNA
expression. Expression of three bile acid transporters, Bsep, Bcrp and Oatp9, were not
detected in H4IIE cells. Moreover, the relative expression of mRNA encoding some
bile acid transporters in H4IIE cells were significantly different compared to that in
normal rat hepatocytes. Rapamycin induced the sinusoidal transporters Ntcp and Oatp1
mRNA expression but inhibited Oatp2 mRNA expression in H4IIE cells. In contrast,
oltipraz inhibited sinusoidal transporters Ntcp, Oatp1 and Oatp2 mRNA in H4IIE cells.
Rapamycin and oltipraz both induced Mrp2 mRNA expression in H4IIE cells.

It is concluded that pharmacological pre-treatment with rapamycin may not be so
effective in reducing IR injury since the induction by rapamycin of antioxidant enzyme
expression in normal liver cells is modest, while in transformed cells expression of
antioxidant enzymes is inhibited. The inhibition of bile flow associated with pretreatment with rapamycin is likely due to inhibition of the expression of sinusoidal BA
transporters in normal liver cells. In the clinical treatment of HCC patients with
rapamycin, attention needs to be paid to the blood concentration of the drug as different
concentrations can have markedly different effects on expression of antioxidant
enzymes and BA transporters. The ability of transformed liver cells to transport bile
acids is likely impaired compared to that of normal liver cells, and the actions of both
rapamycin and oltipraz on the expression of bile acid transporters are mixed. Further
studies are warranted to determine conditions under which pre-treatment with oltipraz
can be effective to reduce IR injury with minimal effects on bile flow.
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CHAPTER I: GENERAL INTRODUCTION

1.1 Overview
The main aim of this study was to investigate whether pharmacological pre-treatment
with rapamycin or oltipraz could be used to reduce ischemia reperfusion injury. The
clinical significance of these findings could potentially be used in hepatocellular
carcinoma (HCC) patients who will undergo liver surgery. This chapter provides an
overview of the liver, hepatocellular carcinoma, currently available treatments and
associated problems, the pharmacological agents rapamycin and oltipraz and their
associated effects and research aims of this thesis.

1.2 Structure and function of the liver

1.2.1 Anatomy and physiology of the liver
The liver is the largest glandular organ of the human body, weighing nearly 2-5% of
the total body weight (Abdel-Mishi and Bloomston, 2010). It is a soft, reddish-brown
organ lying mainly in the right hypochondrium, but extending across the epigastrium
to the left hypochondrium (Rogers, 1992). According to “classical anatomy”, the liver
can be divided into a median lobe, two lateral lobes (one right and one left), and one
caudal lobe, subdivided into the dorsal and ventral half (Fig. 1.1 a) (Desmet, 2001).
According to the functional vascular anatomy, the liver is divided into segment I-VIII
(Millward-Sadler et al., 1992; Wright, 1979; Choi & Nguyen, 2005). The liver
parenchyma has hexagonal-shaped lobules within each liver lobe, each containing a
central vein bounded by six portal triads (Fig 1.1 A. b) (Heath and Young, 2001;
Mohammed and Khokha, 2005). The hepatic artery, hepatic vein and bile duct compose
each portal triad (Fig 1.1 A. c). A thin transparent capsule, called the Glisson capsule,
covers the organ.
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Figure 1.1. Liver anatomy and hepatocyte organisation. (A) Drawing of the major lobes of
the rat liver (a), the relationship between the central vein and portal triads (b), and the
arrangement of the hepatic vein, hepatic artery, bile duct, hepatocyte plate and sinusoidal space
(c) is presented. (B) A schematic drawing of the hepatocyte plates showing the direction of
blood flow from the hepatic portal vein and hepatic artery to the central vein, and the direction
of bile flow through the bile canaliculus. This figure has been taken from Barritt et al., 2008.

The hepatocyte (parenchymal cell) is the predominant cell type in the liver, representing
approximately 70% of all cells in the liver (Millward-Sadler et al., 1992; Wright, 1979;
Schiff et al., 2007; Mohammed and Khokha, 2005; Boyer, 2003). Besides hepatocytes,
the liver comprises endothelial cells, biliary epithelial cells (cholangiocytes), hepatic
stellate cells, Kupffer cells (macrophages) and oval cells, which also play important
roles in the liver. Hepatocytes are specialised epithelial cells arranged in single cell
plates (Fig. 1.1 B). Blood perfuses into the hepatocyte plates through the basal part or
sinusoidal part from the gut (hepatic portal vein) and the hepatic artery drains into the
central vein (Fig. 1.1 B). The bile canaliculi (enclosed by the adjacent membranes of
two hepatocyte lines) accumulate bile fluid from each hepatocyte and excrete this fluid
to the bile ducts (Figs. 1.1 A and 1.2). The (i) vascular system, (ii) hepatocytes and
hepatic lobule, (iii) hepatic sinusoidal cells, (iv) biliary system and (v) stroma (Ishibashi
2

et al., 2009) are assembled by these types of cells. Substances released from
neighbouring nonparenchymal cells regulate hepatocyte function. (Hoehme et al.,
2010; Matsumoto et al., 2001).

Hepatocytes are different from the other liver cells because they express special
characteristics on polarisation and intracellular organization (Barritt et al., 2008; Berry
et al., 1991; Hubbard et al., 1994; Zegers and Hoekstra, 1998; Boyer, 2003;
Wakabayashi et al., 2006). Each hepatocyte plasma membrane is divided into the
sinusoidal (basal), contiguous (lateral), and canalicular (apical) domains (Fig. 1.2). The
sinusoidal domain occupies more than 70% of the surface area, facing the blood
circulation, comprising many receptors, ion channels and transport systems, which
mediate exchange of nutrients and other solutes between the hepatocytes and the
systemic circulation. The contiguous domain is mainly occupied by tight junctions,
desmosomes, and gap junctions (Fig. 1.2). Gap junctions facilitate the movement of
molecules between adjacent hepatocytes (Barritt et al., 2008; Berry et al., 1991;
Hubbard et al., 1994; Zegers and Hoekstra, 1998; Boyer, 2002; Wakabayashi et al.,
2006). Tight junctions divide the canalicular domain from the sinusoidal and lateral
domains. The canalicular domain is responsible for the secretion of bile acids and
polymeric immunoglobulin A into the bile (Nathanson and Boyer, 1991).
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Figure 1.2 Schematic representation of the hepatocyte spatial polarity. The scheme shows
the different domains of the hepatocyte and the pathways of bile acid movement and vesicle
trafficking in hepatocytes within the hepatocyte plate. The figure has been taken from Barritt
et al., 2008.

1.2.2 Functions of the liver
The liver acts as a primary organ of metabolic homeostasis of the body. It plays a central
role in the uptake, storage, metabolism and release of carbohydrates, amino acids,
lipids, vitamins into the blood and bile. It also plays an important role in the
detoxification of drugs and other xenobiotics (Berk et al., 1987; Barritt et al., 2008;
Ramadori et al., 2008; Bailey et al., 2007; Aomataris et al., 2008; Nelson et al., 2008;
Tsuchiya et al., 2010). Moreover, this organ is responsible for the production of bile
acid, bile fluid and protein synthesis and their trans-cellular movement (Barritt et al.,
2008; Leite and Nathanson, 2001; Boyer, 2003). Bile flow is an indicator of healthy
liver function (Leite and Nathanson, 2001).

During liver injury and inflammation, a large amount of reactive oxygen species (ROS),
eicosanoids, nitric oxide, carbon monoxide, TNF-α, and other cytokines are generated
thereby contributing to the early phase of liver inflammation. Moreover, during liver
injury and inflammation, Kupffer cells secrete enzymes and cytokines that may damage
hepatocytes, and are active in the remodelling of the extracellular matrix (Kageyama et
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al., 2015; Quesnelle et al., 2015; Tanaka et al., 2006; Kmiec, 2001; Ramadori et al.,
2008). In humans, the liver is capable of regenerating lost tissue. Approximately 25%
of intact liver can regenerate into a whole liver again (Häussinger, 2011).

1.3 Role of liver in the synthesis and re-circulation of bile acids

1.3.1 Composition of bile fluids
Hepatocytes play a central role in the synthesis and movement of bile acids from the
portal blood to the gallbladder and intestine. Bile acids are steroid acids that are made
from the catabolism of cholesterol. Bile is comprised 85% water. The residual solute is
a complex combination of bile salts (67%), phospholipids (22%), cholesterol (4%),
minerals, electrolytes, bilirubin and biliverdin pigments. Bilirubin and biliverdin give
it a yellow-green or orange color (Ganong & Barrett, 2005; Hall & Guyton, 2011).
Secretory immunoglobulin A and small amounts of mucus give the bile bacteriostatic
functions (Sung et al., 1992; Wang et al., 2009).

1.3.2 Classification and properties of bile acids
According to their hydrophobicity, bile acids can be categorised into two groups. The
more hydrophobic bile acids (such as taurolithocholic (TLCA), lithocholic (LCA),
cholic (CA) and taurocholic (TCA) acids), are called cholestatic bile acids; whereas the
less hydrophobic bile acids (such as taurodeoxycholic (TDCA), tauroursodeoxycholic
(TUDCA) and ursodeoxycholic (UDCA) acids), are called choleretic bile acids.
Hydrophobicity and solubility of bile acids depend on the position of hydroxyl groups
in the α or β orientation of the steroid at positions 3, 6, 7, and 12 (Fig. 1.3). The
structural differences of bile acids exhibit important properties with regards to their
specificity of receptor activation (Russell 2003; de Aguiar Vallim et al., 2013; Chiang,
2009; Hofmann et al., 2010; Lieberman et al., 2006).
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Figure 1.3 Synthesis of Bile Acids. Cholesterol is catalysed and produced primary and
secondary bile acids by liver enzymes and gut flora (Hofmann, 2010).

1.3.3 Synthesis of bile acids
Bile acids are divided into primary and secondary bile acids. Primary bile acids are
produced from the alteration of the cholesterol steroid ring. Cholesterol is oxidized and
the side chain is cleaved by cytochrome P450 and followed conjugation with
chenodeoxycholic acid and cholic acid in human (Fig. 1.3). Bacterial activation forms
the secondary bile acids by dehydroxylation of primary bile acid into deoxycholic acid
and lithocholic acid (Russell, 2003; 2009; de Aguiar Vallim et al., 2013; Hofmann,
1999; Chiang, 2009).
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1.3.4 Function of bile acids
Bile acids regulate a number of functions in the body. Firstly, bile acids play a vital role
in forming the structure of micelles in the small intestine that mediate solubilisation,
digestion, absorption of fat-soluble vitamins and dietary lipids (Hofmann, 1963;
Hofmann and Borgström, 1964). Secondly, the hepatic conversion of cholesterol to bile
acids and the following excretion of bile acids in the feces comprise the key pathway
for cholesterol secretion (de Aguiar Vallim et al., 2013). Thirdly, bile acids solubilise
cholesterol in the bile, thereby, preventing the precipitation of cholesterol in the gall
bladder (Hofmann, 1999). Finally, bile acids assist in the digestion of dietary
triacylglycerols as emulsifying agents that make fats accessible to pancreatic lipases
(Lieberman et al., 2006; Fiorucci et al., 2009). Recent findings have confirmed that bile
acids are involved in the regulation of their own metabolism and transportation via the
enterohepatic circulation, lipid metabolism, glucose metabolism, signalling events in
liver regeneration, and the regulation of overall energy expenditure (Nagahashi et al.,
2015; Wiemuth et al., 2012; Magotti et al., 2015).

1.3.5 The enterohepatic circulation of bile acids
The enterohepatic circulation is defined as the circulation of bilirubin, biliary acids,
drugs and metabolites from the bile into the liver, their extraction by hepatocytes,
followed by excretion into the small intestine by the active transporters and reabsorption by the enterocyte and movement back to the liver. In adults, 12-18 g of bile
acid is produced every day but pool size ranges from 4–6 g, suggesting that bile acids
are recycled. In the enterohepatic circulation, new bile acid is synthesised at a low rate
(Hofmann, 1999).

To maintain the enterohepatic circulation, liver parenchymal cells transport 95% of the
bile acids from the portal blood into bile. Bile acids are transported from the blood
across the basal (sinusoidal) and basolateral membranes of hepatocytes, through the
cytoplasmic space, and then across the canalicular membrane into the bile canaliculus
(Fig. 1.4) (Boyer, 2003). Before bile acid secretion, the bile acids are conjugated with
glycine or taurine that creates a lower pKa and increases solubility. Thus, micelle
formation happens in the acidic milieu of the duodenum. Bile salts need transmembrane
transporters to move them across membranes. Nonconjugated bile acids can diffuse
across membranes but hepatocellular uptake of bile acids occurs against an
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electrochemical gradient (Weinman & Maglova, 1994; Lidofsky et al., 1993) via
+

sodium-dependent and independent mechanisms by Na taurocholate co-transporter
(NTCP) and organic anion transporting polypeptides (OATPs) transport system (Fig.
1.4) (Dawson et al., 2009) and transport across the hepatocytes to the canalicular
membrane for secretion into bile (Hofmann & Hagey, 2008). Active transport systems
including canalicular transporter e.g. bile salt export pump (BSEP); multidrugresistance-associated protein 2 (MRP2) are required for the excretion of bile salts from
the hepatocytes into the canaliculi to cross the higher concentration gradient (Stieger et
al., 1992; Stieger et al., 2007; Akita et al., 2001; Nies & Keppler, 2007). Bile is moved
along the bile canaliculus and bile ducts until it is secreted into the common bile duct.
F-actin, which regulates contraction of the bile canaliculus, and cytoplasmic Ca2+concentration ([Ca2+]cyt) play an important role in this circulation (Nieuwenhuijs et al.,
2006).
After secretion of bile acid into the intestine, bacterial activation generates the
secondary bile acids by dehydroxylation of primary bile acid into deoxycholic acid and
lithocholic acid. These bile acids are transported back into the blood, returned to the
liver, and re-secreted by enterohepatic circulation (Russell, 2003; Chiang, 2009).

Figure 1.4: Schematic diagram of enterohepatic circulation of bile acid. Bile acids are
transported from the blood across the basal (sinusoidal) and basolateral membranes of
hepatocytes, through the cytoplasmic space, and then across the canalicular membrane into the
bile canaliculus. After secretion of bile acid into the intestine, bacterial activation forms the
8

secondary bile acids and these bile acids are returned back in the liver, and re-secreted. This
figure has been compiled from Trauner and Boyer, 2003.

1.3.6 Significance of enterohepatic circulation
Bile acid homeostasis plays an important role in maintaining normal physiology in
mammals. Interruption of bile flow is associated with cholestasis, gallstones,
inflammation, malabsorption of lipids and fat-soluble vitamins, bacterial overgrowth in
the small intestine, atherosclerosis, neurological diseases, and various inborn errors
such as progressive familial intrahepatic cholestasis types I-III (PFIC I-III) (Li &
Chiang, 2014; de Aguiar Vallim et al., 2013; Hofmann, 1999; Hofmann & Borgström,
1964; Fiorucci et al., 2009; Carey et al., 1972; Hofmann, 1963). This reduced bile flow
increases the toxic bile acid in the liver (Weerachayaphorn et al., 2014). ROS can be
generated as a result of increased toxic bile acid in the liver leading to oxidative stress
and progressive liver damage (Copple et al., 2010; Xu et al., 2010). Bile acid
transporters play a key role in regulating enterohepatic circulation.

1.4 Hepatic bile acid transporters, synthesis and regulation

1.4.1 Overview of the hepatic bile acid transporters
Bile acid transporters are particular proteins that mediate the movement of bile acids
into and out of hepatocytes by active and passive mechanisms (Fig. 1.5) (Agellon &
Torchia, 2000; Kullak-ublick et al., 2004; Meier & Stieger, 2002; Trauner and Boyer,
2003; Alrefai and Gill, 2007). Transporters on the surface of hepatocytes are classified
into the following groups on the basis of functional characteristics: (i) sinusoidal /influx
transporters, and (ii) canalicular/efflux transporters (Trauner and Boyer, 2003; Alrefai
and Gill, 2007).
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Figure 1.5: Schematic representation of bile acid transportation across the hepatocytes.
Transport proteins are illustrated as circles with arrows presenting the direction of transport.
+
The ‘half ABC transporters’ are shown as semi-circles. The symbols are Na taurocholate co+
transporter (NTCP); bile salt (BS); Na -independent organic anion transporting polypeptides
(OATPs); OC transporter (OCT); Organic cations (OC); OA transporters family (OATs); Bile
salt export pump (BSEP); Glutathione (GSH); multidrug-resistance-associated protein 2
(MRP2); phospholipids (PL); multidrug-resistance 1 (MDR1); multidrug-resistance 3 (MDR3);
breast cancer related protein (BCRP). This figure has been compiled from Trauner and Boyer,
2003; Alrefai and Gill, 2007.

1.4.2 Sinusoidal/basolateral/influx transporter
The sinusoidal bile acid transporter plays the first step in the delivery of bile acids into
the hepatocytes from blood stream (Meier, 1995; Klaassen and Aleksunes, 2010). These
bile acid transporters extract conjugated bile acids from the portal blood through hepatic
lobules and transport across the sinusoidal or basolateral membrane (Trauner and
Boyer, 2003; Meier, 1995) (Fig. 1.5). Bile acid collection from the blood stream
generally involves two major ways: (a) Na+-dependent and (b) Na+-independent influx
of bile acids into the hepatocytes (Kullak-ublick et al., 2004; Trauner and Boyer, 2003).
+

Na+-dependent bile acid transporter: Na taurocholate co-transporter (NTCP) is an
Na+-dependent bile acid transporter in hepatocytes. NTCP transports both conjugated
and unconjugated bile acids but it mainly transports conjugated bile acid taurocholic
acid (TC) with a Km ranging between 15-56 µM (Meier, 1995). This influx process is
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activated by Na+/K+ ATPase activity and Na+ inward gradient (Meier & Stieger, 2002;
Trauner and Boyer, 2003).
Na+-independent bile acid transporter: This transport process accounts for most of the
intake of unconjugated bile acids from blood stream (Meier, 1995). A wide range of
diverse amphipathic organic anions utilise this Na+-independent transport process
(Trauner and Boyer, 2003; Meier, 1995). Several members of the organic anion
transporting polypeptides super family of transporters (OATPs) are responsible for the
uptake of Na+-independent bile acids and organic anions into hepatocytes (Kullakublick et al., 2004; Trauner and Boyer, 2003; Meier, 1995). Intracellular HCO3- and
glutathione (GSH) are also exchanged along with organic anion by OATPs transporters
(Trauner and Boyer, 2003).

1.4.3 Canalicular/efflux transporter
The liver canalicular bile acid transporter is a significant part of the enterohepatic
circulation and acts as the rate limiting step in bile formation and hepatic excretion
(Trauner and Boyer, 2003). A large bile acid concentration gradient of 100-1000 fold
is needed to excrete bile acids into canaculi (Suchy & Ananthanarayanan, 2006). To
overcome this large concentration gradient, the canalicular transporters require ATP
hydrolysis (Trauner and Boyer, 2003; Suchy & Ananthanarayanan, 2006). The key
transporters that account for hepatic bile acid excretion involve Bile Salt Export Pump
(BSEP) and Multidrug Resistance Protein 2 (MRP2) (Fig. 1.5) (Trauner and Boyer,
2003; Suchy & Ananthanarayanan, 2006; Arrese & Ananthanarayanan, 2004; St-Pierre
et al., 2001). BSEP transports conjugated monovalent bile acids (Byrne et al., 2002;
Noé et al., 2002), while MRP2 transports divalent bile acids (Trauner and Boyer, 2003).

1.4.4 Regulation of hepatocyte bile acid transport
Since bile acid transporters play a significant role in physiological and
pathophysiological processes, it is important to understand the regulation of these bile
acid transporters at the molecular and cellular level (Alrefai et al., 2005). Regulation of
hepatic bile acid transport depends on the regulation of transporter activity, post
translational modification and regulation of synthesis. Regulation of synthesis is very
important to maintain bile flow in the hepatocytes (Boyer, 2003).
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1.4.5 Extracellular signals that regulate bile acid transporter synthesis
Bile acids are toxic to cells. Therefore, their blood concentrations are tightly regulated
(Weerachayaphorn et al., 2014; Alrefai and Gill, 2007). When bile acid levels are too
high, feedback inhibition in the liver reduces synthesis of bile acids (Kim et al., 2007;
Zollner et al., 2010). Bile acid synthesis is regulated through the activation of
extracellular signals (de Aguiar Vallim et al., 2013). Transcription factors such as FXR
(Alrefai et al., 2005; Boyer, 2003), sterols such as 25-hydroxycholesterol (Alrefai et
al., 2005), bile acid responsiveness of bile acid transporter genes (Neimark et al., 2004),
proinflammatory cytokines such as IL-1β and TNF (Chen et al., 2002), glucocorticoids
(GC) (Nowicki et al., 1997; Jung et al., 2004), 1α, 25 dihydroxyvitamin D (Chen et al.,
2006) regulate the synthesis of bile acid transporters.

1.4.6 Roles of transcription factors
A number of hepatic transcription factors are responsible for upregulating bile acid
transporter expression (Handschin and Meyer, 2003; Xu et al., 2005; Klaassen and Slitt,
2005). These transcription factors are NFE2-related factor 2 (Nrf2), hepatocyte nuclear
factors (HNF), farnesoid X receptor (FXR), aryl hydrocarbon receptor (AhR),
constitutive androstane receptor (CAR), pregnane X receptor (PXR), and peroxisome
proliferator activated receptor (PPAR). These transcription factors (except AhR)
function by forming heterodimers with retinoid X receptor α (RXRα) (Tab. 1.1) (Alrefai
and Gill, 2007).

Table 1.1: List of transcription factors that regulate mRNA and protein expression in
rodents and humans (Klaassen and Aleksunes, 2010).

Transcription
Factors

Sinusoidal
transporters

Canalicular
transporters

Rodent (In vivo) Human
vitro)
Nrf2

(In Rodent (In vivo)
Mrp1-4
Mdr1a/1b

Human
vitro)
MRP2-3
MDR1
BSEP
BCRP
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(In

HNF1α

Ntcp

OATP1B1
OATP1B3
OAT1
OAT3

HNF4α

Ntcp

OAT1
OAT2
OCT1

FXR

Ntcp

OATP1B3

Bsep

BSEP

Mrp2
Ostα/β
AhR

Oatp1a1

NTCP

BSEP

Oatp1a4

OATP1B1

MDR1

Oatp2b1

OATP1B3

Oatp3a1

OAT2
OCT1

CAR

PXR

PPARα

Oatp1a1

NTCP

Oatp1a4

OATP1B3

BSEP

OAT2

MDR1

OCT1

BCRP

Oatp1a4

Mrp2-6

MRP2-3

NTCP

Mrp3

MRP2-3

OATP1A2

Mdr1a/1b

BSEP

OAT2

Abca1

MDR1

OCT1

Abcg5/8

BCRP

Oatp1a1

Mrp3-4

Oatp1a6

Mdr1a/1b

Oatp2a1

Mdr2

Oatp4a1

Bcrp

Some studies have reported that the expression of bile acid transporters is altered in
hepatocellular carcinoma cells. Sinousoidal bile acid transporter expression (e.g.
OATP1B1) is decreased while canalicular bile acid transporter expression (e.g. MRP2)
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is increased in human hepatoceluar carcinoma (HCC) cells (Zollner et al., 2005;
Vavricka et al., 2004; Nies et al., 2001; Cui et al., 2003; Tsuboyama et al., 2010).
Thereby, alteration of bile acid transporter expression is an important issue for the
treatment of HCC patients.

1.5 Hepatocellular Carcinoma (HCC)

1.5.1 Incidence of hepatocellular carcinoma (HCC) in the population
Hepatocellular carcinoma (HCC, also called malignant hepatoma) is a diverse,
histologically distinct primary hepatic neoplasm (Kumar et al., 2014). HCC occupies
the fifth position in most common cancers diagnosed worldwide in terms of incidence
(626000 new cases per year, considering for 5.7% of all new cases) and the third leading
cause of death from cancer (El–Serag & Rudolph, 2007; Ashworth & Wu, 2014;
Germano and Daniele, 2014; Parkin et al., 2005).

1.5.2 The anatomical, histological and clinical features of HCC and stages of
progression
HCC usually forms soft masses with a heterogeneous macroscopic shape, polychrome
with foci of hemorrhage or necrosis (Wanless, 1995). HCC (nodule) can be single or
multiple in size ranging from 1.0 to 30 cm. According to the size and number of the
tumor, three main patterns are described: (i) the nodular and expanding pattern, (ii) the
infiltrative or massive pattern, and (iii) the less frequent diffusion pattern (Okuda et al.,
1984).
It has been suggested by the World Health Organization (WHO) that HCC might be
categorised into histological types based on the tumor cell structural organisation: (i)
trabecular or sinusoidal type; (ii) pseudoglandular or acinar type; and (iii) compact or
scirrhous sclerosing agent type (Paradis, 2013). According to the degree of tumor cell
differentiation, it could also be graded by well, moderately, and poorly differentiated
HCC (Fig. 1.6) (Farazi and DePinho, 2006). The UICC (International Union against
Cancer) classification is another clinically used staging method. This method is based
on tumor number, size, vascular invasion and metastasis. Before a treatment strategy is
planned, it is important to account the severity of liver disease. Child Pugh scoring is
used to determine the severity of liver disease on the basis of serum albumin, bilirubin,
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prothrombin time, ascites, and encephalopathy (Farazi and DePinho, 2006; Paradis,
2013).

Figure 1.6: Histopathological progression and molecular features of HCC. There is
necrosis followed by hepatocyte proliferation after hepatic injury mediated by any one of
several factors (hepatitis B virus (HBV), hepatitis C virus (HCV), alcohol and aflatoxin B1).
Cirrhosis is distinguished by abnormal liver nodule formation enclosed by collagen deposition
and scarring of the liver. Subsequently, hyperplastic nodules are observed, followed by
dysplastic nodules and ultimately HCC, which can be further classified into well, moderately
and poorly differentiated tumours. This picture has been taken from Farazi and DePinho, 2006.

1.5.3 Hepatocarcinogenesis
Initiation
Hepatocarcinogenesis is a complex multistep process involving a number of genetic
and epigenetic alterations (Chuma et al., 2015(Pitot, PERAiNO, Morse Jr, & Potter,
1964; Tillitt et al., 1991), Farazi and Depinho, 2006). The most prominent aetiological
factors associated with HCC development involve hepatitis B and C viral infection,
chronic alcohol consumption, aflatoxin-B1 contaminated food and all cirrhosis
inducing conditions (Farazi and Depinho, 2006; Farazi et al., 2003; Thorgeirsson and
Grishma, 2002) (Fig. 1.7).

Progression
There are various genetic events involved in the progression of HCC, which are the
alteration of the tumor suppressor p53, overexpression of various ErbB receptor family
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members, mutations in β-catenin and overexpression of the MET receptor (Fig. 1.7)
(Minouchi et al., 2002; Nose et al., 1993; Nishida et al., 1993; Hosono et al., 1993;
Ishizaki et al., 2004; Edamoto et al., 2003; Ito et al., 2001; Höpfner et al., 2004; Daveau
et al., 2003; Sakata et al., 1996). Moreover, different cancer relevant genes may be
targeted for the aberrant DNA methylation on the epigenetic level in human HCC
(Thorgeirsson & Grisham, 2002; Kanai et al., 2000; 1999; 1996; Jian et al., 2003). ROS
may induce the epigenetic changes in hepatocellular carcinoma (HCC) (Lim et al.,
2008).

Under normal physiological conditions, ROS are produced as a byproduct of normal
respiration (Cedar, 1988). At low levels, ROS have many physiological functions
including modulation of activities of redox-sensitive transcription factors, activation
and modulation of signal transduction pathways and regulation of mitochondrial
enzyme activities (Jones and Baylin, 2007; Esteller, 2002). ROS are toxic when their
levels are high. Excessive ROS are produced when cells are exposed to different insults
e.g. inflammation, injury, host-viral interactions, viral integration (McClain et al., 2002;
Campbell et al., 2005; Osna et al., 2005; Marrogi et al., 2001; Lim et al., 2008; Oberly,
2002). Overproduction of ROS promotes tumor progression by DNA damage and
altering cellular signaling pathways (Fig. 1.7) (Lim et al., 2008; Liu et al., 2005). It was
recently reported that ROS are involved in tumor metastasis by epithelial-tomesenchymal transitions, migrations, invasion, and angiogenesis (Batlle et al., 2000).
ROS also regulate mitogen activated protein kinase (MAPK), expression of matrix
metalloproteinases (MMPs), and Ras pathway activation and downregulates E-cadherin
expression by hypermethylation of promoter region in HCC cells (Szpaderska et al.,
2001; Giannelli et al., 2005; Mori et al., 2004). This decreased E-cadherin expression
is directly correlated with metastasis, epithelial-to-mesenchymal transitions and poor
prognosis in HCC (Endo et al., 2000; Anthony, 2001). Thus, ROS play an important
role in progression of hepatocarcinogenesis.
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Figure 1.7: Proposed mechanisms of hepatocarcinogenesis. The proposed mechanisms of
hepatocarcinogenesis for the various aetiological factors are shown. This figure has been
compiled from Farazi and Depinho, 2006; Thorgeirsson & Grisham, 2002.

1.5.4 Treatments for hepatocellular carcinoma (HCC)
Treatment options for HCC and prognosis are dependent on many factors including the
size, number, and distribution of tumors, the status of distant metastases, the
relationship of the tumor to hepatic vasculature, the severity of liver disease (ChildPugh score), the functional status of the patient, the suitability of the patient for liver
transplantation and local expertise (Bruix & Sherman, 2011; Paradis, 2013). The
following options are available for the treatment of HCC patients: (i) surgical resection,
(ii) liver transplantation, (iii) cryosurgery, (iv) hepatic artery chemoembolization, (v)
percutaneous ethanol, (vi) radiofrequency ablation (surgical and percutaneous), and
(vii) cisplatin gel injection, (viii) chemotherapy and (ix) radiotherapy (Bruix &
Sherman, 2011; Germano and Daniele, 2014; Ueda et al., 1994).

Surgery is the best practiced option for noncirrhotic patients with hepatocellular
carcinoma and for cirrhotic patients with fresh synthetic functions (Teoh, 2011; Bahde
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& Spiegel, 2010; Toso et al., 2010; Kist et al., 2012). The liver has the ability to
regenerate if a fraction of it is discarded. Up to 75% of the liver can be removed from
a healthy liver, and the rest part can redevelop its normal size within six months
(Häussinger, 2011). However, the capacity to regenerate cirrhotic liver is limited
(Sherman et al., 2012). Unfortunately, all patients are not eligible for liver resection;
only 20% of patients are potentially resectable (Ang et al., 2015).

1.5.5 Problems associated with treatment options
As mentioned previously in terms of overall survival and recurrence rate, liver resection
or transplantation is the most efficient therapeutic practice for patients with liver
cirrhosis and early stage hepatocellular carcinoma (HCC) (Sherman et al., 2012).
Moreover, tumor recurrence or HCC is a major concern for long-term survival after
curative transplantation or resection of HCC (Castroagudin et al., 2011; Toso et al.,
2010; Ferreiro et al., 2014; Ashworth and Wu, 2014). Usually, tumor recurrence
happens in 4-21% of recipients and HCC recurrence rate is 9.6% (Castroagudin et al.,
2011). For improving prognosis, it is important to prevent the recurrence of tumor and
HCC after transplantation or resection, but at this moment there is no standard therapy
for preventing tumor regrowth or HCC recurrence (Kaibori et al., 2014; Ferreiro et al.,
2014).

Although recurrence of HCC is unavoidable, some strategies may be applied to reduce
its rate and impact (Castroagudin et al., 2011). Modulation or minimisation of
immunosuppressive therapy may influence tumor progression, reducing the negative
impact of recurrence on post-transplant survival. Rapamycin is an alternative
immunosuppressive agent as rapamycin can inhibit angiogenesis and proliferation of
neoplastic cells, resulting inhibition of tumor regrowth (Cholongitas et al., 2014;
Neuhaus et al., 2001). The impact of rapamycin on liver and HCC will be discussed
later in details.

Ischemia reperfusion injury is the common side effect associated with liver resection or
transplantation for the treatment of HCC, metastatic cancer and advanced liver diseases
during liver surgery. The effect of ischemia reperfusion injury is described in detail
below.
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1.6 The problems of liver surgery ischemia reperfusion injury

1.6.1 Overview of ischemia reperfusion injury
Ischemia and reperfusion injury exhibits a complex series of events that result in
cellular and tissue injury during surgery and transplantation of organ (Quesnelle et al.,
2015; Kageyama et al., 2015; Teoh, 2011; Jin et al. 2010). Liver surgery usually
requires clamping of blood vessels and cessation of blood flow. After blood flow is
resumed, damage to the liver (called ischemia reperfusion injury) ensues. Release of
ROS, cytokines and up regulation of adhesion molecules with consequent cellular and
organ dysfunction (Vardanian et al. 2008; Hoekstra et al., 2008) occurs during ischemia
reperfusion injury. Toledo-Pereyra and his associates first recognised this form of
injury in 1975 (Toledo-Pereyra et al., 1975).

1.6.2 Classification and characteristics of ischemia reperfusion injury
There are three forms of ischemia identified in hepatic ischemia reperfusion injury
during liver resection and transplantation-cold, warm, and rewarming ischemia
reperfusion injury (Teoh et al. 2011, Selzner et al. 2003). Nonparenchymal cells,
particularly the sinusoidal endothelial cells (SEC), are damaged in the cold ischemic
injury while hepatocytes are mainly damaged in the warm ischemic injury, continued
by massive death of liver cells (Selzner et al., 2003; Glantzounis et al., 2005; MassipSalcedo et al., 2007). Thus, generation of different types of ROS following cellular
damage is the long implication in reperfusion injury in liver surgery (Fig 1.9)
(Glantzounis et al., 2005; de & Rauen, 2007; Czaja, 2002; Kohli et al., 1999). It is
noteworthy that both necrosis (Bradford et al., 1986; Currin et al., 1991; Gujral et al.,
2001; Jaeschke & Lemasters, 2003) and apoptosis (Kohli et al., 1999; Sasaki et al.,
1996; Gao et al., 1998) play major roles mediating the cell damage in ischemia
reperfusion injury in liver surgery.

1.6.3 Mechanism of ischemia reperfusion injury
The pathophysiology of ischemia reperfusion injury is complex involving various
biochemical pathways, some of which have not yet been fully explored (Glantzounis et
al., 2005; Husted et al, 2006; Selzner et al., 2003; Massip-Salcedo et al., 2007). There
are two distinct phases identified that are responsible for this special damage: the early
(initial) phase (0-2 hours after reperfusion) and the late phase (6-48 hours after
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reperfusion) (Fig. 1.8) (Teoh, 2011; Diesen & Kuo, 2011). The early phase is associated
with activation of Kupffer cells by complement enhancement (Teoh, 2011), CD4+, Tlymphocytes, and slow recommencement of normal blood flow species (Fig. 1.8)
(Jaeschke & Farhood, 1991). Activation of Kupffer cells subsequently generate a high
level of ROS; reactive nitrogen species (RNS) and tumour necrosis factor alpha (TNFα), interleukin-1 (IL-1) and other pro-inflammatory cytokines (Jaeschke & Farhood,
1991; Tsukamoto, 2002, Glantzounis et al. 2005) (Fig. 1.8). ROS and cytokines exhibit
a direct deleterious effect on the hepatocytes and the endothelial cells, including
abnormal Ca2+ entry and Ca2+ uptake by mitochondria, suppression of the transcellular
movement of bile acids and inhibition of the discharge of bile fluid to the bile
canaliculus. It is presumed that these early occurrences most likely exhibit a critical
function in determining the following short and long term patterns of hepatocyte
damage (Selzner et al., 2003; Glantzounis et al., 2005; Husted et al, 2006;
Nieuwenhuijs et al., 2006). Cytokines mediate neutrophil activation and growth in the
late phase, adding to the release of more ROS and proteases, causing damage to
hepatocytes (Teoh, 2011; Massip-Salcedo et al., 2007; Jaeschke & Farhood, 1991).
Neutrophils are the key cells in the late phase of ischemia reperfusion injury (Tapuria
et al. 2008). Damage to hepatocytes in the late phase of ischemia reperfusion injury is
more severe compared with that in the early phase of ischemia reperfusion injury (De
Groot & Rauen, 2007).

Liver injury due to ischemia reperfusion is induced when the organ is rapidly depleted
of oxygen and then reoxygenated, resulting in insufficient oxygen supply to the cell. As
a result, there is a reduction of adenosine triphosphate (ATP) synthesis (GonzalezFlecha et al. 1993). The membrane potential is disrupted by reduction of ATPdependent sodium (Na+) /potassium (K+) ATPase activity, ensuing in total sodium
influx, creating cell swelling and cell death (Blum et al. 1991). Anaerobic glycolysis
and lysosomal leakage of H+ generate low intracellular pH in this milieu (Xia et al.,
1996; Teoh & Farrell, 2003; Woolf, 1998) which subsequently develops metabolic
acidosis functions as a protective measure against necrotic cell death of hepatocytes.
Revival of normal pH on reperfusion stimulates cell injury and enhances cell death. In
addition to these described steps, reperfusion of hypoxic liver tissue can stimulate an
inflammatory response wherein various intracellular signal pathways are involved
(Teoh & Farrell, 2003).
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Figure 1.8: Mechanisms involved in the pathophysiology of ischemia reperfusion injury.
In the early phase of ischemic injury, hepatocytes produce small amounts of ROS that activate
neutrophils. Hepatocellular ROS also mediate to release HMGB1, a damage-associated
molecular pathogen that stimulates Kupffer cells associated with CD4+T cells. Stimulated
Kupffer cells and neutrophils generate toxic levels of ROS, such as hydrogen peroxide and
hyperchlorous acid to induce necrotic pathways. EC, endothelial cell; ROS, reactive oxygen
species; HMGB1, high mobility group box 1. This figure has been compiled from Selzner et
al., 2003, Kaibori et al., 2015.

1.6.4 Bile flow as an important marker of ischemia reperfusion injury in liver
Impaired bile flow indicates the functional capacity of the liver and is considered to be
a reliable indicator of hepatic ischemia reperfusion injury (Sumimoto et al., 1988;
Accatino et al., 2003; Bowerd et al., 1987). Bile flow enables a useful monitoring of
early stages of ischemia reperfusion damage (Selzner et al., 2003) while apoptosis and
liver enzymes cause huge cellular damage. Ischemia reperfusion injury is associated
with an unexpected and usually temporary decrease in bile secretion. Accatino and coworkers have demonstrated in a partial (70%) liver ischemic model that bile flow is
provisionally decreased for 24 hr after 30 min of warm ischemia (Accatino et al., 2003).
These variations in bile flow are linked to increased serum alanine and aspartate
aminotransferase activities, induced liver myeloperoxidase activity, thereby, increased
serum bile salt concentrations. All changes are reversible within one to three days
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(Selzner et al., 2003). The exact mechanisms behind the ischemia reperfusion injury
induced inhibition in bile flow are not fully understood.

1.6.5 Strategies to reduce ischemia reperfusion injury
Generation of ROS and oxidative stress play a key role to provoke hepatic ischemia
reperfusion injury and associated problems. For successful targeting of ROS, it is
essential to account for the sources of ROS formation, in what specific location, at what
time in pathogenesis and how much oxidative stress is produced (Jaeschke and
Woolbright, 2012). Ischemia reperfusion injury on the basis of ROS generation can be
categorised into three distinct ways: (i) surgical interventions or preconditioning, (ii)
use of pharmacological agents, and (iii) gene therapy (Jaeschke and Woolbright, 2012;
Selzner et al., 2003).

Surgical intervention/preconditioning
The most common clinical approach to reducing ischemia reperfusion injury is
ischemic preconditioning. The liver is pre-exposed to a brief period of ischemia
followed by reperfusion (Nieuwenhuijs et al., 2007; Kageyama et al., 2015; Selzner et
al., 2003). These methods have been shown to reduce inflammatory response and
oxidative stress. Induction of antioxidant enzymes (e.g. HO-1) is one of the popular
mechanisms involved in preconditioning therapies (Kageyama et al., 2015; Jaeschke
and Woolbright, 2012). Although current progresses in surgical practices that permit
liver resection to be executed without portal triad clamping and following substantial
blood loss, might still provide ischemic preconditioning or intermittent clamping
outmoded in the future (Kageyama et al., 2015; Rahbari et al., 2008; Belghiti et al.,
1999; Desai et al., 2008).

Use of pharmacological agents
Current pharmacological strategies include antioxidants, adenosine agonists and nitric
oxide donors, inhibitors of intracellular proteases, matric metalloprotease inhibitors,
prostaglandins, and inhibitors of TNF-α action have been employed with some clinical
benefits. Current studies emphasise the induction of antioxidants (e.g. HO-1; Prx-1) to
protect or neutralise oxidative stress (Wang et al., 2014; Kageyama et al., 2015; Selzner
et al., 2003; Kist et al., 2012). This preconditioning technique impedes different
pathways that direct to cell death and thus, prevents the liver from function loss. Many
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drugs have been examined to reduce ischemia reperfusion injury in experimental
paradigms (Selzner et al, 2003; Nieuwenhuijs et al., 2006; Gems & Partridge, 2008)
but none have yet demonstrated evidence of clinical benefit (Selzner et al, 2003;
Theodoraki et al., 2011; Gurusamy et al., 2010). In many cases, the mechanism of
action has not been explored and the specificity of the pharmacological agent is too
broad, thereby producing deleterious systemic side effects (Clavien et. al. 2004).
However, a small number of pharmacological agents are currently nearing clinical
application (Jaeschke and Woolbright, 2012; Selzner et al, 2003).

Gene therapy
Finally, gene therapy emerges to present a new elegant option to alleviate protective
mechanisms (Selzner et al, 2003; Jaeschke and Woolbright, 2012). Pretreatment of
donor with adenoviral vectors carrying the antioxidant gene (e.g. heme oxygenase 1) is
a promising approach in this method which can significantly recover several parameters
after warm ischemia and liver transplantation (Selzner et al, 2003). Treatment of a
healthy donor with adenoviral vectors with its possible negative side effects is presently
morally unacceptable. While experimental verification exhibits the effectiveness of
gene therapy, there are still several ethical considerations to be conquered (Selzner et
al, 2003; Glantzounis et al., 2005; Li et al., 2007). However, beneficial effects of gene
transfer have been reported, notably improved graft survival in a rat ischemia
reperfusion model (Coito et al., 2002).

Induction of antioxidant enzymes (e.g. HO-1; Prx-1) by pharmacological agents to
restore redox balance in HCC patient is a potential strategy in clinical practice (Wang
et al., 2014; Kageyama et al., 2015; Selzner et al., 2003).

1.6.6 The induction of antioxidant enzymes as a strategy to reduce ischemia
reperfusion injury
The major antioxidant enzymes are heme oxygenase 1 (HO-1), glutathione reductase
and peroxidise, peroxiredoxins, catalase, and the superoxide dismutases. HO-1 and Prx1 are induced by various conditions such as hypoxia (Murphy et al., 1991; Bonkovsky
et al., 1986; Selzner et al., 2003), hyperthermia (Raju and Maines, 1994) and ischemia
reperfusion injury (Selzner et al., 2003; Kist et al., 2012; Wilson et al., 2011; Jaeschke
and Woolbright, 2012) in a variety of organs (Kageyama et al., 2015). Several studies
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showed that induction of HO-1 is essential to reduce the inflammation and preventing
cell death or apoptosis (Wang et al., 2014) in hepatic ischemia reperfusion injury and
liver transplantation (Kageyama et al., 2015; Kobayashi et al., 2005; Kato et al., 2001).
Many known pharmacological agents and inducers such as rapamycin, simvastatin,
everolimus, chromium mesoporphyrin, ZnPP, CoPP, SnPP, hemin can induce HO-1
expression in various organs (kidney, heart, limb and lung) during ischemia reperfusion
injury in different experimental models (Feitoza et al., 2007; Lai et al., 2008; Nie et al.,
2002; Jaeschke and Woolbright, 2012) but inducers such as cobalt protoporphyrin
(CoPP) and hemin are toxic to humans (Wang et al., 2011). Also, studies indicate that
the protection by upregulation of HO-1 expression might be limited to a narrow
threshold and that excessive overexpression is directly related to increased injury (Yun
et al., 2010; Suttner and Dennery, 1999; Suttner et al., 1999; Eipel et al., 2007).
Moreover, research has shown that HO-1 is often overexpressed in human HCC and
that experimental down regulation reduced orthotopic tumor growth in mouse liver
(Saas et al., 2008). This may possibly challenge the significant benefits of patients with
HCC could undergo for surgical interventions. However, beneficial effects of HO-1
upregulation on histological injury and inflammatory biochemical markers in ischemia
reperfusion and on graft longitivity in human liver transplantation have been observed
repetitively (Kato et al., 2001; Wang et al., 2001; Amersi et al., 1999; Geuken et al.,
2005; De Rougemont et al., 2009). Therefore, if pharmacological novel compounds can
be identified that induce HO-1 and are non-toxic to humans, this might offer a novel
strategy to attenuate ischemia reperfusion injury. Rapamycin, also known as sirolimus,
is an accepted drug that is capable of inducing HO-1 expression in kidney, lung and
liver (Zhou et al., 2006; Visner et al., 2003). The effect and mechanism of rapamycin
action on liver will be discussed later.

Gene therapy approach has been used for the induction of HO-1 in Zucker rats (Amersi
et al., 1999; Coito et al., 2002). Research has shown that pre-treatment of donor rats
with adenoviral vectors carrying the HO-1 gene are able to potentially progress a
number of parameter after warm ischemia and orthotopic liver transplantation
(Jaeschke and Woolbright, 2012). By this treatment edema, necrosis and macrophage
infiltration are decreased significantly whereas survival rate of recipient is increased
from 40% to 80%. In addition, proteins with antiapoptotic activities (e.g., Bag-1 and
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Bcl-2) are increased whereas inducible nitric oxide synthetase is reduced (Coito et al.,
2002) but the mechanism involved is still unclear.

Reaction catalyzed by Heme Oxygenase-1
HO-1, known as heat shock protein 32, is encoded by the Hmox 1 gene exhibiting
endogenous catalyzing enzyme (Goncalves et al., 2006). It is responsible for the rate limiting step in the oxidative detoxification of excess heme, by cleaving the α-methane
bridge into equimolar amounts of free iron, biliverdin and carbon monoxide (CO) (Fig.
1.9) (Maines, 1997) which are being released in large amounts from hemoproteins
during liver surgery. The released CO interacts with hemoglobin forming
carboxyhemoglobin, inhibiting its oxidation to methemoglobin and, resulting in release
of free heme moieties (Richards et al., 2010). Biliverdin catalyses guanylyl cyclase by
CO, has vasodilation effects, preventing platelet accumulation and regulates bile flow
(Lai et al. 2008, Zeng et al. 2010). Biliverdin is again catalysed to bilirubin, which also
acts as a strong antioxidant. Soares et al. reported that discharge of free Fe2+ radicals in
the cell are directed to increase cellular extrusion of Fe2+ by HO-1, thereby, protecting
liver by preventing ROS production (Soars et al., 2009, Richards et al., 2010; Yun et
al., 2010; Ferris et al., 1999).

Figure 1.9: Catalytic activity of HO-1. Heme is cleaved by HO-1 and produces equimolar
concentrations of biliverdin, Fe2+ and CO. This figure has been taken from Yoshida and Migita.,
2000.

The promising roles of HO-1 in ischemic tissue comprise protection against oxidative
stress, repair of damaged proteins, repression of pro-inflammatory cytokines, and repair
of the ion channel (Morimoto & Santoro, 1998; Chi & Karliner, 2004). However, in
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spite of these benefits of heat shock preconditioning, its application in the clinical
setting is limited.

Reaction catalyzed by Peroxiredoxin-1
Peroxiredoxin 1 (Prx-1) is an intracellular antioxidant protein belonging to the
peroxiredoxin family that is abundantly expressed in liver cells (Immenschuh et al.,
2003; Bae et al., 2011). It acts along with HO-1 in reducing oxidative stress and is a
regulator of signal transduction (Wen and Van Etten 1997; Kang et al., 1998; Rhee et
al., 2005; Chang et al., 2002; Immenschuh et al., 2003). Each peroxiredoxin reduces
H2O2, and other peroxides, by using thioredoxin which is essential for reducing
equivalent (Cesaratto et al., 2005; Kang et al., 2005). Cys52 and Cys173 are the two active
sites of cysteine residues. Cys52 activates the catalytic mechanism of Prx-1 action as a
peroxidatic cysteine and Cys173 acts as a resolving cysteine (Aran et al., 2009). Cys52 is
catalyzed and formed first to sulfinic acid (-SO2H) then converted to sulfonic acid (SO3H) that is oxidized to form inactive over-(hyper)-oxidized Prx1 in presence of ROS
(Wilson et al., 2011; Yang et al., 2002). Reactivation of this hyperoxidized complex is
reversible by the activity of enzyme sulfiredoxin (Srx) (Bae et al., 2011), thus
preserving the catalytic activity of Prx1 (Soriano et al., 2009). On the other hand,
sulfonic oxidation is irreversible (Soriano et al., 2009; Lim et al., 2008). In addition,
some reports also demonstrated that oxidized Prx1 and its multimers are chaperone
proteins, and defend cells from stress-induced damage (Kang et al., 2005; Lim et al.,
2008). Overoxidation of Cys175 in rapeseed Prx1 is essential for the integration of a
phosphoryl group from ATP to develop sulfinic-phosphoryl [Prx-(Cys175)-SO2PO32-]
and the sulfonic-phosphoryl [Prx-(Cys175)-SO2PO32-] anhydrides (Aran et al., 2008;
Wilson et al., 2011).

Prx-1 has multifunctional antioxidant properties that exhibit peroxidase enzyme
activity (Wilson et al., 2011; Bae et al., 2011; Kang et al., 1998). Thus, Prx-1 similar
to other antioxidant enzymes may contribute in the cellular defence mechanisms against
oxidative stress (Wilson et al., 2011; Oberley 2002; Shen and Nathan 2002). The
antioxidant property of Prx-1 is evidenced by its high binding affinity with the prooxidant heme (Kang et al., 2005). Since non-protein bound heme generates free radicals
(Katori et al., 2002), Prx-1 is required to exert the pro-oxidant function of heme by noncovalent binding (Vincent 1989; Immenschuh et al., 2003). Thus, the structure of the
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Prx1-heme complex is thought to be an element of the defensive mechanism involving
Prx-1. However, Prx-1 serves as a transporter of heme for intracellular transportation
(Muller-Eberhard and Nikkila 1989; Boyer and Olsen 1991). This hypothesis is also
nourished by the localisation of Prx-1 in mitochondria and peroxisomes which restrain
considerable amounts of cytochromes and catalase, two hemoproteins (Immenschuh et
al., 2003). Furthermore, Prx1 can control signal transduction pathways and alter cell
proliferation and differentiation (Jin et al., 1997; Wen and Van Etten, 1997; Kang et
al., 1998; Seo et al., 2000; Chang et al., 2002). Thus, Prx-1 provides an important role
for preventing cellular damage during ischemia reperfusion injury. Pharmacologicallyinduced increases in Prx-1 expression have been shown to protect liver from ischemia
reperfusion injury (Wilson et al., 2011; Kist et al., 2012), indicating that prê-treatment
with lead compounds which induce Prx-1 is a viable strategy for reduction of liver
ischemia reperfusion injury.

Regulation HO-1 and Prx-1 expression
Antioxidant genes (HO-1 and Prx-1) and gene products are highly protective against
ischemia reperfusion injury. These genes involve scavenging ROS either indirectly or
directly. (Jaeschke and Woolbright, 2012). These genes are regulated by the
transcription factor nuclear factor-erythroid 2 p45-related factor 2 (Nrf2)-Kelch-likeECH-associated protein 1 (Keap1) pathway (Klaassen and Reisman, 2010; Kensler et
al., 2007). Oxidative stress or hypoxia can activate Nrf2 by dissociating Keap1 and
Nrf2 translocation to the nucleus resulting gene expression (Jaeschke and Woolbright,
2012; Baird and Dinkova-Kostova, 2011).

1.7 Rapamycin in the treatment of liver surgical and HCC patients
Rapamycin, also known as sirolimus, is a macrolide isolated from a fungal strain
Streptomyces hygroscopicus, found in the soil of Rapa Nuli in 1969 (Vezina et al.,
1975). Rapamycin was intially developed for its antifungal properties but later it has
been used as anticancer drug for its immunosuppressive and antiproliferative properties
(Martel et al., 1977; Calne et al., 1989). In 1999. Rapamycin was approved as an
immunosuppressive drug (Trotter, 2003; Zhang et al., 2007).
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Figure 1.10: Structure of rapamycin.

1.7.1 Rapamycin as an immunosuppressant in liver transplant patients
Rapamycin is presently employed as a potential immunosuppressant in patients with
HCC or metastatic cancer treated by liver resection or transplantation (van Veelen et
al., 2011; Shirouzu et al., 2009; Ashworth and Wu, 2014; Cholongitas et al., 2014).
The efficiency of rapamycin as an immunosuppressant agent in liver transplantation is
alike to that of the commonly used calcineurin inhibitors (e.g. cyclosporin A and
tacrolimus) (Trotter, 2003; Cholongitas et al., 2014). Pre- and post-treatment with
rapamycin can attenuate hepatic ischemia reperfusion injury in rats (Esposito et al.,
2010; Liu et al., 2010). It has been reported that rapamycin can also attenuate graft
injury in a cirrhotic liver transplantation in rat liver (Man et al., 2006). Rapamycin
inhibits cell cycle progression of T and B cells by inhibiting mTOR. This mechanism
also plays a role in non-immune cells such as fibroblast, endothelial cells, hepatocytes
and smooth muscle cells (Neuhaus et al., 2001; Semela et al., 2007; Mehrabi et al.,
2006). Treatment with rapamycin can also reduce hepatic stellate cell proliferation and
limit liver fibrosis (Zhu et al., 1999). Therefore, it is beneficial to use rapamycin in the
liver transplant settings (Neef et al., 2006). There are a small number of surgical
impediments associated and an advanced recurrence free survival rate over 5 years
(Monaco, 2009; Geissier & Schlitt, 2009; Vivarelli et al., 2010; Schnitzbauer et al.,
2010). Thereby, rapamycin is of particular growing interest as an immunosuppressant
for patients undergoing liver resection or transplantation for treatment of HCC.
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Nevertheless, a uniform immunosuppression regimen of post-transplantation settings
has not yet been determined.

1.7.2 Rapamycin as an anticancer drug to treat HCC patients
Rapamycin inhibits cell proliferation and can effectively reduce the development of
cancer or tumor cells and angiogenesis (Yuan et al., 2009; Shirouzu et al., 2010; Heuer
et al., 2009). The anticancer property of rapamycin has been shown in clinical trials for
the treatment of different cancers (Toso et al., 2010; Shirouzu et al., 2010; Deng et al.,
2015).

Several studies provide evidence that rapamycin is well tolerated in HCC patients and
has unique anticancer properties (Shirouzu et al., 2010; Toso et al., 2010). At this
moment, rapamycin is used as an aid for HCC, cholangiocarcinoma and neuroendocrine
tumors metastases (Mártinez et al., 2010). Rapamycin treatment is also effective to
reduce cell motility in breast rhabdomyosarcoma, prostate and cervical adenocarcinoma
(Liu et al., 2006). Currently, rapamycin as a chemotherapeutic agent in advanced HCC
is at an early stage of clinical development (Germano and Daniele, 2014).

Tumor regrowth is a common recurrence following liver surgery for the treatment of
HCC patients (Shah et al., 2007; Toso et al., 2010). At present, a principal objective of
research is the impact of immunosuppressive drugs upon tumor recurrence (Heuer et
al., 2009). The patients who underwent liver resection or transplantation and received
rapamycin had lower recurrence rate of HCC or tumor compared to other currently used
immunosuppressive drugs (Germano and Daniele, 2014; Toso et al., 2010).

1.7.3 Associated problems of rapamycin using
The major side effects associated with rapamycin usage are cytopenia, dislypidemia,
anemia, hyperlipidemia, leukopenia, thrombocytopenia, induction in hepatic artery
thrombosis and impaired wound healing, although incident is dose and related to length
of drug treatment (Trotter, 2003; Weinreich et al., 2011; Mehrabi et al., 2006; Everson,
2006; Shenoy et al., 2007; Alamo et al., 2009; Arias-Diaz et al., 2009; Shen et al.,
2009). Less nephrotoxicity has been shown in patients treated with rapamycin
compared to calcineurin inhibitors (Trotter, 2003; Chang et al., 2000; Esposito et al.,
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2011) but this effect is not evidently established, since other investigations are reported
that there is no difference (Campbell et al., 2007).

Several studies have identified side effects of rapamycin in liver transplantation
(Antolin et al., 2011; Trotter, 2003). Thus, the optimal role of rapamycin as
immunosuppressant has not yet been established, and it remains a matter of ongoing
clinical trials.

1.7.4 Effects of rapamycin on HO-1 and Prx-1 expression
Rapamycin can increase HO-1 expression in different organs (Goncalves et al., 2006;
Kist et al., 2012; Esposito et al., 2010; Visner et al., 2002). As discussed above, HO-1
and Prx-1 are anti-oxidants and can protect liver from oxidative stress-induced liver
damage during ischemia reperfusion. Moreover, HO-1 expression can enlarge
intracellular cytoprotective mechanisms against different types of insults involving
innate and acquired immunity (Wang et al., 2014; Glanemann et al., 2005). Therefore,
it has been suggested that induction of HO-1 and Prx-1 expression by rapamycin would
be beneficial for liver during ischemia reperfusion injury which as shown in Fig 1.11.
Moreover, rapamycin is already in clinical use as an immunosuppressant for the
treatment of HCC patient or post-transplantation settings (Kaibori et al., 2015; Toso et
al., 2010; Deng et al., 2015). However, it is not clear whether rapamycin can increase
HO-1 and Prx-1 expression in HCC cells. Pre-treatment with rapamycin for 24 hours
in vivo had only a little effect on HO-1 mRNA expression (Kist et al., 2012). However,
the effect of rapamycin on HO-1 and Prx-1 expression in liver following ischemia
reperfusion injury remains unclear. The optimal dose of rapamyin to induce HO-1 and
Prx-1 expression for the treatment of HCC patients is also not well established.
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Figure 1.11: Proposed signaling pathway of protection liver from ROS induced damage
by rapamycin. Rapamycin can induce HO-1 and Prx-1 expression resulting reduced ROS
production. This reduced ROS can inactivate kupffer and neutrophil cells which lead to reduce
ROS and cytokine induced necrosis and apoptosis. This figure has been compiled from Kaibori
et al., 2015; Selzner et al., 2003.

1.7.5 Effects of rapamycin on bile flow
It has been reported that pre-treatment with rapamycin caused a little increase in HO-1
expression but inhibited a decrease in 20% of basal bile flow and a decrease in 50% of
bile flow recovery after ischemia (Kist et al., 2012). As clarified above, bile is produced
by secretion of bile acids and other bile essentials from hepatocytes and cholangiocytes,
supported by various bile acid transporters (Arrese & Trauner, 2003; Boyer, 2003).
There is no direct evidence regarding the mechanism of reduced bile flow by
rapamycin. However, different mechanisms by which rapamycin might inhibit bile flow
indirectly can be recognised where bile acid transporters involve. These likely
mechanisms are described below:

Rapamycin may decrease bile acid synthesis
It has been reported that rapamycin is a competitive inhibitor of CYP27A1 activity
(Gueguen et al., 2007), a mitochondrial cytochrome P450 enzyme, which is expressed
in the liver and in many extra hepatic tissues (Rennert et al., 1990; Bjorkhem et al.,
1994). However, CYP27A1 is regulated by two other enzymes, Cyp7a1 and Cyp8b1,
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key enzymes involved in bile acid synthesis. It is unknown whether rapamycin inhibits
Cyp7a1 and Cyp8b1, however taurine & glycine conjugated bile acids are produced by
the regulation of these two enzymes (de Aguiar Vallim et al., 2013; Bodman et al.,
2013).

Rapamycin may decrease cholangiocyte function
Blocking of STAT3 by rapamycin was associated with impaired cholangiocyte
regeneration in cold ischemia reperfusion (Chen et al., 2010). An in vivo study in pigs
supports the hypothesis that rapamycin impairs cholangiocyte regeneration (Kahn et
al., 2005). Perhaps this mechanism provides an explanation as to why decreased bile
flow was found in recovery by rapamycin after ischemia reperfusion injury and not in
baseline bile flow. Inhibition of STAT3 by rapamycin might outbalance its induction
by ROS, hereby aggravating cholangiocyte dysfunction during ischemia reperfusion.

Rapamycin induces expression of antioxidant HO-1 and Prx-1 and this in turn may
inhibit bile acid transporter
Nrf2 is a key regulator of the expression of antioxidant enzymes (HO-1 and prx-1) and
several bile acid transporters (Weerachayaphorn et al., 2009; 2012; 2014; Zollner et al.,
2010). Rapamycin may activate the same pathway to express these antioxidant enzymes
and bile acid transporters; hence, it is hypothesised that Nrf2 activation by rapamycin
changes bile acid transporter expression, and thereby, bile flow.

Inhibition of bile flow is not due to a direct effect of rapamycin on bile acid transporters
Intracellular accumulation of bile salts can lead to reduced bile flow, hepatocyte
apoptosis and progressive liver damage, regulatory mechanisms that can co-ordinate
the expression of genes encoding bile acid transport proteins and enzymes
(Weerachayaphorn et al., 2014; Chawla et al., 2001).

Rapamycin may change bile composition
Rapamycin may predispose to reduce bile flow due to change in bile composition (e.g.
more sludging, possibly altered bacterial flora with increased biofilm formation) in the
post-operative inflammatory milieu (Tabibian et al., 2013; Aranha et al., 2008).
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Rapamycin may alter bile acid transporter expression
Rapamycin decreased Oatp1 and Mrp2 expression in rat liver (Bramow et al., 2001).
Rapamycin also inhibited Ntcp and Oatps expression in vitro (Picard et al., 2011;
Oswald et al., 2010). In a cholestasis animal model, rapamycin inhibited bile acid
transporter expression (Bramow et al., 2001). Thereby, it is postulated that rapamycin
may change bile acid transporter expression, thereby, directly inhibiting bile
production. However, it is still unclear which bile acid transporters are responsible for
reducing bile flow during ischemia reperfusion injury treated by rapamycin in normal
liver or HCC liver and which mechanisms are involved.

1.7.6 Intracellular signalling pathways regulated by rapamycin in hepatocytes
Under normal physiological conditions, PI3K is activated by insulin receptor substrate
1 (IRS1). PI3K phosphorylates phosphotidylinositol (4,5)-biphosphate (PIP-2), which
is converted to phosphatidylinositol (3,4,5)-triphosphate that activates the
phosphorylation of serine/threonine protein kinase (PKB/AKT), leads to activate
mTORC1. Then activated mTORC1 leads to phosphorylate its downstream target 70S
ribosomal protein S6 kinase (S6K1) which is presumed to extend the G1-phase (cell
proliferation) by reduction of ribosomal protein synthesis and interruption of
transcriptional process. Concomitantly, phosphorylation of S6K1 by mTORC1
generates a negative feedback loop that attenuates phosphorylated S6K1 through PI3K
signaling, leading to mTORC1 inhibition (Fig 1.13) (Ashwarth and Wu, 2014).

mTORC1 activates its downstream target 70S ribosomal protein S6 kinase (S6K1) by
phosphorylation and proliferates cell growth (Sehgal, 2003). Rapamycin has been
shown to inhibit mTORC1 by dephosphorylation, thereby disrupting S6 kinase 1 and
inhibiting cell proliferation (Fig. 1.12).
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Figure 1.12: Proposed intracellular signaling pathways for regulation of cell growth
caused by rapamycin. Rapamycin inhibits mTORC1 by dephosphorylation, thereby disrupting
S6 kinase 1 and inhibit cell proliferation. The symbols represent PI3K- Phosphoinositadyl 3
kinase; mTORC1- Mammalian Target of Rapamycin Subunit C1. This figure has been
compiled from Kist et al., 2012.

It has been well established that Nuclear factor-E2-related factor (Nrf2) is the chief
transcription factor that controls expression of antioxidant enzymes (Prestera et al.,
1995) and several bile acid transporters including Mrps, Bsep, Ntcp (Weerachayaphorn
et al., 2012) and some are engaged in cellular defense against oxidative stress (Zollner
et al., 2010). ROS activates Nrf-2 which translocates to the nucleus (Soriano et al.,
2009), thereby activating antioxidant-responsive element (ARE) (Zoncu et al., 2011;
Visner et al., 2003; Mann et al., 2007) (Fig 1.13). ROS activates PKC that leads to
activate MAPK cascade to dissociate Keap1 from Nrf2, which allows translocation
Nrf2 to the nucleus, leads to bind transcription factor ARE (Kim et al., 2014; Hu et al.,
2013) (Fig. 1.13).
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Figure 1.13: Proposed intracellular pathway to induce antioxidant enzyme and bile acid
transporter expression by liver injury. ROS activates PKC that leads to activate MAPK
cascade to dissociate Keap1 from Nrf2, which allows translocation Nrf2 to the nucleus, leads
to bind transcription factor ARE. This figure has been compiled from Kist et al., 2012; Zoncu
et al., 2011, Kim et al., 2014.

It is presumed that rapamycin has been shown to inhibit mTORC1 by
dephosphorylation, thereby disrupting S6 kinase 1 mediated feedback inhibition of PI3K (Kist et al., 2012; Ashwarth and Wu, 2014) (Fig 1.14). This leads to increased activity
of Akt phosphorylation that activates Akt to dissociate Keap1 from the Keap1-Nrf2
complex. Nrf2 then translocates to the nucleus and binding to ARE in the promoter of
the antioxidant (e.g. HO-1, Prx-1) (Kist et al., 2012) and bile acid transporter (e.g.
BSEP, MRPs, NTCP) genes and activating transcription (Weerachayaphorn et al.,
2009; 2012) (Fig. 1.14).
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Figure 1.14: Proposed signaling pathways for regulation by rapamycin of HO-1 and BA
transporters expression. Rapamycin inhibits mTORC1 by dephosphorylation, thereby
disrupting S6 kinase 1 mediated feedback inhibition of PI3-K. This leads to increased activity
of Akt phosphorylation that activates Akt to dissociate Keap1 from the Keap1-Nrf2 complex.
Nrf2 then translocates to the nucleus and binding to ARE in the promoter of the antioxidant and
bile acid transporter genes and activating transcription. This figure has been compiled from Kist
et al., 2012.

As described above, Nrf2 is a potential regulator of HO-1 and Prx-1 expression
(Prestera et al., 1995). However, it is documented that PI3-K/PKB pathway can regulate
Ntcp expression (Webster & Anwer, 1999) and Nrf2 is a key controller of bile acid
transporter expression (e.g. Bsep, Mrp2, Ntcp) (Weerachayaphorn et al., 2009; 2012,
2014). Thus, it is presumed that this same pathway may be involved in the expression
of antioxidant (e.g. HO-1 and Prx-1) and bile acid transporters (e.g. Ntcp, Bsep).

1.8 Oltipraz as a potential anticancer agent
Oltipraz [5-(2-pyrazinyl)-4-methyl-1,2-dithiol-3-thione] has been widely studied as a
cancer chemoprotective agent (Bolton et al., 1993; Jacobson et al., 1997; Wang et al.,
1999., Kang et al., 2012). It is presumed that oltipraz acts as a chemoprotective agent
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against aflatoxin B1 induced hepatocarcinogenesis (Langouët et al., 1995). In China,
oltipraz is currently in clinical trials as chemoprotective agent for the prevention of
hepatocellular carcinoma (HCC) (Kensler et al., 1998; Ko et al., 2006). It has an
inhibitory effect on the growth of pulmonary adenomas and forestomach cancers
(Brooks et al., 2009; Wattenberg et al., 1986). Oltipraz has a therapeutic effect on
cirrhotic liver (Kang et al, 2002; Cho et al., 2006).

1.8.1 Properties of oltipraz
Oltipraz acts as a potent activator of Nrf2 that leads to upregulated antioxidant
enzymes, phase II-detoxifying enzymes, canalicular bile acid transporters (e.g. Mrp2)
and drug metabolites in liver (Helzlsouer and Kensler, 1993; Johnson et al., 2002;
Kensler et al., 2003; Weerachayaphorn et al., 2009). Synthetic oltipraz was developed
for the treatment of schistosomiasis (Bae et al., 2005). It is found among members of
the cruciferae plants (Kensler and Helzlsouer, 1995). Several studies reported that
oltipraz stimulates regeneration of damaged liver, and exhibits beneficial effects such
as cell differentiation, antifibrosis and cytoprotection (Cho et al., 2009; Huh et al.,
2004; Matsuda et al., 1997; Ueki et al., 1999).

1.8.2 Metabolism of oltipraz
Derivative of oltipraz
In mammals, oltipraz [4-methyl-5-(2-pyrazinyl)-1,2-dithiole-3-thione] has four
distinct oxidized derivatives (Fig. 1.15). These four derivatives are M1: 4-methyl-5(pyrazin-2-yl)-3H-1,2-dithiol-3-one; M2: 7-methyl-6,8-bis-(methylthio)-pyrrolo-[1,2α]-pyrazine; M3: 7-methyl-6,8-bis-(methylthio)H-pyrrolo [1,2-α]-pyrazine; M4: 7methyl-6,8-bis(methylsulfinyl)H-pyrrolo [1,2-α]-pyrazine (Ko et al., 2006).
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Figure 1.15: Struture of oltipraz and its derivatives. M1: 4-methyl-5-(pyrazin-2-yl)-3H1,2-dithiol-3-one; M2: 7-methyl-6,8-bis-(methylthio) pyrrolo-[1,2-α]-pyrazine; M3: 7-methyl6,8-bis-(methylthio) H-pyrrolo [1,2-α]-pyrazine; M4: 7-methyl-6,8-bis(methylsulfinyl)Hpyrrolo [1,2-α]-pyrazine.

Metabolism
Oltipraz and its derivatives are metabolised by different pathways and these four
derivatives have distinguished properties (Kang et al., 2012; Ko et al., 2006). Firstly,
oxidative desulfuration of the thione group of oltipraz (oltipraz, [4-methyl-5-(2pyrazinyl)-1,2-dithiole-3-thione]) yields 4-methyl-5-(pyrazin-2-yl)-3H-1,2-dithiol-3one (M1), which has no record to be metabolized again. Secondly, desulfuration,
methylation, and molecular rearrangement yields 7-methyl-6,8-bis(methylthio)pyrrolo
[1,2-α]-pyrazine (M2), which can be further metabolized to other oxidized forms, 7methyl-6,8-bis(methylthio)H-pyrrolo [1,2-α]-pyrazine (M3) and 7-methyl-6,8bis(methylsulfinyl)H-pyrrolo [1,2-α]-pyrazine (M4) (Bieder et al., 1982; O’Dwyer et
al., 1997; Kang et al., 2012).

1.8.3 Anticancer actions of oltipraz
Oltipraz has been shown to inhibit the development and progression of a variety of
carcinogen-induced rodent tumors of multiple organ sites, including the breast, bladder,
colon, stomach, liver, fore-stomach, tracheal, lymphnodes, lung, pancreas and skin
(Weerachayaphorn et al., 2014; Clapper, 1998). Oltipraz is effective in resolving
accumulated fibres and regenerating cirrhotic liver in animal models. It can reduce the
number and volume of cirrhotic nodules and can eliminate accumulated extra cellular
matrix (ECM) (Kang et al., 2002 a. b). Moreover, oltipraz can effectively induce
antioxidant enzymes. Therefore, it is hypothesised that induction of protective enzyme
gene expression by using oltipraz may be a feasible approach in preventing cancer
(Kang et al., 2002). Using oltipraz chronically in HCC patients may cause liver damage
by a cholestatic effect but this possibility has not been clinically examined.
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1.8.4 Intracellular signaling pathways
Oltipraz is a potent activator of the transcriptional factors Nrf2 and C/EBPβ
(CCAAT/enhancer binding protein β) (Kang et al., 2002.a). After entering the cell
cytoplasm, oltipraz is oxidized and produces four derivatives M1, M2, M3 and M4
(Fig. 1.16). The oltipraz derivatives M1 and M2 directly promote nuclear translocation
of transcriptional factor C/EBPβ (CCAAT/enhancer binding protein β) and activate
C/EBPβ binding to the promoter of target gene, that may lead to the expression of
phase II gene (e.g. HO-1, GSTs, γ-glutamylcysteine, quinine reductase) (Kang et al.,
2003; Ko et al., 2006). The oltipraz derivative M2 also can activate another
transcriptional factor Nrf2 by dissociating Keap1 blocking PI3K-p70S6 kinase
pathway (Fig. 1.16) (Cho et al., 2009). This dissociated Nrf2 translocates to the nucleus
and promotes Nrf2 binding to the promoter region of target gene EpRE/ARE which
may lead to the expression of phase II genes including HO-1, Prx-1 and some bile acid
transporters (Bsep, Mrp2) (Ramos-Gomez et al., 2001; Ko et al., 2006). However,
oltipraz can block the PI3K pathway by inhibition of PI3K or p70S6 kinase (Cho et al.,
2009). Oltipraz increases liver regeneration after PH (partial hepatectomy) through the
stimulation of C/EBPβ and increased cyclin E expression, that are regulated by the
PI3K-p70S6 kinase pathway (Cho et al., 2009). To date, there are no reports that M3
and M4 can activate any transcriptional factor (Ko et al., 2006).
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Figure 1.16: Proposed intracellular mechanism of antioxidant and bile acid transporter
expression by oltipraz. Oltipraz is oxidized to M1 or M2. M2 is then again biotransformed to
M3 or M4. M1 promotes C/EBPβ activation, and M2 activates both Nrf2 and C/EBPβ for the
gene induction. This figure has been compiled from Ko et al., 2006.

Oltipraz can also proliferate liver cells via cyclin E by activating directly transcription
factor C/EBPβ and (Cho et al., 2009; Ko et al., 2006) (Fig. 1.16). Oltipraz can bind to
platelet-derived-growth factor-beta receptor (PDGFβR) that can activate Ras and
subsequently phosphorylate mitogen-activated protein kinase (MAPK)/extracellularsignal-regulated kinase (ERK). Phosphorylated MAPK activates its downstream target
the phosphatidylinositol 3-kinase (PI3K)/Akt/70S ribosomal protein S6 kinase 1
(p70S6K1) signal pathway (Weerachayaphorn et al., 2014). This activated p70S6K1
stimulates transcription factor CCAAT/enhancer binding protein β (C/EBPβ) which can
activate cyclin E that enhances cell proliferation (Cho et al., 2009).

40

Figure 1.17: Proposed intracellular signaling pathways for regulation of cell growth
caused by oltipraz. This figure has been compiled from Cho et al., 2009.

1.8.5 The possibility of redox balance by oltipraz during ischemia reperfusion
injury
As described above, oltipraz can regulate antioxidant gene expression by inducing
phase 2 enzymes (Kang et al., 2003) and/or the manganese superoxide dismutase gene
(an antioxidant enzyme in the mitochondrial matrix that protects cells from oxidative
damage) (Antras-Ferry et al., 1997). The oxidized form of oltipraz M1 and M2 can
induce down-regulation of ROS production by activating AMPK (Shin and Kim,
2009), eliciting mitochondrial dysfunction (Kwon et al., 2009). Thus, oltipraz may
reduce hepatic ischemia reperfusion injury by activating AMPK which can prevent
ROS-induced apoptosis and necrosis (Peralta et al., 2001). Moreover, pyrrolopyrazine
thione (PPD), a metabolic intermediate of the conversion to M2 by oltipraz, is capable
of mediating the activity of phase 2 enzymes, interacting with GSH and thereby,
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producing oxygen free radicals (Velayutham et al., 2005). It is also noticeable that PPD
can downregulate the antioxidant activity of cyt c and thus, induces ROS levels in
mitochondria (Velayutham et al, 2007) which can indirectly enhance phase 2 enzymes
via mitochondrial ROS generation and Nrf2 activation. Thus, oltipraz may act as a
cytoprotective agent during ischemia reperfusion injury.

1.9 H4IIE cell as a cellular model of HCC
For the increased number of HCC patients, there is a strong consensus to develop
relevant cell lines, animal models, and biomarkers which will facilitate precise
translation from preclinical research to clinical practice for the development of
treatments for HCC (Dalton and Friend, 2006). In vitro examination of HCC cell lines
is, in general, an early step of anticancer drug development that involves evaluating cell
proliferation, viability, apoptosis and clonogenicity (Bagi and Andresen, 2010;
Tomuleasa et al., 2010). The major portion of this investigation depends on the effect
of rapamycin and oltipraz for the treatment of advanced HCC patients. Therefore, the
H4IIE cell line was selected as a model of HCC cells in this study.

The H4IIE cell line, derived from the Reuber hepatoma H-35 (Reuber, 1961) by Pitot
and co-workers (Pitot et al., 1964), is a continuous cell line and is widely used for
different purposes because of its unique characteristics (Tillitt et al., 1991; White et al.,
2004; Willett et al., 1996; Wätjen et al., 2005; Zhou et al., 2014; Yasui et al., 2010;
Niering et al., 2005; Lejeune et al., 2002; Kaisarevic et al., 2015; Dutta et al., 2011).
H4IIE cell lines are fast dividing cells that share same basic molecular and functional
characteristics including expression of bile acid transporters, enhanced DNA repair and
capability to adapt and balance their own differentiation and self renewal capacity along
with genetic constraints and environmental stimuli (Zhu et al., 2007; Faivre et al., 2007,
Tomuleasa et al., 2010; Dalerba et al., 2007; Clarke and Fuller, 2006; Wege and
Brummendorf, 2007). Apart from excellent growth characteristics and low basal
cytochrome P4501A1 activity, the H4IIE cells have an inducible AHH (aryl
hydrocarbon hydroxylase) enzyme activity that enables this cell line the ability to be
used for xenobiotic testing (Tillitt et al., 1991).

However, no cell lines are very sensitive or resistant to imposed treatments (Yang et
al., 1992). Although cell culture provides important information about drug efficacy
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and mechanisms of action, in vitro systems lack the power to recapitulate the complex
relationship between the tumor and its microenvironment, including interactions
between tumor cells and the organ where the tumor resides, local blood supply and
angiogenesis, and the influence of hormones, growth factors and cytokines on tumor
growth and survival (Bagi and Andresen, 2010).

1.10 Summary of unresolved questions which have led to the aims of this project
In the published work of others including Kist et al., 2012 there is some evidence that
rapamycin can induce HO-1 and Prx-1, and as discussed this might be beneficial in
reducing ischemia reperfusion injury. However, the results of Kist et al. are limited and
are unconvincing. Therefore, since there is a possibility that pre-treatment with
rapamycin can protect against ischemia reperfusion injury, it is worthwhile to
investigate systematically the actions of rapamycin in inducing HO-1 and Prx-1
especially the onset time and degree of induction, and dose needed.

As discussed above, action of rapamycin on liver leads to reduction in basal bile flow
and in bile flow recovery after ischemia reperfusion injury. Such a reduction can
indicate poor liver recovery from surgery and is detrimental. Therefore, as rapamycin
is used in a number of ways to treat liver patients, it is important to clearly define its
effects on bile flow and to elucidate the mechanisms of action.

It is thought that changes in mRNA expression i.e. transcription of bile acid transporters
are the most likely explanation for the Alwine Kist observations (pretreatment of
rapamycin reduced bile flow recovery after warm ischemia reperfusion), because bile
acid transporters have a direct effect on bile acid transport compared to indirect other
mechanisms.

As described above in untreated HCC patients, there is a significant proportion of liver
that is tumor and properties of the tumor cells are very different from normal cells.
Therefore, it is important to know whether the actions of rapamycin on HO-1 induction
and on bile flow are the same or different in liver tumor tissue. This is particularly
important for patients receiving rapamycin treatment over the long term.
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Finally, there is little doubt that the induction of antioxidant enzymes before liver
surgery could significantly reduce ischemia reperfusion injury. There are many agents
that might achieve this but apart from rapamycin, none can be readily applied clinically.
As discussed oltipraz can, among other things, activate Nrf2 and hence, induce
antioxidant enzyme expression. Therefore, it is a good potential candidate. However,
the clinical trials for oltipraz have been in progress for some time suggesting there may
be some problems with use of this drug. Therefore, it is important to determine the
conditions under which oltipraz can induce antioxidant expression, and to determine
whether there are side effects, particularly on bile flow.
These considerations and questions have led to the aims that are stated in the next
section.

1.11 Aims
The specific aims of this investigation are:
1. To characterize the abilities of rapamycin to induce the expression of heme
oxygenase 1 and peroxiredoxin 1 in normal hepatocytes.
2. To determine the effects of rapamycin on expression of bile acid transporters in
normal hepatocytes.
3. To characterize the abilities of rapamycin and oltipraz to induce expression of heme
oxygenase 1 and peroxiredoxin 1 in transformed liver cells.
4. To determine the effects of rapamycin and oltipraz on expression of bile acid
transporters in transformed liver cells.

To achieve aim one (1) and two (2), rat liver was subjected to rapamycin pre-treatment
in vivo, and isolated cultured rat hepatocytes were incubated with rapamycin,
respectively. The rat liver in vivo was subjected to ischemia (~60 min) and reperfusion
(~90 min) by continuous clamping protocol done by Alwine Kist and described in the
Materials and Methods chapter (Fig 2.1). This technique was shown to cause ischemia
reperfusion injury in the superior lobes without affecting the inferior lobes
(Nieuwenhuijs et al., 2007; Wilson et al., 2011). Therefore, tissue from the inferior lobe
was used as the control in these experiments. The isolated rat liver cells were cultured
and used for investigating the effect of different doses of rapamyin. Cultured rat
hepatocytes allow the direct testing of rapamycin using different doses and time
courses. RT-qPCR was used to investigate mRNA expression because changes in
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mRNA levels strongly correlate with changes in protein level (Vogel and Marcotte,
2012). In addition, this method is highly sensitive and has higher throughput to measure
primarily the drug activity on gene expression (Grube et al., 2015). However, in many
cases, the mRNA level of a certain gene is not positively correlated with its protein
level because regulation of gene expression is tightly controlled at the levels upstream
of translation and multiple post-translational modifications can profoundly affect the
enzymatic activities and interaction modes of many proteins. The data of HO-1 and
Prx-1 expression will be presented in Chapter 3, and then followed by bile acid
transporter expressions in Chapter 4.

To achieve aim three (3) and four (4) H4IIE cells were used as a model of HCC rat
liver cells. For these studies, H4IIE cells without treatment were used as control. The
relative gene expression of HO-1, Prx-1 and bile acid transporters were measured by
using RT-qPCR. The data of HO-1 and Prx-1 expression will be presented in Chapter
5, and then followed by bile acid transporter expression in Chapter 6.
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CHAPTER II: MATERIALS AND METHODS

2.1 MATERIALS
The rat H4IIE liver (CRL-1548) cell line was obtained from The American Type
Culture Collection (ATCC, Rockville, MD, USA); collagenase (Type IV) was obtained
from Worthington Biochemical Corporation; Dulbecco’s Modified Eagles Medium
(DMEM), agarose, EDTA, glucose, glycine, phenol, sodium bicarbonate, triton X-100,
trizma base, TBE (10X) buffer were from Sigma-Aldrich (NSW, Australia); foetal
bovine serum (FBS), antibiotics (penicillin 100 U/ml, streptomycin 0.1 mg/mL), DNase
enzyme, RNase Out ribonuclease inhibitor, M-MLV reverse transcriptase, dNTP set,
accuPrime taq DNA polymerase high fidelity, TRIzol reagent and UltraPure distilled
water were from Invitrogen (Mt Waverley, Victoria Australia); All primers and probes
were from GeneWorks (Adelaide, Australia); rapamycin was from LC Laboratories
(Woburn, MA, USA) and oltipraz (LKT Lab.Inc.) were used.

2.2 METHODS

2.2.1 Culture of H4IIE rat liver cells
Subculture
H4IIE rat liver cells (Darlington, 1987) were cultured in 75cm2 sterile flasks in
Dulbecco’s Modified Eagles Medium (DMEM), supplemented with 10% (v/v) fetal
bovine serum (FBS), penicillin (100U/ml), streptomycin (0.1 mg/mL) and 10 mM
HEPES in 5% (v/v) CO2 (pH 7.4) at 37oC (Claire et al., 2015). Once a week the cells
were subcultured to another 75cm2 flask. Subculture was performed under sterile
conditions by removing culture medium, washing cells 3 times with phosphate buffered
saline (PBS) (The PBS solution contained mM: NaCl, 136; KCl, 4.7; KH2PO4, 1.3;
Na2HPO4, 3.2; adjusted to pH 7.4 with NaOH) followed by addition of 1.0ml of the
trypsin (0.25% w/v) plus 0.5ml EDTA (1mM), and left for 2-4 min at 37oC to detach
the cells. Once the cells were de-attached, 9.0ml of new DMEM was added and the
cells were resuspended by pipetting up and down. Finally, 2ml of the suspension was
transferred to another flask in which 8.0ml of fresh DMEM was added before. After 48
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h the medium was replaced by fresh DMEM (DMEM was used for no longer than 1
month and was stored at 4oC) in the same flask. The cells were used for 25-30 passages
in order to preserve the morphological /functional characteristics of the cellular line.

Incubations for PCR
For every treatment, cells were split into 4 to 8 groups according to experimental design
and all the groups had three replicates. Drug treatment groups were compared with the
control and vehicle group. The H4IIE cells were grown in sterile T-75 tissue culture
flasks. The day before the experiments, H4IIE cells were split and a number of 2.5 x
106 cells were cultured into T-25 flask. The prepared doses were administered into 1day old T-25 cell culture flasks and doses were prepared just before using. After 24 h,
fresh culture medium was replaced and drugs (rapamycin and oltipraz) were added.
Flasks were incubated for 36 hours in 5% (v/v) CO2 at 37oC. H4IIE cells were then
harvested by collagenase and washed three times with 5 ml PBS. Then 1 ml Trizol was
added and kept at -80oC before using for the next step.

2.2.2 Differentiation of H4IIE rat liver cells
H4IIE rat liver cells were cultured in T-25 sterile flasks in DMEM supplemented with
fetal bovine serum (10% v/v), penicillin (100 U/ml), streptomycin (100 µg/ml), insulin
(100 nM) and dexamethasone (100 nM) for 5 to 10 days in 5% (v/v) CO2 (pH 7.4) at
37C until they showed the signs of differentiation as described previously (Aromataris,
Roberts, Barritt, & Rychkov, 2006). Qualitative observation mainly in size and shape
was checked by inverted Olympus microscope (CKX41, Tokyo, Japan). When cells
were coarse, glittered, round and healthy than control cells, cells were then judged to
be differentiated.

2.2.3 Isolation and culture of rat hepatocytes
Animals were given appropriate care and the experimental protocols were conducted
according to the criteria outlined in the “Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes” (National Health and Medical Research
Council of Australia). The Flinders University Animal Welfare Committee approval
number is 165/02 (i). Animals were obtained from the animal house of Flinders Medical
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Centre and were housed at 60 % humidity, 22°C and free access to food and water with
a 12-hour light/dark cycle.

Isolation
For the preparation of isolated primary hepatocytes, Zucker rats were anaesthetised in
the fume hood with fluothane and then injected immediately with a combination of
Ketamine (100mg/kg) and Xylazine (8mg/kg). Body temperature was maintained
between 36.5°C and 37.5°C using a heating pad and a heating lamp. Warm saline
solution (0.9%) was provided in the peritoneal cavity through the process to balance for
the intra operative fluid loss and to keep the organs moistened to avoid adhesions. After
cannulation of the portal vein, the liver was perfused in situ for 15 minutes in the
presence of collagenase, and hepatocytes isolated as previously described (Berry et al.
1991). At the end of the digestion period, the liver was carefully cut from the rats and
chopped up using scissors on ice. After a 10-minute incubation in a water bath, the cells
were separated from the liver pieces. 100ml wash buffer was added to the chopped liver,
filtered the mixture and centrifuged for 1.25 minutes at 500 rpm. The anaesthetized rats
were euthanized and the chest was cut and the aorta was cannulated. Jin Hua isolated
rat hepatocytes by following this method and provided for these experiments.

Culture
Isolated hepatocytes were resuspended in DMEM supplemented with penicillin (100
U/ml), streptomycin (100 μg/ml), and plated on T-25 flask and incubated at 37oC in 5%
(v/v) CO2 in air for 4 hours. Culture medium was replaced after 4-hour incubation when
cells were attached at the bottom of the flask with DMEM supplemented with penicillin
−1

(100 units’ ml ), streptomycin (100 μg/ml), 10% (v/v) fetal bovine serum (FBS), and
cells were incubated further for 24 hours before dose administration. For every
treatment, hepatocytes were split into 4 groups according to experimental design and
all the groups had three replicas. Drug treatment groups were compared with the control
and vehicle group. The isolated hepatocytes were cultured into T-25 tissue culture
flasks for the treatment. The prepared doses were administered into 6-hour cultured T25 flasks and doses were prepared just before using. After a 36-hour incubation,
hepatocytes were harvested by collagenase and washed three times with PBS. Then 1
ml Trizol was added and kept at -80oC before using for next step.
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2.2.4 Induction of hepatic ischemia reperfusion injury
Rat livers, subject to ischemia and reperfusion as described by Kist et al. (Kist et al.,
2012) preserved by Alwine Kist in -800C freezer, were used for this investigation.
According to Kist report, male Sprague Dawley rats (250-400 gm) were randomly
allocated in two groups: rapamycin group and vehicle group. Two groups were
compared to investigate the effectiveness of preconditioning with rapamycin. Rats were
subjected to a segmental ischemia (60~70%) of the liver by clamping the hepatic artery
and portal vein to the bilateral median and left lateral (superior) lobes (red colour),
while the caudate (inferior) lobes and right lateral lobes stayed normal blood flow (blue
colour) (Fig 2.1). Following midline laparotomy, cannulation was done in the common
bile duct through silicon cannula (ID 0.5mm, OD 1.0mm) and bile was collected from
the superior lobes only by introducing cannular proximal to the site of the bile duct
bifurcation. Clamping of the blood vessels was continued for 60 minutes subsequent to
a 20-minute equilibration period. The hepatic artery and portal vein were separated and
then clamped over the branches using a microvascular clamp (micro serrefine 10mm
length x 2mm wide, Fine Science Tools, Foster City, CA, USA) leading to the inferior
lobes. The liver was inspected before reperfusion. If collateral vessels remain it directs
incomplete ischemia. Following 60 minutes of clamping, reperfusion was started by
exclusion of the clamp and the bile flow recovery was calculated for 90 minutes’
reperfusion period. The liver was then flushed by the portal vein to eliminate all the
blood cells, with 10 ml of warm saline solution (0.9%). The rat was then euthanized by
heart exsanguinations. The inferior lobes and superior lobes were separately weighed
after harvesting of the liver, and the liver samples were randomly collected at about 50
mg for RNA isolation and preserved in liquid nitrogen.
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Figure 2.1: Schematic representation of the rat liver in vivo subjected to ischemia and
reperfusion by continuous clamping protocol. This figure has been adapted from Alwine
Kist report.

2.2.5 Preparation of solution
The rapamycin solution comprised 50 mg rapamycin dissolved in 2 ml 100% sterile
ethanol. This formed the stock solution concentration of 25 mg/ml, which was stored
at -20oC by aliquoting, each aliquot contained 20 µl. Before administration, a working
solution was made out of the stock solution. For preparation of the working solution, 2
µl rapamycin (25 mg/ml) was added in 198µl sterile ethanol and made up 100X diluted
solution which finally gave 0.273 mM rapamycin. From this working solution, 0.01,
0.05, 0.1, 0.5, 1.0 and 5µM doses were prepared. For 10µM CoPP working solution
preparation, a solution (0.1 mM NaOH plus 0.9% NaCl) was prepared and 10mg CoPP
was added in the 10ml previously prepared NaOH and NaCl solution which gave finally
1.61 mM concentration. After mixing properly, the pH was adjusted immediately
before administration and used without freezing. For 8 ml fresh medium, 50µl gave
10µM concentration of CoPP. Fresh solution was prepared each time. When oltipraz
working solution was prepared, 1ml DMSO was added in 10mg oltipraz, stirred
properly for 10 minutes, final concentration was 44.2 mM. From this working solution,
12.5, 25, 50, 75, 100, 150µM doses were prepared.
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2.2.6 Measurement of cell viability
The number of viable cells was determined by using trypan blue and a haemocytometer
(Bright Line, Hausser Scientific, Horsham, PA, USA) (Berry et al. 1991). Cells were
harvested with PBS-EDTA solution (0.1µM EDTA in PBS) and assayed for cell
viability using 1:1 trypan blue staining, with 50 µl of cell suspension and 50 µl of 0.4%
(w/v) trypan blue solution. Two drops of cell suspension with 0.4% w/v trypan blue
(1:1) were added on the surface of haemocytometer. Then the haemocytometer was
placed on microscope stage and the number of unstained (viable) cells and stained (nonviable) cells were counted, as per the methods described by Abcam (2014). Cells were
calculated as a percentage of viable cells in the following way:

% viable cells = no of unstained cells

X 100

total number of cells

2.2.7 Molecular Biology
RNA Isolation
H4IIE cells (2.5 x 106) collected from T-25 flasks, isolated cultured rat hepatocytes and
excised rat liver were lysed in 1 ml TRYzol reagent (Elliott et al., 1997). Total RNA
was purified following the manufacturer’s (Invitrogen) protocol which is briefly
described. After lysis in 1 ml TRYzol reagent, tubes were centrifuged at 12,000g
(12500 rpm) for 10 minutes at 4oC (Elliott et al., 1997). Supernatant was transferred to
a fresh 1.7 ml plastic Eppendorf tube, 200 µl chloroform was added into the supernatant.
Tubes were vigorously shaken by hand for 15 seconds, then incubated at room
temperature for 3 minutes, centrifuged at 12,000g for 15 minutes at 4oC. Following
centrifugation, three layers were formed, the top aqueous phase containing RNA, the
middle interphase, and the bottom red, chloroform phase containing DNA and proteins.
The supernatant was transferred (~500-600 µl) to a fresh 1.7 ml eppendorf tube, 600 µl
of isopropyl alcohol was added and tubes were vigorously shaken by hand for 10
seconds. Then tubes were incubated at room temperature for 10 minutes followed by
centrifugation at 12,000g at 4oC for 10 minutes. The supernatant was decanted and the
RNA precipitate was washed with 1 ml 75% (v/v) ethanol (pre-chilled at -20oC for 1
hour) by briefly vortexing. The tubes were centrifuged at 7,500g (9500 rpm) for 5
minutes at 4oC. This step was repeated twice for RNA purification. The RNA pellets
51

were dried in air at room temperature for 3-5 minutes and dissolved in 80 µl RNase free
H2O at 55-60oC for 10 minutes. The samples were aliquotted into 20µl volumes and
stored at -80oC for later determining RNA concentration and cDNA synthesis.

RNA Quantification
RNA quantification was conducted through the NanoDrop 8000 (Thermo Scientific) by
loading 2µl of each sample for each detection (Elliott et al., 1997). The absorbance of
the diluted RNA sample was calculated by dividing the UV absorbance at 260 and 280
nm. The nucleic acid concentration was calculated using the Beer-Lambert law, which
predicts a linear change in absorbance with concentration through the machine’s own
software. The sample was considered pure if the 260 to 280 absorbance ratio was more
than 1.8.
A = ƐCl
A = Absorbance at particular wavelength.
C = Concentration of nucleic acid.
l = Path of space cuvette (usually 1 cm).
Ɛ= extinction coefficient (e for RNA is 0.025 (mg/ml)-1cm-1

Evaluation of RNA Quality
Maintaining RNA quality and quantity after subsequent RNA isolation is important for
the accuracy of real time PCR results. This procedure was done by gel electrophoresis
(Magdeldin, 2012; Elliott et al., 1997). The method for evaluating RNA is briefly
described below.

The gel container was taped and the desired comb was inserted. 0.5 g (1 % w/v).
Agarose was weighed out for a 50 ml 1xTBE (Tris-Borate EDTA) buffer. The
suspension was then heated in the microwave until it was clear. The solution was left
to cool and 2 µl of GelRedTM was added. The gel was poured into the container without
producing air bubbles. Then the container was kept in open air for approximately 30
minutes until it obtained a light grey color. The RNA sample was prepared by mixing
100-500 ng of RNA, 2 µl 6 x gel loading dye and appropriate volume of 1 x TBE buffer
to make up total volume of 12 µl. RNA samples were then loaded into the gel and run
for 1 hour at 110 V in 1 x TBE buffer before analysis. By running samples on a gel with
electrophoresis, the isolated RNA can be checked by ImageMaster VDS-CL
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(Amersham Pharmacia Biotech, now GE Healthcare Life Sciences) under the UV light
following manufacturer’s instructions. The quality of the RNA was ensured after gel
electrophoresis, 2 bands showed, similar to the image below (Fig 2.2). The upper one
(28s, ribosomal RNA) is usually 2 times thicker than the lower one (18S ribosomal
RNA). The absence of bands indicated that the RNA was degraded.

Figure 2.2: Image of RNA band after gel electrophoresis.

DNAse Treatment
The existence of genomic DNA in RNA preparations is a recurrent cause of false
positive results in RT-PCR-based assays aimed at gene expression analysis due to PCR
sensitiveness. This occurrence cannot be ignored when specific measures in the assay
design are applied such as intron-spanning primers design. This situation can be
exacerbated when investigated genes present as pseudogenes in the DNA. Therefore,
removal of DNA present in the RNA solution by DNase digestion is an essential step.
The method is briefly described as in Dotti and Bonin, 2011; Ivarsson and Weijdegård,
1998.

1 µl 10x DNase1 reaction buffer (invitrogen) and 1 µl DNase1 enzyme was added in
the 1 µg RNA in 8 µl water, gently homogenized and incubated at room temperature
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for 15 minutes. Then 1µl DNase stop solution was added in the mixture, homogenized
and heated at 70oC for 10 minutes in order to inactivate DNase1 activity for reverse
transcription step. After completing this step, the samples were kept immediately in ice
and stored at -80oC for next steps.

cDNA Synthesis
Reverse transcription was carried out on RNA treated with DNase to remove DNA
using M-MLV Reverse Transcriptase following the manufacturer’s (Invitrogen)
protocol which is briefly described below. 1 µl oligo DT (0.5 mg/ml) was added in the
1.0 µg RNA in 11 µl DNase treated mixture, gently homogenised and heated at70oC
for 10 minutes to denature RNA and bind oligo DT at the end of RNA. Following
heating, the samples were kept in ice immediately for further twisting. 9 µl reverse
transcriptase mixture ([0.5 µl of RNAse out, 0.5 µl NFW (nuclease free water), 4 l 5x
M-MLV first strand buffer, 2 l 0.1 M DTT (dl-dithiotheritol), 1 l 20mM dNTP’s
(deoxyribonucleotide triphosphate), 1 l M-MLV Reverse Transcriptase (200U/l)])
was added in the 12 µl RNA solution, gently homogenised and incubated at 37oC for
50 minutes. After completion of incubation, the samples were heated to 70oC for 15
minutes for inactivation of M-MLV reverse transcriptase. The samples were cooled in
ice without delay and stored at -80oC for subsequent steps.

Conventional Polymerase Chain Reaction (PCR)
The conventional PCR was conducted to confirm for each batch cDNA that cDNA was
correctly synthesized during the Reverse Transcription step. Besides this, conventional
PCR was also used for correct primer function. PCR is a technique in Molecular
Biology where a single copy of DNA is amplified across several orders of magnitude,
producing thousands to millions of copies. PCR, developed by Kary Mullis in 1983, is
now extensively used in Medical and Biological Sciences for different purposes
(Bartlett and Stirling, 2003; Saiki et al., 1985). In principle, PCR consists of three steps
(denaturation, annealing and extension/elongation) and 20-40 repeated cycles. In
denaturation step, double-stranded cDNA becomes single stranded by the reaction
temperature 94 to 98°C for 10-20 seconds. The reaction temperature is then lowered to
50–65 °C for 20–40 seconds allowing annealing of the primers to the single-stranded
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DNA template. The elongation step is performed at a temperature of 75–80 °C, that
depends on taq polymerase activity, for 40-60 seconds (Lawyer et al., 1993).
PCR master mixture was prepared by 5 l 10 x PCR reaction buffer, 2 l 5mM dNTPS,
0.25 l 5U/µl Taq DNA polymerase, 0.9 l 50M forward/reverse primer (Table-2.1),
37.85 l nuclease free water (NFW) for each sample. After PCR master mixture
preparation, 45 µl mixture was poured into a PCR tube, 5 l 10 x diluted cDNA (~0.1
µg) was added which was 50 µl in total volume. Subsequently gentle homogenization,
the PCR machine was carried out at the following condition: 1 cycle at 95°C for 10
minutes followed by 35 cycles of 95°C for 20 seconds, 60°C for 60 seconds with a final
elongation at 72°C for 60 seconds (Lawyer et al., 1993).

DNA Electrophoresis
This method is briefly described below according to Dotti and Bonin, 2011; Ivarsson
and Weijdegård, 1998.

2% (w/v) TBE agarose gel was prepared by dissolving appropriate amount of agarose
(1.0 g) into 50 ml of 1 x TBE buffer. DNA sample was prepared by mixing 10 l 10 x
diluted DNA (0.1 µg), 2 l 6 x gel loading dye and appropriate volume of 1 x TBE
buffer to make up total volume of 12 l. After preparations, DNA mixtures were loaded
into the gel and run for 1 hr at 110 V in 1 x TBE buffer. The gel was staining in 3 x
GelRed stain (Biotium INC., CA USA) following completion of running for 25-30
minutes before analysis by ImageMaster VDS-CL (Amersham Pharmacia Biotech, now
GE Healthcare Life Sciences) under the UV light. Then the image was saved and
printed for analysis.

Real Time Q-RT-PCR
Q-RT-PCR was conducted using the Rotor-Gene 3000 (Corbett Life Science, Sydney,
NSW, AU), which was a combination of thermocycler and fluorescent detector.
Quantitative assessment of tested mRNA expression was performed using β-actin as
the housekeeping gene. The nucleotide sequences of each primer (GeneWorks,
Hindmarsh, SA, AU) and fluorescent probes (GeneWorks, Australia) were chosen from
the published paper which as indicated in table 2.1 The probes were 5’ labelled by a 655

carboxy-fluorescein reporter (FAM) and 3’ labelled by a black-hole quencher 1 (BHQ)
or TMRA (Table 2.1). The Efficiency of primers was calculated before conducting
qRT-PCR. How the efficiency of primers measured was described later. Both pairs of
primers (β-actin and tested genes) had a mean efficiency of 87%. This method is briefly
described below according Wilson et al., 2011.
PCR reaction mixture was prepared with 0.1 l Taq polymerase (5 U/l), 5 l of 10 x
buffer, 0.8 l of dNTPs (5 mM), 0.36 l of primers (sense/antisense), 5 l of cDNA 10
x or 25 x diluted (0.025 or 0.1 µg), 0.8 µl of probe (5 µM) and appropriate volume of
nuclease free water to a final volume of 20 l. After a denaturing step of 10 minutes at
95°C, 40~45 cycles were performed: 95°C for 15 seconds and 60°C for 60~75 seconds,
and ending with 60 seconds at 72°C. Each sample was tested in triplicate and each run
contained a positive control (RNA sample from previous successful PCR), a negative
control (nuclease free water).

Relative quantification of the tested gene mRNA was performed using the comparative
cycle threshold (Ct) method. According to Zhang et al., 2013, results of the Q-RT-PCR
data were represented as Ct values, where Ct indicates the fractional cycle number at
which the amount of amplified target reaches to a fixed threshold. For the RNA internal
control, the Ct value derived from β-actin mRNA expression was used. ΔCt is the
difference in number of Q-RT-PCR cycles to reach the threshold for tested gene and βactin in one tested sample. ΔΔCt represents the difference in ΔCt derived from the
tested sample and the Ct of the reference group (control). The relative tested mRNA
expression, compared with the control as reference group, was determined by raising 2
to the power of the negative value of ΔΔCt for each sample (Zhang et al., 2013).

This method was used to quantify the amount of cDNA. It was a relative method where
PCR products were compared with a reference sample (e.g. from an untreated sample).
For this sample, the formula 2-ΔΔCt was put at 1.
ΔCt = Ct (gene of interest) – Ct (housekeeping gene)
ΔΔCt = ΔCt Gene of interest - ΔCt Reference
Fold induction = 2-ΔΔCt
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In this formula, the gene of interest (HO-1, Prx-1, Mrp-2, Bsep, Ntcp, Oatp1, Oatp2)
and housekeeping gene (β-actin) were correlated to the reference sample. The ΔΔCt
value of this reference was 0, so that 2-ΔΔCt = 1.

Primers
Table-2.1: List of sense and antisense primers and probes used in this study
Name

Forward

Reverse

Probe

Expected
base pair

1. Β- TGCCCATCTATGA
Actin
GGGTTACG

CGCTCGGTCAGG
ATCTTCA

FAMCTGGCCGGGAC
CTGACAGACTAC
CTC-BHQ

100

2. HO- CACAGGGTGACA
1
GAAGAGGCTAA

CTGGTCTTTGTG
TTCCTCTGTCAG

FAMCAGCTCCTCAAA
CAGCTCAATGTT
GAGC- BHQ

160

3. Prx- TGTGGATTCTCACT
1
TCTGTCATCTG

TGCGCTTGGGAT
CTGATACC

FAMCAAGGAGGATT
GGGACCCATGA
ACATTCCC-BHQ

101

4.
Ntcp

ATGACCACCTGC
TCCAGCTT

GCCTTTGTAGGG
CACCTTGT

FAM111 (100CCTTGGGCATGA 350)
TGCCTCTCCTC TAMRA

5.
Oatp1

ACCTGGAACAGC
AGTATGGAAAA

ACCGATAGGCAA
AATGCTAGGTAT

FAMTACTGCAGA
GGCAATATTCCT
CATAGGTGTTTA
TAG

163

6.
Oatp2

TGTGATGACCGT
TGATAATTTTCCA

TTCTCCACATATA
GTTGGTGCTGAA

FAM–
TGGCAGGCTTAA
CAACCTCTTATG
AAGGG

81<

7.
Oatp9

ACGACTTTGCCCA
CCATAGC

CCACGTAAAGGC
GTAGCATGA

FAM–
CCCTCTACCTGG
GAATCCTGTTTG
CAAT

117 (100350)

57

8.
Mrp2

TAGTCTTCGCCG
TACACTGAGC

ACATTCACATTTT
TAATCTTCAAGG
AGTT

FAM–
CAGCTCTAGGTC
CAGCAGCCGAC
GT- BHQ

93< (100350)

9.
Bsep

CCAAGCTGCCAAG
GATGCTA

CCTTCTCCAACA
AGGGTGTCA

FAMCATTATGGCCCT
GCCGCAGCATAMRA

78< (100350)

10.
Mdr1a

GCAGGTTGG

GGAGCGCAA

70< (100350)

CTGGACAGATT

TTCCATGGATA

FAMCCGCCAGAGTTC
CCAGCAGCATGTAMRA

11.
AAACATGGCACGT
Mdr1b AACCAAAGTT

AAAATGTGGCCC
TGTTTAATGATT

FAMCACTGTTAAAGG
TAATTTCATCAA
GACGAGAAGCC
TTC-TAMRA

12.
Mdr2

AGTTCACGGGCGC
ATCAA

AAAAGACACTGG
TGGCACGTT

FAMCATCAAGTTCAT
TGGTTTCCACAT
CCAGC-TAMRA

75< (100350)

13.
Bcrp

CAGGTAGGCAATT
GTGAGGAAGA

AATCAGGGCATC
GATCTGTCA

FAMCATGCAAGCCA
GGGCCACATGATAMRA

93< (100350)

List of published papers from where the sequence of primers and probes were obtained.
1, 3 - Wilson et al., 2011; 2-Kist et al., 2012; 4-Sturm et al., 2005; 5, 6, 7, 8-St-Pierre
et al., 2004; 9, 10, 11, 12, 13-Ros et al., 2003.

Determination of qPCR amplification efficiency of target primer
For determination of the qPCR amplification efficiency of each primer, a standard curve
(log amount of cDNA versus mean Ct value) for each primer was generated (Zhang et
al., 2013). A pool of series dilutions (6.25x, 12.5x, 25x, 50x, 100x, 200x, 400x) were
prepared based on the total RNA concentration of control. The qPCR was performed
by mixing 5 µl of cDNA (25x dilute), 0.8 µl Probe (5 µM), 0.36 µl For/Rev primer (50
µM), 2 µl MgCl2 (50 mM), 0.8 µl dNTPs (5 mM), 0.1 µl Taq (5 U/ µl), 2 µl 10xBuffer,
and appropriate volume of UltraPure distilled water to a final volume of 20 µl and
running on Rotor Gene 3000 (Corbett) real time PCR machine. The qPCR condition 1
cycle at 95oC for 10 minutes (initial denaturing), 2-40 cycle at 95oC for 15 seconds
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(denature) and 60oC for 1 minute (annealing and extension), 41 cycle at 72oC for 1
minute (ensure finalizing of reaction). The condition for melting curve: ramping from
72oC to 95oC, hold 45 seconds on the 1st step, hold 5 seconds on next steps, Melt A
(FAM). Expressed gene products were amplified and quantitated using Taqman Probe
Technology (fluorescent labelled probe with quencher attached). Data was analysed
using the Comparative CT method (2-ΔΔCT) with β-actin as the housekeeping/control
gene for comparison of HO-1, Mrp-2 and Ntcp levels between differentiated and
undifferentiated H4IIE rat hepatocytes.

2.2.8 Statistical Analysis
Statistical analysis was performed using Prism v5.0 (GraphPad Software). Results are
expressed as mean ± SEM (standard error of mean). Student’s t-test or ANOVA
followed by Post Hoc Tukey’s test was used for analyzing RT-PCR data. Means of two
groups were compared using Student’s t-test and when the treatment groups were more
than two, ANOVA was used for comparison the mean value. To determine the
correlation between variables and expression of mRNA, a linear regression line was
carried out. Statistical significance was considered when P values were less than 0.05.
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CHAPTER III: EFFECTS OF RAPAMYCIN ON THE
EXPRESSION

OF

HEME

OXYGENASE

1

AND

PEROXIREDOXIN 1 IN RAT LIVER IN VIVO AND IN
ISOLATED CULTURED RAT HEPATOCYTES

3.1 INTRODUCTION
As discussed in the General Introduction, advanced hepatocellular carcinoma (HCC)
and metastatic cancer of the liver can only be effectively treated by surgical liver
resection or liver transplantation. However, these surgical procedures often result in
reduced liver function through ischemia reperfusion injury leading to oxidative stress
and patient morbidity death (Kaibori et al., 2014; Germano & Daniele; 2014; Ashworth
& Wu, 2014). Ischemia reperfusion injury has been shown to enhance HO-1 and Prx-1
expression in the liver (Wang et al., 2014; Wilson et al., 2011). HO-1 inhibition has
been found to increase injury in liver ischemia reperfusion (Wang et al., 2014; Morse
et al., 2009; Ferenbach et al., 2010; Devey et al., 2009; Ke et al., 2009). These data
suggest that induction of HO-1 and Prx-1 may be protective in ischemia reperfusion
injury.
Rapamycin has also been reported to increase HO-1 expression in kidney, lung and
heart (Zhou et al., 2006; Esposito et al., 2010; Visner et al., 2003). However, the effect
of rapamycin on HO-1 and Prx-1 expression in liver following ischemia reperfusion
injury is unclear. In the published work of others including Kist et al., there is some
evidence that rapamycin can increase HO-1 and Prx-1 in liver and as discussed this
might be beneficial in reducing ischemia reperfusion injury. However, the results of
Kist et al. are limited in extent and incomplete and unconvincing. Therefore, since there
is a chance pre-treatment with rapamycin can protect against ischemia reperfusion
injury, it is worthwhile to investigate systematically the actions of rapamycin to induce
HO-1 and Prx-1, particularly time of onset, degree of induction, and dose needed.
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Therefore, the aims of these experiments described in this chapter are:
i.

To confirm that rapamycin induces HO-1 and Prx-1 mRNA expression in
rat liver.

ii.

To determine whether rapamycin acts directly on hepatocytes and induces
HO-1 and Prx-1 mRNA expression in hepatocytes, and

iii.

To determine the doses of rapamycin needed to achieve these aims.

To achieve this goal (i) rat liver subjected to rapamycin pre-treatment in vivo, and (ii)
isolated cultured rat hepatocytes incubated with rapamycin were used. The rat liver in
vivo subjected to ischemia (~60 min) and reperfusion (~90 min) by continuous
clamping protocol done by Alwine Kist (Fig. 2.1) and isolation of rat hepatocytes were
described in details as in Materials and Methods Chapter. The data of HO-1 expression
will be presented first, and then followed by Prx-1 expression.

3.2 RESULTS
3.2.1 Effects of rapamycin on HO-1 and Prx-1 mRNA expression in rat liver
To understand the effect of rapamycin on HO-1 and Prx-1 expression in the presence
and absence of ischemia reperfusion injury, rat liver in vivo after pre-treatment of
rapamycin for 24 hours was used. Results are shown in Fig. 3.1.

1. Ischemia reperfusion group
In the absence of pre-treatment with rapamycin, ischemia reperfusion caused a 4-fold
increase in HO-1 (A) and Prx-1 (B) mRNA expression (Fig. 3.1, non-ischemia
reperfusion vehicle compared with ischemia reperfusion vehicle).

2. Rapamycin non-ischemia reperfusion group
In the absence of ischemia reperfusion, rapamycin caused a 5-fold increase in HO-1
(A) and 7-fold increase in Prx-1 (B) mRNA expression (Fig. 3.1, non-ischemia
reperfusion vehicle compared with non ischemia reperfusion rapamycin group). The
induction caused by rapamycin of HO-1 and Prx-1 mRNA expression is comparable in
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magnitude with that induced by ischemia reperfusion (in absence of rapamyin pretreatment).

3. Rapamycin ischemia reperfusion group
In the presence of ischemia reperfusion, the induction of HO-1 (A) and Prx-1 (B)
mRNA caused by rapamycin was not further enhanced by ischemia reperfusion
compared to ischemia reperfusion vehicle (Fig. 3.1).

Figure 3.1: Rapamycin induces HO-1 (A) and Prx-1 (B) mRNA expression in rat liver in
vivo. Relative fold changed (normalized to β-actin expression) in the mRNA expression of HO1 and Prx-1 pre-treatment by rapamycin for 24 hours in liver compared to livers pre-treated
with vehicle. The mean of the vehicle inferior lobes was taken as a reference group. The results
are expressed as mean ± SEM (n = 9, 3 individual separate experiments). To compare the
relative HO-1 mRNA expression within the groups between the inferior and the superior lobes,
the comparison was made using ANOVA with Post Hoc Tukey’s test. Degrees of significance
for comparison of rapamycin with vehicle are *p<0.05, **p<0.01 and *** P<0.001.

.
3.2.2 Effects of rapamycin on HO-1 and Prx-1 mRNA expression in isolated
cultured rat hepatocytes
If the increase in HO-1 and Prx-1 expression induced by rapamycin in the intact rat is
due to the direct action of rapamycin on hepatocytes, the effects of rapamycin on HO1 and Prx-1 expression in cultured hepatocytes were investigated. Previous experiments
were done with isolated hepatocytes and HO-1 induction was achieved with the doses
ranging 0.1-0.55 µM rapamycin for 36 hours (Kist et al., 2012). Therefore, in this
present experiment concentrations of rapamycin at 0.1 and 0.5 µM for 36 hours were
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initially employed. After RNA extraction, cDNA was synthesised and RT-qPCR was
conducted. In the case of HO-1 mRNA expression, rapamycin caused a 3-fold increase
at 0.1 µM and a 2-fold increase at 0.5 µM as shown in Fig. 3.2 (A). The Prx-1 mRNA
expression was nearly 3- fold at 0.1µM and 2-fold at 0.5µM of rapamycin compared
with that of vehicle as shown in Fig. 3.2 (B).

Figure 3.2: Rapamycin induces HO-1 (A) and Prx-1 (B) mRNA expression in isolated
cultured rat hepatocytes for 36 hours. Relative fold changed (normalized to β-actin
expression) in the mRNA expression of HO-1 and Prx-1 treated by rapamycin compared with
vehicle. Results are expressed as mean ± SEM (n = 9, three individual experiments). Degrees
of significance were determined using ANOVA with Post Hoc Tukey’s test for comparison of
rapamycin with control (**p<0.01 and *** P<0.001).

3.2.3 Dose-response curve for the action of rapamycin on the expression of mRNA
encoding HO-1 and Prx-1
To determine the optimum dose of rapamycin for HO-1 and Prx-1 expression further
experiments were conducted with varying concentrations (0.0, 0.01, 0.05, 0.1, 0.5, 1.0
and 5.0 µM) in isolated cultured rat hepatocytes and incubated for 36 hours. Results are
shown in Fig. 3.3. As can be seen from Fig. 3.3, the results show a biphasic dose
response curve. In the case of HO-1 (A), the rapamycin concentrations which gave half
maximal (S0.5 value) induction and inhibition were 0.05 and 0.5 µM respectively. In
the case of Prx-1 (B), the rapamycin concentrations which gave half maximal (S0.5
value) induction and inhibition were 0.02 and 0.4 µM respectively.
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Figure 3.3: Dose-response biphasic curve for the induction and inhibition by rapamycin
on the expression of mRNA encoding HO-1 and Prx-1 in isolated cultured rat hepatocytes.
This line was achieved by fitting with linear regression equation (variable slope). Relative fold
changed (normalized to β-actin expression) in the mRNA expression of HO-1 and Prx-1 treated
with rapamycin compared with hepatocytes (no addition). Results are the mean ± SEM (n = 9,
three individual experiments).

3.3 DISCUSSION
The aim of this investigation was to confirm the effect of rapamycin on HO-1 and Prx1 mRNA expression in rat liver in vivo and in isolated cultured rat hepatocytes and to
determine the doses of rapamycin to achieve this goal. Two main findings were
observed in this chapter. Firstly, ischemia reperfusion caused a 4-fold increase in HO1 and Prx-1 mRNA expression in rat liver in vivo (see summary Tab. 3.1). This action
was unaffected by rapamycin pre-treatment. Secondly, rapamycin caused a 5-and 7fold increase in HO-1 and Prx-1 mRNA expression respectively in rat liver in vivo and
caused a 3-fold increase in HO-1 and Prx-1 mRNA expression in primary cultured rat
hepatocytes (see summary Tab.3.1). These results indicate that rapamycin has direct
action on hepatocytes. However, the observed dose response curve of HO-1 and Prx-1
was biphasic. This result suggests higher concentration of rapamycin shows decreased
expression of HO-1 and Prx-1 mRNA.
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Table 3.1: Summary of the effects of rapamycin on antioxidant enzymes mRNA
expression in liver (ischemia reperfusion and non ischemia reperfusion liver) and
isolated cultured hepatocytes.

Antioxidant
enzyme

Effect of IR in
liver

Effect of
rapamycin in
non IR liver (24
hour)

Effect of IR
following
rapamycin (24
hour) in liver

Effect of rapamycin
in isolated cultured
hepatocytes for 36
hours

HO-1

4-fold
Increased

5-fold Increased

No change

3-fold Increased
(Biphasic curve)

Prx-1

4-fold
Increased

7-fold Increased

No change

3-fold Increased
(Biphasic curve)

3.3.1 Effect of ischemia reperfusion on HO-1 and Prx-1 mRNA expression
Ischemia reperfusion itself also induced HO-1 and Prx-1 mRNA expression. Similar
observations were found from other laboratories. Similar to this finding, other
laboratories found an increase in HO-1 mRNA expression in liver after ischemia
reperfusion injury (Wang et al., 2014; Zeng et al., 2010; Geuken et al., 2005). In this
investigation, a 4-fold increase in HO-1 mRNA expression after ischemia reperfusion
injury. Compare to Kist et al. who found a 2-fold increase in HO-1 mRNA (Kist et al.,
2012). a 4-fold increase in Prx-1 mRNA expression was observed in this study. Wilson
et al. found a 1.6-fold increase in Prx-1 protein expression (Wilson et al., 2011). This
result was consistent with the others although protein expression was not looked. But
some references also showed that ischemia reperfusion could induce protein expression
(Wang et al., 2014; Zeng et al., 2010; Wilson et al., 2011).

Likely Mechanisms for induction of HO-1 and Prx-1 by ischemia reperfusion
The likely mechanism how ischemia reperfusion can increase HO-1 and Prx-1
expression has been described in details in General Introduction (See Fig. 1.13). Here
the likely mechanism has been briefly described. Several studies have been reported
that liver ischemia reperfusion injury increases the production of ROS (see Fig. 3.4)
(Kageyama et al., 2015; Quesnelle et al., 2015; Wang et al., 2014). ROS then activates
Nrf-2 which translocates to the nucleus (Soriano et al., 2009), thereby activating
antioxidant-responsive element (ARE) (Zoncu et al., 2011; Visner et al., 2003; Mann
et al., 2007), leading to increase transcription of HO-1 and Prx-1 (Fig 3.4). ROS also
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activates PKC that leads to activation of the MAPK cascade, dissociation of Keap1
from Nrf2, which allows translocation of Nrf2 to the nucleus, and binding of the
transcription factor ARE (Kim et al., 2014; Hu et al., 2013) (Fig 3.4).

Figure 3.4: Proposed intracellular signaling pathways for regulation of HO-1 and Prx-1
expressions caused by ROS. ROS activates PKC, resulting activated MAPK, leading to
dissociated Nrf2 from Keap1 and translocated Nrf2 to nucleus. Then Nrf2 binds transcription
factor and starts transcription. The symbols represent ES-Extracellular Space; PM-Plasma
Membrane; NM-Nuclear Membrane; ROS-Reactive Oxygen Species; PKC-Protein Kinase C;
MAPK-Mitogen Activated Protein Kinase; NRF2-Nuclear Factor-Erythroid 2-Related Factor
2; Keap1- Ketch-like ECH Associated Protein 1; ARE-Antioxidant Response Element.

3.3.2 Effect of rapamycin pre-treatment in normal liver
Rapamycin pretreatment (4 mg/kg b.w. for 24 hour) increased HO-1 and Prx-1 mRNA
expression in normal liver. These findings were similar to that of Zhou and colleagues
who found that HO-1 mRNA expression was increased more than 3 fold by rapamycin
pre-treatment (2 mg/kg) in lung (Zhou et al., 2006). There was no report found on Prx1 mRNA expression by rapamycin-pretreatment in liver.
The likely mechanisms for induction of HO 1 and Prx-1 by rapamycin have been
described as in the General Introduction (see Fig. 1.14).
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3.3.3 Effects of ischemia and reperfusion on the expression of HO-1 and Prx-1
following pre treatment with rapamycin
Rapamycin mediated increase in HO-1 and Prx-1 mRNA expression was not further
enhanced by ischemia reperfusion in this study. This was in contrast to some
investigators who found that rapamycin further enhanced HO-1 mRNA expression in
ischemia reperfuson in other organ (kidney) (Goncalves et al., 2006; Feitoza et al.,
2007). However, this was assesed at 24 hours of reperfusion, while this study looked at
60 minutes’ reperfusion. Therefore, time course could be an explanation the differences
in these results. Another reason could be possible that the induction of HO-1 mRNA
expression by rapamycin in hepatocytes will be masked by large levels of basal HO-1
mRNA expression in other liver cells e.g. Kupffer cells when measured in whole liver
(Kageyama et al., 2015; Zeng et al., 2010).

Likely mechanisms for induction of HO-1 and Prx-1 by rapamycin-pretreatment in
ischemia reperfusion liver
The Rapamycin/Akt/PI3K/Nrf2 pathway might be involved for induction of HO-1 and
Prx-1 expression by pre-treaatment with rapamycin in ischemia reperfusion liver which
has been described in the General Introduction (see Fig. 1.14). However, results found
in this study also suggest that ischemia reperfusion suppresses the induction of HO-1
and Prx-1 expression in raapamycin pre-treated liver. Before surgery there is no
difference between superior lobe and inferior lobe. Thus, before the rat is anesthetized
a 4-fold induction in HO-1 and Prx-1 mRNA expression in all lobes would be expected.
This has then been reduced by the ischemia reperfusion. So, there may be more than
one pathway regulating Nrf2 and or HO-1, Prx-1 expression. But, at this time it is
unclear exactly which mechanisms might be involved.

3.3.4 Effect of rapamycin in cultured rat hepatocytes
In this investigation, results showed that rapamycin caused a 2-3-fold increase in HO1 and Prx-1 expression in isolated cultured rat hepatocytes. Compared to Kist et al. who
showed 7-8-fold increase in HO-1 mRNA expression but no increase in Prx-1 mRNA
(Kist et al., 2012).
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Likely Mechanisms for induction of HO-1 and Prx-1 by rapamycin in cultured rat
hepatocytes
It is thought that the same intracellular signaling pathway might be involved to induce
HO-1 and Prx-1 mRNA expression in cultured rat hepatocytes which has been
described in the General Introduction (see Fig. 1.14). Induction of HO-1 and Prx-1 by
rapamycin in cultured rat hepatocytes indicates that rapamycin does have a direct effect
on hepatocytes. Since hepatocytes are about 70% of all liver cells, the increases in HO1 and Prx-1 mRNA expression in the liver in vivo are chiefly due to increase in
hepatocytes (Kist et al., 2012; Zeng et al., 2010). The other reason why the effect of
rapamycin on HO-1 and Prx-1 induction in isolated cultured rat hepatocytes are more
than that in liver could be due to rapid metabolism of rapamycin in culture (Kist et al.,
2012; Wacher et al., 2002).

3.3.5 Dose response effects of rapamycin in isolated cultured rat hepatocytes
In this study, HO-1 and Prx-1 mRNA expression was increased at low concentrations
of rapamycin whereas expression was decreased at higher concentrations of rapamycin.
The induction and inhibition of dose response for HO-1 and Prx-1 in hepatoytes are
very similar, essentially the same; therefore, same mechanisms may be involved for the
regulation of both enzymes. The induction phase is consistent with the mechanism of
Akt-Nrf2 which is described in the General Introduction (Fig. 1.14). But what will be
the mechanism of inhibition is still unclear. This suggests that at higher concentrations
of rapamycin, an additional pathway is activated but what this might be unknown. This
may also relate to the issue above where the ischemia reperfusion itself seems to inhibit
expression of HO-1 and Prx-1 mRNA. The same pathway might be involved but it is
unclear what it is.
However, Akt-Nrf2 signaling pathway is the targeted pathway of this investigation and
there was no investigation done to measure the expression level of Akt and Nrf2
expression through qPCR or immunoblotting assays. It was an equal important to asses
Akt and Nrf2 expression level alike the HO-1 and Prx-1 expression level to complete
the mechanism of action of rapamycin on liver. Experiments to measure the level of
Akt and Nrf2 expreesion by qPCR or immunoblotting will be proposed as future work.
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3.3.6 Limitations of using qPCR
qPCR is a highly sensitive method and also equal sensitive to errors. Any slight mistake
can cause significant influence on the final results. mRNA in HO-1 and Prx-1
expression have been measuered only in this experiment and concluded to equate this
result to measurement of protein expression. However, many factors can affect in the
post translational modification of certain genes to express protein. Therefore, the
immunoblotting assays and more preferably the enzymatic activity assays are required
to assess the effects of rapamycin on the protein levels and enzymatic activities of HO1 and Prx-1 in both normal and transformed liver cells. Unfortunately, protein
expression has not been investigated due to limited time. But, to understand proper
translation of this mRNA result in protein expression needs to be done in future studies.
Thus, these experiments will be suggested as future work in the continuation of this
project.

3.4 CONCLUSION
The results of this chapter show that rapamycin can induce HO-1 and Prx-1 mRNA in
liver and hepatocytes, provide evidence that this is a direct effect on hepatocytes, and
that dose response is complex. Since previous studies have shown that rapamycin can
inhibit bile flow, in the next chapter we have investigated action of rapamycin on bile
acid transporter expression in rat liver.
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CHAPTER IV: EFFECTS OF RAPAMYCIN ON THE
EXPRESSION OF BILE ACID TRANSPORTERS IN RAT
LIVER IN VIVO AND IN ISOLATED CULTURED RAT
HEPATOCYTES

4.1 INTRODUCTION
Rapamycin induced HO-1 and Prx-1 mRNA expression in liver as shown in Chapter 3.
As discussed in the General Introduction, this action of rapamycin has been shown to
be associated with inhibition of bile flow recovery after liver surgery (Kist et al., 2012).
Decreased bile flow recovery after surgery and associated ischemia reperfusion indicate
poorer liver recovery after these events and may lead to poor overall recovery of the
patient, therefore, is detrimental for the patient (Elferink et al., 2004; Csanaky et al.,
2009; Klaassen and Aleksunes, 2010). Different mechanisms by which rapamycin
might inhibit bile flow have been recognised where bile acid transporters involve. These
mechanisms include changes in the expression of bile acid transporters and their
activity (Deters et al., 2001; Picard et al., 2011; Oswald et al., 2010), regulation the
transcription of bile acid transporters by transcription factors (Alrefai et al., 2005;
Boyer, 2003), the degree of HO-1 expression level or anti-oxidant enzyme expression
(Bramow et al., 2001; Rippin et al., 2001), and changes in cholangiocyte function
(Kahn et al., 2005). It is thought that changes in mRNA expression i.e. transcription of
bile acid transporters are the most likely explanation for reduced bile flow recovery
after warm ischemia reperfusion because bile acid transporters have direct effect on bile
acid transport compared to indirect other mechanisms (Bramow et al., 2001, Picard et
al., 2011; Oswald et al., 2010). Therefore, it was hypothesised that rapamycin inhibits
bile flow by inhibiting bile acid transporter expression after liver ischemia reperfusion
injury. To this end, the effect of rapamycin on the expression of hepatocyte bile acid
transporter expression was assessed.
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Aim:
Therefore, the specific aims of these experiments described in this chapter are:
i.

To assess the changes of bile acid transporter mRNA expression in rat liver.

ii.

To determine whether rapamycin acts directly on hepatocytes and alters bile
acid transporter mRNA expression in hepatocytes, and

iii.

To determine the doses of rapamycin needed to achieve these aims.

To achieve this goal major sinusoidal uptake transporters including the Na+taurocholate cotransporting polypeptide (Ntcp) and the organic anion transporting
polypeptides Oatp1 and Oatp2 (Fig. 4.1) (Kullak et al., 2001; Reichel et al., 1999) and
major canalicular excrete transporters including the multidrug resistance associated
protein 2 (Mrp2) and bile salt export pump (Bsep) (Fig. 4.1) (Rippin et al., 2001) were
tested in these experiments.

Figure 4.1: Movement of bile acid through the hepatocytes from blood to canaliculi by the
direct bile acid transporters activity.
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4.2 RESULTS

4.2.1 Effects of rapamycin and ischemia reperfusion on the expression of bile acid
transporters in rat liver in vivo
The previous rat models of ischemia reperfusion (Fig 2.1) described in Chapter 2 to
investigate the action of rapamycin on mRNA expression of sinusoidal transporters
(Ntcp, Oatp1 and Oatp2) and canalicular transporters (Mrp2 and Bsep) in normal and
ischemia reperfusion liver after rapamycin pre-treatment were used. The rat liver in vivo
was subjected to ischemia (~60 min) and reperfusion (~90 min) by continuous clamping
protocol as described by Alwine Kist (Fig. 2.1). This technique has been shown to cause
ischemia reperfusion in the superior lobes without affecting the inferior lobes
(Nieuwenhuijs et al., 2007; Wilson et al., 2011). Therefore, tissue from the inferior lobe
was used as the control in this study.

4.2.1.1 Changes in expression of mRNA encoding the sinusoidal transporters
Ntcp, Oatp1 and Oatp2
1. Ischemia reperfusion group (in the absence of pre-treatment with rapamycin)
Ischemia reperfusion caused a 2-fold increase in Ntcp (Fig. 4.2 A), a 2-fold decrease in
Oatp1 (Fig. 4.2 B) and a 2.5-fold decrease in Oatp2 (Fig. 4.2 C) mRNA expression as
indicated in Fig 4.2 (vehicle non ischemia reperfusion compared with vehicle ischemia
reperfusion group).

2. Rapamycin non-ischemia reperfusion group
In the absence of ischemia reperfusion, pre-treatment with rapamycin caused a 2-fold
decrease in Ntcp (Fig. 4.2 A), a 6-fold decrease in Oatp1 (Fig. 4.2 B) and a 3-fold
decrease in Oatp2 (Fig. 4.2 C) mRNA expression (Fig. 4.2, vehicle non- ischemia
reperfusion compared with rapamycin non ischemia reperfusion group).

3. Rapamycin ischemia reperfusion group
In the presence of pre-treatment with rapamycin, ischemia reperfusion caused a 3- fold
increase in Ntcp (Fig. 4.2 A), a 3-fold decrease in Oatp1 (Fig 4.2 B) and no change in
Oatp2 (Fig. 4.2 C) mRNA expression (Fig. 4.2, vehicle ischemia reperfusion compared
to rapamycin ischemia reperfusion group).
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Figure 4.2: Rapamycin pre-treatment inhibits Ntcp mRNA expression (A) in non ischemia
reperfusion liver but induces in ischemia reperfusion liver. However, Rapamycin pretreatment inhibits Oatp1 (B) and Oatp2 (C) mRNA expression in non ischemia and
ischemia reperfusion liver. Relative fold changed (normalized to β-actin expression) in the
mRNA expression of Ntcp, Oatp1 and Oatp2 pre-treated with rapamycin for 24 hours in liver
compared to livers pre-treated with vehicle. The mean of the vehicle inferior lobes was taken
as a reference group. The results are expressed as mean ± SEM (n=4). To compare the relative
Ntcp mRNA expression within the groups between the inferior and the superior lobes, the
comparison was made using ANOVA with Post Hoc Tukey’s test. Degrees of significance for
comparison of rapamycin with vehicle are *p<0.05, ** P<0.01 and *** P<0.001.

4.2.1.2 Changes in expression of mRNA encoding canalicular transporters Mrp2
and Bsep
1. Ischemia reperfusion group
In the absence of pre-treatment with rapamycin, ischemia reperfusion caused a 2.5-fold
increase in Mrp2 (Fig. 4.3 A) and a 2-fold decrease in Bsep (Fig. 4.3 B) mRNA
expression as indicted in Fig 4.3 (vehicle non ischemia reperfusion compared with
vehicle ischemia reperfusion).

2. Rapamycin non-ischemia reperfusion group
In the absence of ischemia reperfusion, pre-treatment with rapamycin caused a 7-fold
increase in Mrp2 (Fig. 4.3 A) and a 2-fold decrease in Bsep (Fig. 4.3 B) mRNA
expression (Fig. 4.3, vehicle non- ischemia reperfusion compared with rapamycin non
ischemia reperfusion group).

3. Rapamycin ischemia reperfusion group
In the presence of pre-treatment with rapamycin, ischemia reperfusion caused a 2- fold
increase in Mrp2 (Fig. 4.3 A) and no change in Bsep (Fig. 4.3 B) mRNA expression
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(Fig 4.3, vehicle ischemia reperfusion compared with rapamycin ischemia reperfusion
group).

Figure 4.3: Rapamycin pre-treatment induces Mrp2 (A) mRNA expression but inhibits
Bsep (B) mRNA in rat liver in vivo. Relative fold changed (normalized to β-actin expression)
in the mRNA expression of Mrp2 and Bsep pre-treated with rapamycin for 24 hours in liver
compared to livers pre-treated with vehicle. The mean of the vehicle inferior lobes was taken
as a reference group. The results are expressed as mean ± SEM (n=4). To compare the relative
Mrp2 mRNA expression within the groups between the inferior and the superior lobes, the
comparison was made using ANOVA with Post Hoc Tukey’s test. Degrees of significance for
comparison of rapamycin with vehicle are *p<0.05, ** P<0.01 and *** P<0.001.

4.2.2 Effects of rapamycin on the expression of bile acid transporters in isolated
cultured rat hepatocytes
In order to investigate the direct effects of rapamycin on hepatocyte expression of bile
acid transporters, experiments were conducted using isolated cultured hepatocytes. This
experimental system facilitates the testing of different concentrations of rapamycin and
potentially the effects of different times of pre-treatment. The same concentrations of
rapamycin and time period (36-hour incubation) as those experiments in Chapter 3 were
selected to examine what is the effect on bile acid transporters at these selected
rapamycin concentrations and time period.

4.2.2.1 Changes in expression of mRNA encoding the sinusoidal transporters
Ntcp, Oatp1 and Oatp2
The results for expression of mRNA encoding Ntcp, Oatp1 and Oatp2 are shown in Fig
4.4.
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Pre-incubation of the cells with 0.1 µM rapamycin for 36 hours caused a 3-fold decrease
in Ntcp (Fig. 4.4 A) mRNA expression compared with that in vehicle. However, at 0.5
µM rapamycin there was no change in expression.

The results (Fig. 4.4 B) indicated that the expression of Oatp1 mRNA was decreased 5fold and 20 fold by 0.1µM and 0.5µM rapamycin, respectively.

The expression of Oatp2 (Fig. 4.4 C) mRNA was decreased 3-fold and 5-fold by 0.1µM
and 0.5µM rapamycin, respectively.

Figure 4.4: Treatment by rapamaycin inhibits the expression of Ntcp (A), Oatp1 (B) and
Oatp2 (C) in isolated cultured rat hepatocytes. Relative fold changed (normalized to β-actin
expression) in the mRNA expression of Ntcp, Oatp1 and Oatp2 treated with rapamycin for 36
hour compared with vehicle and no addition. The results are expressed as mean ± SEM of nine
determinations from three individual experiments conducted on different days, each in
triplicate. Degrees of significance determined using ANOVA with Post Hoc Tukey’s test for
comparison of rapamycin with vehicle are *p<0.05, ** P<0.01 and *** P<0.001.

4.2.2.2 Changes in expression of mRNA encoding canalicular transporters Mrp2
and Bsep
The results for expression of mRNA encoding Mrp2 and Bsep are shown in Fig 4.5.
Pre-incubation of the cells with 0.1 µM rapamycin caused a 4-fold increase in Mrp2
(Fig. 4.5 A) mRNA expression compared with that in vehicle. However, at 0.5 µM
rapamycin there was no change in expression.
Pre-incubation of the cells with 0.1 µM and 0.5 µM rapamycin caused a 3-fold and 2fold increase in Bsep (Fig. 4.5 B) mRNA expression respectively compared with that
in vehicle.
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Figure 4.5: Treatment by rapamycin induces Mrp2 (A) and Bsep (B) mRNA in the isolated
cultured rat hepatocytes. Relative fold changed (normalized to β-actin expression) in the
mRNA expression of Mrp2 and Bsep in hepatocytes treated with rapamycin for 36 hours
compared with vehicle and no addition. The results are expressed as mean ± SEM of nine
determinations from three individual experiments conducted on different days, each in
triplicate. Degrees of significance determined using ANOVA with Post Hoc Tukey’s test for
comparison of rapamycin with control are * P<0.05.

4.2.3 Dose-response curve by rapamycin on the expression of mRNA encoding
Ntcp, Oatp1 and Bsep in isolated cultured rat hepatocytes
In the results above, 0.1 µM rapamycin inhibited but at 0.5 µM this inhibition was not
observed in the mRNA expression of Ntcp and Bsep in isolated cultured rat hepatocytes
which was unusual and unexpected. In order to understand clearly the effect of
rapamycin on bile acid transporter expression further investigation was done using
more concentrations of rapamycin. A dose response curve was obtained with varying
concentrations (0.0, 0.01, 0.05, 0.1, 0.5, 1.0 and 5.0 µM) in isolated rat hepatocytes and
incubated for 36 hours. Results are shown in Fig. 4.6.
As can be seen from Fig 4.6 A, the results of Ntcp show a biphasic dose response curve.
The rapamycin concentration which gave half maximal (S0.5 value) induction was 1.0
µM.

As can be seen from Fig 4.6 B, the results of Oatp1 show a monophasic dose response
curve. The rapamycin concentration which gave half maximal (S0.5 value) induction
was 0.05 µM.
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As can be seen from Fig 4.6 C, the results of Bsep show a biphasic dose response curve.
The rapamycin concentration which gave half maximal (S0.5 value) induction and
inhibition was 0.05 and 1.0 µM respectively.

Figure 4.6: Dose-response curve by rapamycin for the induction in the expression of
mRNA encoding Ntcp (A), Oatp1 (B) and Bsep (C) in isolated cultured rat hepatocytes.
This line was achieved by fitting with linear regression equation (variable slope). Relative fold
changed (normalized to β-actin expression) in the mRNA expression of Ntcp, Oatp1 and Oatp2
in hepatocytes treated with rapamycin compared with hepatocytes (no addition). The results are
expressed as mean ± SEM of nine determinations from three individual experiments conducted
on different days, each in triplicate.

4.3 DISCUSSION
The aim of this study was to investigate the effects of rapamycin on the expression of
bile acid transporters in rat liver in vivo and in isolated cultured rat hepatocytes. The
main findings were that pre-treatment of rapamycin in the absence of ischemia
reperfusion caused a 3-6-fold inhibition of the expression of the sinusoidal (influx) bile
acid transporters Ntcp, Oatp1 and Oatp2 mRNA (Tab. 4.1), but caused a 2-7-fold
increase in the expression of the canalicular (efflux) transporters Mrp2 and Bsep mRNA
(Tab. 4.1). These results indicated that rapamycin had also direct effect on bile acid
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transporters expressions. The effects of ischemia reperfusion on the expression of bile
acid transporters were complex. Biphasic dose response curves of Ntcp and Bsep
suggested one or more intracellular signalling pathways might be involved.

Table 4.1: Summary of the effect of rapamycin on bile acid transporters mRNA
expression in liver (ischemia reperfusion and non ischemia reperfusion liver) and
isolated hepatocytes in culture

Transporters

Effect of
IR in liver

Effect of
rapamycin in
non IR liver (24
hour)

Effect of IR
following
rapamycin (24
hour) in liver

Effect of rapamycin in
isolated cultured
hepatocytes for 36
hour

Ntcp

2-fold
increased

2-fold decreased

3-fold increased

3-fold
decreased
(Biphasic curve)

Oatp1

2-fold
decreased

6-fold decreased

3-fold decreased

5-fold
decreased
(Monophasic curve)

Oatp2

2.5-fold
decreased

3-fold decreased

No change

3-fold decreased

Mrp2

2.5-fold
increased

7-fold increased

2-fold increased

4-fold increased

Bsep

2-fold
decreased

2-fold decreased

No change

3-fold increased

Sinusoidal

Canalicular

(Biphasic curve)

4.3.1 Effects of ischemia reperfusion on the expression of Bile acid transporters
It was studied that mRNA expression of the sinusoidal transporters Oatp1 and Oatp2
and the mRNA expression of the canalicular transporter Bsep was significantly
inhibited but the mRNA expression of the sinusoidal transporter Ntcp and the mRNA
expression of the canalicular transporter Mrp2 was significantly induced in liver
ischemia reperfusion injury. Similar to these findings, Tanaka et al. found an inhibition
in Oatp1, Oatp2, and Bsep mRNA expression after liver ischemia reperfusion injury
(Tanaka et al., 2006; Fouassier et al., 2007). In contrast to these findings, liver ischemia
reperfusion injury was found to significantly decrease Ntcp and Mrp2 mRNA
expression (Tanaka et al., 2006; Fouassier et al., 2007). However, their study was
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looked at 24 hours of reperfusion, but this study was looked at 90 minutes’ reperfusion.
Therefore, time of reperfusion could be an explanation for the difference in the results.

Down-regulation of Mrp2, Bsep and Ntcp has been observed in various models of
experimental impaired liver function such ligation of the common bile duct (Trauner et
al., 1997; Lee et al., 2000), endotoxin induced cholestasis (Vos et al., 1998; Simon et
al., 1996), bile fistula model (Deters et al., 2002), partial hepatectomy model (Csanaky
et al., 2009).

Likely Mechanisms for expression of bile acid transporters by ischemia reperfusion
The actions of cytokines released from Kupffer cells and the ROS- PKC pathway in
hepatocytes may account for the observed changes in expression of bile acid
transporters caused by ischemia reperfusion (Fig. 4.7). Hepatic ischemia reperfusion
injury causes activation of the resident macrophages within the liver (Kupffer-cell),
which results in production and release of pro-inflammatory cytokines such as TNF-α,
IL1β, IL6, IL-10 (Jaeschke & Farhood, 1991; Wanner et al., 1996; Elferink et al.,
2004). These cytokines regulate the expression of some hepatic transporters (Ntcp,
Oatp1, Oatp2, Bsep, Mrp2) (Geier et al., 2003; Hartmann et al., 2002; Tanaka et al.,
2006) via the transcription factors hepatocytes nuclear factor 1 (HNF1α) and/or Ntcp
(Geier et al., 2007; Tanaka et al., 2006).

Previous studies have shown that liver ischemia reperfusion injury increases production
of ROS (Kageyama et al., 2015; Quesnelle et al., 2015; Wang et al., 2014). ROS
activates PKC that leads to the activation of MAPK to dissociate Keap1 from Nrf2.
This dissociation allows translocation of Nrf2 to the nucleus, leads to bind transcription
factor ARE (Kim et al., 2014; Hu et al., 2013) (Fig. 4.7), leading to increased
transcription of bile acid transporters (Fig. 4.7).
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Figure 4.7: Proposed intracellular signaling pathways for regulation of bile acid
transporter expressions in IR liver. Liver injury causes activation of kupffer celsl which
results release of cytokines. These cytokines mediate ROS production which leads to activate
PKC-MAPK pathway, resulting Nrf2 translocation and start transcription. The symbols
represent ROS-Reactive Oxygen Species; PKC-Protein Kinase C; MAPK-Mitogen Activated
Protein Kinase; Nrf2-Nuclear Factor-Erythroid 2-Related Factor 2.

4.3.2 Effects of rapamycin pre-treatment in normal (absence of ischemia
reperfusion) liver
Rapamycin pre-treatment (4 mg/kg b.w.) significantly inhibited sinusoidal transporters
Ntcp, Oatp1 and 2, canalicular transporter Bsep mRNA expression but induced
canalicular transporter Mrp2 mRNA in normal liver.
Similar to these findings, Bramow et al. also found that rapamycin pre-treatment (0.4
mg/kg/ day for 2 week) reduced Oatp1 mRNA expression (Bramow et al., 2001). In
contrast, this group also found that rapamycin pre-treatment reduced Mrp2, increased
Oatp2 with no effect on Ntcp mRNA expression (Bramow et al., 2001). In this study,
the authors used lower dose of rapamycin with longer period of administration (0.4
mg/kg/ day for 2 week) compared to my study (4 mg/kg b.w. for 24 hour). Therefore,
time course of drug administration and concentration of dose could be an explanation
of the difference in the results.
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Likely mechanisms for expression of bile acid transporters by rapamycin (in absence
of ischemia reperfusion
This proposed mechanism involves inhibition of mTORC1 by rapamycin, thereby
disrupting S6 kinase 1 mediated feedback inhibition of PI3-K (Fig. 4.8). This leads to
increased activity of Akt phosphorylation, leading to activation of Akt. Then activated
Akt mediates dissociation Keap1 from the Keap1-Nrf2 complex, translocation of Nrf2
to the nucleus and leads to binding Nrf2 to ARE in the promoter of bile acid transporters
(Bsep, Mrp2 and others) (Weerachayaphorn et al., 2014; Shen and Kong, 2009) (Fig.
4.8). However, our results indicate that rapamycin pre-treatment also inhibits bile acid
transporter expression but this mechanism is still unclear.

Figure 4.8: Proposed intracellular signaling pathways for regulation of bile acid
transporter expressions caused by rapamycin. Rapamycin inhibits mTORC1 which leads to
increased activity of Akt phosphorylation by disrupting feedback inhibition of PI3K which
mediate Akt-PI3K-Nrf2 pathway. The symbols represent ES-Extracellular Space; PM-Plasma
Membrane; NM-Nuclear Membrane; PI3K-Phosphatidylinositol 3 Kinase; AktSerine/Threonine Protein Kinase; mTORC1-Mammalian Target of Rapamycin Complex 1;
S6K1-S6 Kinase-1; Nrf2-Nuclear Factor-Erythroid 2-Related Factor 2; Keap1- Ketch-like ECH
Associated Protein 1; ARE-Antioxidant Response Element.
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4.3.3 Effects of ischemia and reperfusion on expression of bile acid transporters
following pre-treatment with rapamycin
Ischemia reperfusion increased sinusoidal transporter Ntcp and canalicular transporter
Mrp2 mRNA expression. However, in the presence of rapamycin pre-treatment
ischemia reperfusion increased only Mrp2 expression (see Tab. 4.1).

Likely mechanisms for expression of bile acid transporters by rapamycin-pretreatment
in ischemia reperfusion liver
The Rapamycin/Akt/PI3K/Nrf2 pathway might be involved for induction of bile acid
transporter expression by pre-treaatment with rapamycin in ischemia reperfusion liver
which has been described in the General Introduction (see Fig 1.14.). However, it is
still unclear which mechanism might be involved for inhibition of bile acid transporter
expression. Activation of Nrf2 by rapamycin could structure a possible mechanism by
which rapamycin modulates bile acid transporters expressions, and so, inhibits bile flow
(Mann et al., 2007; Zoncu et al., 2011). Therefore, the correlation of the effects of
rapamycin on increased antioxidant enzymes (HO-1 and Prx-1) expression and reduced
bile flow and hence, liver function is not cleared.

4.3.4 Effects of rapamycin in cultured rat hepatocytes
Rapamycin caused a decrease in sinusoidal transporter Ntcp, Oatp1 and Oatp2 mRNA
expression and increase in canalicular transporter Mrp2 and Bsep mRNA expression in
isolated cultured rat hepatocytes (Tab. 4.1). In contrast, pre-treatment of rapamycin
increased only Mrp2 mRNA expression in liver (absence of ischemia reperfusion) (Tab.
4.1). Similar to these findings, other laboratories have found an inhibition in Ntcp,
Oatps mRNA expression in conventional culture of rat hepatocytes (Oswald et al.,
2010; Picard et al., 2011; Liang et al., 1993; Hoffmaster et al., 2004). Mrp2 mRNA
was increased in primary cultured rat hepatocytes (Rippin et al., 2001; Hoffmaster et
al., 2004).

The actions of rapamycin on the expression of bile acid transporters are also very
dependent on the exposure of time. This observation has been confirmed by others.
Expression of Ntcp mRNA decreased within 72 hours in conventional culture of rat
hepatocytes (Liang et al., 1993). Mrp2 mRNA was increased to 154% at 24 and 48
hours, and decreased only afterwards in parallel with Mrp2 protein levels in primary
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cultured rat hepatocytes (Rippin et al., 2001). In contrast, Hoffmaster and colleagues
who reported that expression of Mrp2 mRNA increased with time in culture
(Hoffmaster et al., 2004).

The results showed a biphasic dose response curve for the induction and inhibition by
rapamycin on the expression of mRNA encoding Ntcp and Bsep and a monophasic dose
response curve for the inhibition by rapamycin on the expression of mRNA encoding
Oatp1 in isolated cultured rat hepatocytes (Tab. 4.1). These results suggest the
concentration of rapamycin is one of the main reasons to get different results between
in vivo and in vitro condition. The in vivo concentrations were high and on the high part
of the cell dose response curves. One or more intracellular signaling pathways might
be involved to induce or inhibit bile acid transporter expressions but we do not know
exactly.

The proposed mechanism how rapamycin activates bile acid transporters expressions
has been explained and drawn in the General Introduction (Fig. 1.14). However, the
mechanism by which rapamycin inhibits bile acid transporter expression is still
unknown.

4.4 CONCLUSION
Direct inhibition of bile acid transporters by rapamycin is unlikely to account for the
observed in vivo inhibition of bile flow. Decreased expression of sinusoidal bile acid
transporters is a likely explanation. Even though canalicular transporter expression is
increased, the predominant effect is likely to be due to decreased sinusoidal transporter
expression. This up-regulation and down-regulation depends on the time of exposure,
dose, ischemia and reperfusion. The results described in Chapter 3 and 4 are for normal
liver tissue. However, as discussed in the General Introduction, in HCC patients there
is a significant amount of cancerous tissue. Moreover, rapamycin is being used to treat
HCC patients; therefore, it is important to study actions of rapamycin on cancer tissue.
This is the subject of the next two chapters.
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5.1 INTRODUCTION
As shown in Chapter 3, rapamycin induces HO-1 and Prx-1 mRNA expression in
normal liver. A major factor in progression of cancer cell growth is inflammatory
environment and generation of ROS by inflammation enhances cancer cell growth (Kim
et al., 2007; Hu et al., 2013; Lee et al., 2008). Therefore, induction of antioxidant
enzymes (e.g. HO-1, Prx-1) would be a beneficial strategy to reduce ROS, resulting in
inhibition of cancer cell growth (Lai et al., 2008; Kim et al., 2007).

As discussed in the General Introduction, rapamycin is in fact used clinically to treat
HCC patients now (van Veelen et al., 2011; Monaco, 2009; Geissier & Schlitt, 2009;
Vivarelli et al., 2010; Schnitzbauer et al., 2010) and in the future oltipraz might be used
for this purpose (Weerachayaphorn et al., 2014; Cho et al., 2009; Ko et al., 2006). In
untreated HCC patients there is a significant proportion of liver as tumor and properties
of the tumor cells are very different from normal cells (Tomuleasa et al., 2010;
Thorgeirsson and Grisham, 2002; Farazi and DePinho, 2006). Therefore, it is important
to know whether the actions of rapamycin on HO-1 and Prx-1 induction are the same
or different in liver tumor tissue. This is particularly important for patients receiving
rapamycin treatment over the long term.

Therefore, the aims of the experiments described in this chapter are:
1. To determine the effects of rapamycin and oltipraz on the expression of
hemeoxygenase 1 and peroxiredoxin 1 in transformed rat liver cells.
2. To determine the doses of rapamycin needed to achieve this goal.

To achieve these goals H4IIE cells were used as a model of transformed (HCC) rat liver
cells as discussed in the General Introduction. The effects of rapamycin on antioxidant
84

and bile acid transporter gene expression in rat liver and in isolated cultured rat
hepatocytes were investiagted in the previous chapters. Therefore, in this chapter H4IIE
rat liver cells were used as a model of HCC cells for comparison of results with normal
rat liver or cells because H4IIE cells were originated from the Reuber hepatoma H-35
(Reuber, 1961) and treated as a good model of HCC cell. For these studies H4IIE cells
without treatment were used as control. The relative gene expression of HO-1 and Prx1 was measured by using RT-qPCR. The data of HO-1 expression will be presented
first, and then followed by Prx-1 expression.

5.2 RESULTS

5.2.1 Relative expression of HO-1 and Prx-1 mRNA in H4IIE rat liver cells
compared to that of isolated cultured rat hepatocytes
It is important to compare the expression level of HO-1 and Prx-1 mRNA in
transformed H4IIE cells with primary rat hepatocytes before treatment for accurate
translation of the drug effects. Therefore, the basal expression of HO-1 and Prx-1 in
H4IIE cells with that in primary rat hepatocytes after 36-hour incubation was compared
first. Differentiated H4IIE cells were used for the treatment of rapamycin and oltipraz
to know any differences due to the de-differentiated state of the H4IIE cells. If the
transformed (HCC) cells alter their characteristics it is important to understand what
will be the effect of drugs. Thereby, the basal expression of HO-1 in differentiated
H4IIE cells with undifferentiated H4IIE cells and primary rat hepatocytes was
compared. Results are shown in Fig. 5.1. In this study, HO-1 (A) mRNA expression is
nearly 3-fold lower in the H4IIE cells compared to that of primary cultured rat
hepatocytes and differentiated H4IIE cells and Prx-1 (B) mRNA expression is nearly
25-fold lower in the H4IIE cells compared to that of primary cultured rat hepatocytes.
These results indicate that after 10 days incubation in the presence of insulin (0.1 µM)
and dexamethasone (0.1 µM) to induce differentiation, the basal HO-1 mRNA
expression was increased to a level similar to that of primary rat hepatocytes.
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Figure 5.1: The relative expression of HO-1 (A) and Prx-1 (B) is lower in H4IIE cells than
that of isolated rat hepatocytes in culture. Relative fold changed in the mRNA expression of
HO-1 and Prx-1 (normalized to β-actin expression) in differentiated H4IIE cells and rat
hepatocytes compared with H4IIE cells. The results are expressed as mean ± SEM (n = 9, three
individual experiments). Degrees of significance determined using ANOVA with Post Hoc
Tukey’s test for comparison of H4IIE cells with isolated cultured hepatocytes are ** P<0.01
and *** P<0.001.

5.2.2 Effects of Rapamycin on HO-1 and Prx-1 mRNA expression in H4IIE cells
Rapamycin in undifferentiated H4IIE cells on HO-1 expression
To observe the effect of rapamycin on HO-1 mRNA expression in undifferentiated
H4IIE cells, cells were incubated with rapamycin (0.1µM and 0.5µM) for 36 hours
which was similar treatment in previous chapters (Chapter 3 and 4). Here, CoPP was
used as HO-1 inducer because CoPP is known to increase HO-1 expression (Amersi et
al., 1999; Wang et al., 2009; Glanemann et al., 2005; Wasserberg et al., 2007). The
results are shown in Fig. 5.2 (A). Compared to vehicle, rapamycin caused a 3-fold
decrease at 0.1 µM and a 2-fold decrease at 0.5 µM in HO-1 mRNA expression. CoPP
caused an increase HO-1 mRNA expression by 1.5 fold compared to that of vehicle,
although this increase was not statistically significant.

Rapamycin in differentiated H4IIE cells on HO-1 expression
The inhibition by rapamycin of HO-1 expression in H4IIE cells was unexpected as the
results of Chapter 3 showed that rapamycin induces HO-1 in primary rat hepatocytes.
It was possible that this difference in rapamycin action was due to the de-differentiated
state of the rat hepatocytes that exhibited losing properties they originally had, such as
protein expression, or change shape (Schnabel et al., 2002). Therefore, differentiated
H4IIE cells were used to asses HO-1 expression by rapamycin.
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To determine the effect of rapamycin on HO-1 mRNA expression in differentiated
H4IIE cells cells were incubated with rapamycin (0.1µM and 0.5µM) for 36 hours like
undifferentiated H4IIE cells. Differentiated cells by 10 days were used as control. Here,
CoPP was also used as HO-1 inducer. The results are shown in Fig. 5.2 (B). Compared
to vehicle, rapamycin caused a 1.5-fold decrease in HO-1 mRNA expression at 0.1 µM
and a 2-fold reduction in HO-1 mRNA expression at 0.5 µM. CoPP increased HO-1
mRNA expression by 1.5 fold compared to that of vehicle. Thus, differentiation of the
cells by incubation with insulin and dexamethasone did not alter their response to the
actions of rapamycin on HO-1 expression. In undifferentiated cells, 0.5µM rapamycin
did not give as much decrease as 0.1 µM rapamycin whereas in differentiated cells 0.5
µM rapamycin gave a further decrease.

Rapamycin in undifferentiated H4IIE cells on Prx-1 expression
To observe the effect of rapamycin on Prx-1 expression, undifferentiated H4IIE cells
were incubated with rapamycin (0.1µM and 0.5µM) for 36 hours. The results are shown
in Fig. 5.2 (C). Compared to vehicle, rapamycin caused a 1.5-fold decrease in Prx-1
mRNA expression at 0.5 µM.
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Figure 5.2: Rapamycin reduces HO-1 (A, B) and Prx-1 (C) mRNA expression in H4IIE
cells. Relative fold changed in the mRNA expression of HO-1 and Prx-1 (normalized to β-actin
expression) in H4IIE cells treated with rapamycin compared with vehicle. The results are
expressed as the mean ± SEM (n = 9, three individual experiments). Degrees of significance
determined using ANOVA with Post Hoc Tukey’s test for comparison of rapamycin with
vehicle are *P<0.05 and *** P<0.001.

5.2.3 Effects of oltipraz on HO-1 and Prx-1 mRNA expression in H4IIE cells
To determine the effect of oltipraz on HO-1 mRNA expression in H4IIE cells, H4IIE
cells were incubated with 25µM and 50µM oltipraz for 36 hours These two
concentrations were selected on the basis of the results in published studies on the
expression of antioxidant enzyme, glutathione transferase, treated by oltipraz in liver
(Kim et al., 2010). The results are shown in Fig. 5.3. Oltipraz caused an increase in HO1 (A) mRNA expression at both concentrations (4-fold and 6-fold respectively).
Oltipraz also caused an increase in Prx-1 (B) mRNA expression at both concentrations
(1.5-fold and 2.5-fold respectively). Oltipraz induced increase in Prx-1 is much less
than that in HO-1.
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Figure 5.3: Oltipraz induces HO-1 (A) and Prx-1 (B) mRNA expression in H4IIE cells.
Relative fold changed in the mRNA expression of HO-1 and Prx-1 (normalized to β-actin
expression) in H4IIE cells treated with oltipraz compared with vehicle. The results are
expressed as mean ± SEM (n = 9, three individual experiments). Degrees of significance
determined using ANOVA with Post Hoc Tukey’s test for comparison of oltipraz with vehicle
are * P<0.05 and *** P<0.001.

5.2.4 Dose-response curve for the action of oltipraz on the expression of mRNA
encoding HO-1 and Prx-1
To determine the concentration of oltipraz that gives half maximal value six
concentrations of oltipraz (12.5, 25, 50, 75, 100 and 150µM) were used. The results are
shown in Fig. 5.4. The results showed monophasic dose response curve of HO-1 (A)
and Prx-1 (B) expression. The oltipraz concentration which gave half maximal (S0.5
value) induction was 50µM.
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Figure 5.4: Dose-response curve by oltipraz for the induction of the expression of mRNA
encoding HO-1 (A) and Prx-1 (B) in H4IIE cells. This line was achieved by fitting with linear
regression equation (variable slope). Relative fold changed in the mRNA expression of HO-1
and Prx-1 (normalized to β-actin expression) in H4IIE cells treated with oltipraz compared with
control. The results are expressed as mean ± SEM (n = 9, three individual experiments).

5.2.5 Effects of rapamycin on HO-1 and Prx-1 mRNA expression in presence of
oltipraz
Since oltipraz gave a large induction of HO-1 and Prx-1 mRNA expression and
rapamycin inhibited HO-1 and Prx-1 mRNA expression, it was important to
understandwhether rapamycin counteracted this increase. The results for H4IIE cells
with rapamycin on HO-1 and Prx-1 were unexpected. Two concentrations of rapamycin
(0.1 and 0.5 µM) were used in the presence of one fixed oltipraz concentration (50 µM).
50 µM oltipraz to elevate HO-1 and Prx-1 expression was selected because this
concentration gave half maximal induction on the basis of above dose response curve.
The results are shown in Fig. 5.5. Oltipraz (50 µM) alone 6-fold and 3-fold increased
in HO-1 and Prx-1 mRNA expression respectively. In the presence of 50 µM oltipraz,
rapamycin caused a 3-fold and 2-fold decrease oltipraz activity in HO-1 mRNA
expression at 0.1 and 0.5 µM respectively. In the presence of 50 µM oltipraz, rapamycin
caused a 2-fold decrease oltipraz activity in Prx-1 mRNA expression at both
concentrations.
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Figure 5.5: Rapamycin causes a large inhibition of HO-1 (A) and Prx-1 (B) mRNA
expression when cells are co-incubated with oltipraz and rapamycin. Relative fold changed
in the mRNA expression of HO-1 and Prx-1 (normalized to β-actin expression) in H4IIE cells
treated with rapamycin and oltipraz compared with 50 µM oltipraz. The results are expressed
as mean ± SEM (n = 9, three individual experiments). Degrees of significance determined using
ANOVA with Post Hoc Tukey’s test for comparison of treated cells with vehicle are ***
P<0.001.

5.2.6 Dose response curve for rapamycin in presence of oltipraz
In H4IIE cells it was observed unexpectedly inhibition rather than increase in HO-1 and
Prx-1 expression with rapamycin. The difference between H4IIE cells and primary rat
hepatocytes might be due to the dose employed. Therefore, a dose response study with
rapamycin was conducted. But, as the rapamycin effects on H4IIE cells were small the
experiment was conducted in the presence of oltipraz to increase HO-1 and Prx-1
expression and then looked at the effects of rapamycin.

To do this six rapamycin concentrations (0.01, 0.05, 0.1, 0.5, 1.0 and 5.0 µM) and one
fixed oltipraz concentration (50 µM) were used. Oltipraz 50 µM and no rapamycin was
used as control in this case. The results are shown in Fig. 5.6. Rapamycin drastically
inhibited the positive effects of oltipraz on HO-1 (A) and Prx-1 (B) mRNA expression,
even at the lowest concentration of 0.01 uM rapamycin. It is noteworthy that the general
shape of these curves was the same by rapamycin in the presence of oltipraz. In both
curves, there seems to be some complexity; inhibition at the 0.01 µM concentration,
then some recovery from inhibition.
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Figure 5.6: Dose response curve for the inhibition of HO-1 (A) and Prx-1 (B) expression
by rapamycin in presence of the activator oltipraz. Relative fold changed in the mRNA
expression of HO-1 and Prx-1 (normalized to β-actin expression) in H4IIE cells treated with
rapamycin and oltipraz comparing with H4IIE cells treated with oltipraz 50µM. qPCR was
normalized to β-actin and expressed as a ratio compared to no addition i.e. no rapamycin and
no oltipraz. The results are expressed as mean ± SEM (n = 9, three individual experiments).

5.2.7 Effects of rapamycin and oltipraz on cell growth
In H4IIE cells, rapamycin did not increase HO-1 and Prx-1 expression but decreased it.
So, it was important to look if this was due to rapamycin inducing cell damage or death.
Therefore, in the next series of experiments, the effect of rapamycin was assessed on
cell growth in H4IIE cells. To achieve this goal cells were incubated with rapamycin
(0.1 and 0.5µM) for 36 hours and total cell number and cell viability (trypan blue
exclusion) were measured. The results are shown in Fig. 5.7 (A). Rapamycin caused a
decrease in total cell number by nearly 30% in both concentrations.

The effects of rapamycin were also assessed on cell growth in differentiated H4IIE
cells. To do this, cells were differentiated first with 0.1µM insulin and 0.1µM
dexamethasone for 10 days. These differentiated cells were then incubated with
rapamycin (0.1 and 0.5µM) for 36 hours and total cell number and cell viability (trypan
blue exclusion) were measured. The results are shown in Fig. 5.7 (B). Rapamycin
caused an increase in total cell number at both concentrations. The total cell number
was increased nearly 25% and 50% at 0.1µM and 0.5µM respectively in the
differentiated H4IIE cells.

Next the effect of oltipraz was assessed on cell growth in H4IIE cells. H4IIE cells were
incubated by oltipraz (25 and 50µM) for 36 hours and total cell number and cell
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viability (trypan blue exclusion) were measured. The results are shown in Fig. 5.7 (C).
Oltipraz caused a decrease in total cell number by nearly 25% at both concentrations.

Figure 5.7: Rapamycin and oltipraz reduces total cell number in H4IIE cells after 36
hours incubation. Results were compared with vehicle. The results are expressed as mean ±
SEM (n = 9, three individual experiments). Degrees of significance determined using ANOVA
with Post Hoc Tukey’s test for comparison of rapamycin with vehicle are *** P<0.001.

The results of the effect of rapamycin on cell viability in H4IIE cells are shown in Fig.
5.8 (A). Rapamycin caused a decrease in cell viability by nearly 65% and 70% at 0.1µM
and 0.5µM respectively. These results indicate that under the conditions tested
rapamycin inhibited growth of undifferentiated cells and induced some cell damage.

Rapamycin also caused a decrease in the percentage of cell viability at 0.1 µM (Fig. 5.8
B). The percentage of viable cells was nearly 50% and 55% at 0.1µM and 0.5µM
respectively in the differentiated H4IIE cells. These results indicate that under the
conditions tested rapamycin increased growth of differentiated cells but did not alter
the degree of cells damage.
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Oltipraz caused an increase in cell viability by nearly 90 and 95 at 25µM and 50µM
respectively (Fig. 5.8 C). These results indicate that under the conditions tested oltipraz
inhibited growth of undifferentiated cells and protected the cells from damage or death.

Figure 5.8: Rapamycin reduces the percentage of viable cells but oltipraz induces the
percentage of viable cells after 36 hours incubation. Results are shown as percentage and
compared with vehicle. The results are expressed as mean ± SEM (n = 9, three individual
experiments). Degrees of significance determined using ANOVA with Post Hoc Tukey’s test
for comparison of rapamycin with vehicle are *P<0.05 and *** P<0.001.

5.3 DISCUSSION
The aim of this investigation was to determine the effects of rapamycin and oltipraz on
the expression of heme oxygenase 1 and peroxiredoxin 1 in cultured rat hepatocytes
and H4IIE rat liver cells. The main observation is that in H4IIE cells, basal expression
of HO-1 and Prx-1 mRNA was lower than that in isolated cultured rat hepatocytes. In
contrast to its effect on cultured rat hepatocytes, rapamycin blunted HO-1 and Prx-1
mRNA expression (Table 5.1). Oltipraz increased HO-1 and Prx-1 mRNA expression
in H4IIE cells similar to that in rat hepatocytes. The S0.5 for rapamycin inhibition was
0.01µM and for oltipraz was 50µM. Differentiation restored basal HO-1 mRNA
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expression in H4IIE cells but was not able to restore the rapamycin-mediated induction
of HO-1 mRNA seen in hepatocytes. Rapamycin decreased total cell number and cell
viability in H4IIE cells while oltipraz decreased total cell number but increased cell
viability. In contrast, rapamycin increased total cell number in differentiated H4IIE
cells.

Table 5.1: Effects of rapamycin and oltipraz on HO-1 and Prx-1 mRNA expression in
H4IIE rat liver cells

Antioxidant enzymes

Actions in H4IIE cells

Compared to Rat
Hepatocytes

Rapamycin
HO-1
Prx-1

3-fold decreased
1.5-fold decreased

3-fold increased
3-fold increased

6-fold increased
(Monophasic dose
response)
2.5-fold increased
(Monophasic dose
response)

Not tested

3-fold decreased
2-fold decreased

Not tested
Not tested

Oltipraz
HO-1

Prx-1

Action of rapamycin
following oltipraz
(compared to oltipraz)
HO-1
Prx-1

Not tested

5.3.1 Effects of rapamycin on HO-1 and Prx-1 expression in H4IIE cells
The results showed that incubation with rapamycin decreased HO-1 and Prx-1
expression in transformed rat liver (H4IIE) cells which is in contrast to the observed
induction of HO-1 and Prx-1 expression in normal rat liver cells. Similar to these
findings, Hu et al. found an inhibition in HO-1 mRNA expression in human carcinoma
(Eca109) cells (Hu et al., 2013). The degree of mRNA expression in Prx1 was
significantly reduced in MEF cell line (Kim et al., 2007).

The results of differentiated H4IIE cells for increasing HO-1 and Prx-1 mRNA
expression were unexpected. Differentiation by 0.1µM insulin and 0.1µM
95

dexamethsone by 10 days did not convert rapamycin activity on the inhibition of HO1 and Prx-1 expression to activation. However, the basal expression of HO-1 was
increased, similar to rat hepatocytes. These results indicate that rapamycin activity may
be influenced by insulin and dexamethasone but the mechanism by which this occurs
is unknown.

Likely explanation
In the previous chapter (chapter 3), it was observed that rapamycin induced HO-1 and
Prx-1 mRNA expression in normal rat liver cells (Fig 3.9). However, in this chapter it
was found that rapamycin reduced HO-1 and Prx-1 mRNA expression in H4IIE cells.
The possible explanation would be the following:
1. H4IIE rat tumor liver cells derived from Reuber Hepatoma H-35 (Pitot et al., 1964).
As discussed in the General Introduction, there are mutations in numerous proteins
including intracellular signaling pathways, and these may alter the pathways
affected by rapamycin in unknown ways.
2. mTORC1 is the key regulator of rapamycin action and mTORC1 has dual function
which can activate and inhibit Akt activity by phosphorylation and
dephosphorylation (Sun et al., 2005; Sarbassov et al., 2006) that can be accountable
for alteration of mTOR dependent signal transduction.
3. There is some evidence that the activation site of Nrf2 may be altered in mutated
cells which can interrupt the Nrf2-Keap1 signal transduction pathway
(Padmanabhan et al., 2006; Singh et al., 2008; Mitsuishi et al., 2012).

5.3.2 Effects of oltipraz on HO-1 and Prx-1 expression in H4IIE cells
From these investigations, it was found that oltipraz increased HO-1 and Prx-1 mRNA
expression in H4IIE cells. In contrast, rapamycin inhibited HO-1 and Prx-1 mRNA
expression in H4IIE cells and induced HO-1 and Prx-1 mRNA expression in normal rat
hepatocytes. The effects of oltipraz on HO-1 and Prx-1 mRNA expression in normal
rat hepatocytes were not investigted due to time limitations. Therefore, the exact effect
of oltipraz on HO-1 and Prx-1 expression in liver is still unknown. Experiments with
isolated cultured hepatocytes would be important for future experiments.
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Likely mechanisms for expression of HO-1 and Prx-1 by oltipraz
The proposed intracellular signaling pathway by which oltipraz regulates antioxidant
enzyme (HO-1 and Prx-1) expression in liver has been described in the General
Introduction Chapter (see Fig 1.16). The likely explanation of increased HO-1 and Prx1 mRNA expression by oltipraz compared to rapamycin action on decreased HO-1 and
Prx-1 expression would be due to increase Nrf2 activation by oltipraz in H4IIE cells.
Several studies provide evidence about the activation of Nrf2 by oltipraz
(Weerachayaphorn et al., 2009; Maher et al., 2007).

5.3.3 Effects of rapamycin and oltipraz co-administration on HO-1 and Prx-1
expression
It was observed that rapamycin inhibited oltipraz activity on HO-1 and Prx-1 mRNA
expression in H4IIE cells when rapamycin and oltiptaz were co-administered. This
result is very unlikely. At this moment it is unclear the reason why and how rapamycin
inhibited oltipraz activity on HO-1 and Prx-1 expression in H4IIE cells.

Likely mechanisms for expression of HO-1 and Prx-1 by rapamycin in presence of
oltipraz
There is no direct evidence found how rapamycin reduces oltipraz activity on HO-1 and
Prx-1 mRNA expression in H4IIE cells. However, to sum up the available data it is
proposed that rapamycin inhibits oltipraz activity by disrupting Nrf2 translocation from
the Nrf2 complex, and leads to binding Nrf2 to ARE in the promoter of the HO-1 and
Prx-1 genes (Fig. 5.9).
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Figure 5.9: Proposed intracellular signaling pathways for regulation of HO-1 and Prx-1
expression in H4IIE cells caused by rapamycin and oltipraz co-administration. Rapamycin
inhibits mTORC1 which leads to increased activity of Akt phosphorylation by disrupting
feedback inhibition of PI3K which mediate Akt-PI3K-Nrf2 pathway. Oltipraz derivative M2
activates Nrf2 by dissociating Keap1 blocking PI3K-p70S6 kinase pathway (Cho et al., 2009;
Ko et al., 2006). This dissociated Nrf2 translocates to the nucleus and promotes Nrf2 binding
to the promoter region of target gene EpRE/ARE which leads to the expression of HO-1, Prx1. The symbols represent C/EBPTβ- CCAAT/Enhancer Binding Protein β; PI3KPhosphoinositadyl 3 kinase; mTORC1- Mammalian Target of Rapamycin Subunit C1; Nrf2Nuclear Factor-Erythroid 2-Related Factor 2; Keap1- Ketch-like ECH Associated Protein 1;
EpRE/ARE- Ferritin H Electrophile/Antioxidant Responsive Element; HO-1- Hemeoxygenase1; Prx-1- Peroxiredoxin-1.

5.3.4 Effects of rapamycin on cell proliferation in H4IIE cell culture
In this study, rapamycin (0.1 and 0.5µM for 36-hour incubation) inhibited total cell
number and also inhibited the percentage of viable cells in transformed H4IIE (HCC)
cells. Similar to this observation, various laboratories also found that rapamycin
inhibited different transformed or HCC (PLC5, HuH7 and BMOL-TAT) cell lines
(Shirouzu et al., 2010; Heuer et al., 2009; Bridle et al., 2009). In addition, it was
reported by various groups of studies that rapamycin had been slowed down the
proliferation of different types of cells in vitro (Zhu et al., 1999; Gabele et al., 2005;
Schreml et al., 2007; Jankiewicz et al., 2006; Hafizi et al., 2004; Bridle et al., 2009).
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This inhibition was also dependent on dose and time of incubation (Shirouzu et al.,
2010; Heuer et al., 2009).

These results suggest that rapamycin inhibits cell growth or activates apoptosis or
necrosis. The Trypan Blue results (percentage of viable cell) indicate that rapamycin
induces some cell damages of some sort but it is unknown whether this is apoptosis and
or necrosis. It is noteworthy that the percentage of viable cells in control cells was 80%,
which was unexpected. Although it is unclear the reason behind this issue but it is
important to consider the observed effect of rapamycin and oltipraz begins. Apoptosis
or necrosis induced by extracellular signaling pathways in in vitro culture would be a
possible explanation to reduce viability of cells in culture. It is still unestablished from
these results if there is any correlation between inhibition of cell proliferation and HO1 and Prx-1 expression.

Rapamycin (0.1 and 0.5µM for 36-hour incubation) also induced total cell number in
differentiated H4IIE cells but inhibited percentage of viable cells. These results indicate
that differentiation by insulin and dexemethasone may have a great impact on
rapamycin activity but still it is unclear.

Likely Mechanisms for inhibition of cell growth by rapamycin
The likely mechanism how rapamycin inhibits cell proliferation and percentage of
viable cells has been described in the General Introduction (see in Fig. 1.12). The likely
explanation of inhibition of cell growth by rapamycin would be due to disruption of
70S ribosomal protein S6 kinase (S6K1) activity in H4IIE cells. Several studies provide
evidence about the disruption of PI3K-Akt-S6K1 pathway and inhibition cell growth
by rapamycin (Sehgal, 2003; Kist et al., 2012; Ashwarth and Wu, 2014).

5.3.5 Effects of oltipraz on cell proliferation in H4IIE cell culture
Oltipraz (25 and 50 µM for 36-hour incubation) decreased total cell number but
increased the percentage of viable H4IIE cells, opposite to the effect of rapamycin.
Similar to this observation, Cho et al. found that oltipraz enhanced liver regeneration
in an animal model of bile duct ligation (Cho et al., 2009).
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These results indicate that oltipraz may inhibit cell proliferation or activate apoptosis
or necrosis in transformed liver (HCC) cells. The Trypan Blue results indicate that
oltipraz may protect liver cells from cell damage. This observation suggests that using
oltipraz would be a beneficial drug for the HCC patients who are waiting for liver
resection or transplantation.

Likely mechanism
The likely mechanism how oltipraz regulates cell growth in liver cells has been
described in the General Introduction (see Fig 1.17). The likely explanation of
inhibition of cell growth by oltipraz would be due to blocking PI3K-p70S6 kinase
pathway (Cho et al., 2009).

5.4 CONCLUSION
Taken together, the results of this investigation suggest that rapamycin is not a good
inducer of HO-1 and Prx-1 expression in transformed (HCC) liver cells since it
inhibited expression of these enzymes. However, it can inhibit transformed (HCC) cell
proliferation which would be beneficial for the HCC patients to reduce tumor growth.
However, oltipraz is a good inducer of HO-1 and Prx-1 expression in transformed
(HCC) liver cells and inhibitor of tumor growth or HCC cell proliferation.
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CHAPTER VI: EFFECTS OF RAPAMYCIN AND
OLTIPRAZ ON THE EXPRESSION OF BILE ACID
TRANSPORTERS IN TRANSFORMED RAT LIVER
CELLS

6.1 INTRODUCTION
As described in the General Introduction, rapamycin is used to treat patients with
advanced stage HCC in order to reduce growth of cancer cells (Ashworth and Wu,
2014; Toso et al., 2010) and potentially oltipraz can also be used in this way (Ruggeri
et al., 2002; Helzlsouer and Kensler, 1993; Johnson et al., 2002; Kensler et al., 2003;
Merrell et al., 2008). As shown in Chapter 3, rapamycin induces antioxidant HO-1 and
Prx-1 expression in normal liver and this can be of potential value in reducing damage
due to ischemia reperfusion injury in liver surgery. However, this was also associated
with inhibition of bile acid transporter expression, as shown in Chapter 4, and therefore
may lead to poorer outcome.

In HCC patients treated with rapamycin, there is a large amount of tumor tissue as well
as normal tissue in liver. In these patients, rapamycin is expected to act on not only on
normal liver cells but also on HCC cells. Moreover, the results in Chapter 5 show
inhibition of HO-1 and Prx-1 expression in liver tumor tissue, which is the opposite of
what happens in normal liver. However, oltipraz shows an induction of HO-1 and Prx1 expression in liver tumor tissue. Therefore, it was considered important to know the
effect of rapamycin and oltipraz on bile acid transporters expression in liver tumor
tissue. H4IIE cells were used here as a model of liver tumor tissue which was described
before in the General Introduction. Several published papers report that some bile acid
transporters are not expressed in liver tumor and or may be expressed at levels different
from those in normal liver (Weerachayaphorn et al., 2009; Ko et al., 2006; Cho et al.,
2009). Therefore, before investigating the effect of rapamycin and oltipraz, the
expression of bile acid transporters in H4IIE cells and primary hepatocytes was
necessary.
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Aim:
Therefore, the aims of these experiments described in this chapter are:
i.

To detect which bile acid transporters are expressed in H4IIE cells,

ii.

To determine the relative expression of bile acid transporters in H4IIE cells
compared to hepatocytes, and

iii.

To determine the effects of rapamycin and oltipraz in expressions of bile
acid transporters in H4IIE cells.

To achieve these goals, the major bile acid transporters in H4IIE cells were investigated
which have been described as in General Introduction and Chapter 4 (Fig. 4.1). Among
bile acid transporters, sinusoidal transporter Ntcp, Oatp1, Oatp2, Oatp9 and canalicular
transporter Mrp2, Bsep, Mdr1a, Mdr1b, Mdr2, Bcrp were selected for studies.
The data of sinusoidal transporter expression will be presented first, and then followed
by canalicular transporter expression.

6.2 RESULTS

6.2.1 Detection and comparison of bile acid transporter expression in H4IIE cells
with that in rat hepatocytes by conventional PCR
In this chapter, expression of bile acid transporters was compared in H4IIE cells and
primary rat hepatocytes.

Sinusoidal transporters expressions Ntcp, Oatp1, Oatp2 Oatp9 were presented in Fig.
6.1. In contrast to primary hepatocytes, the sinusoidal transporter, Oatp9 was not
detected in H4IIE cells (see Fig. 6.1; Tab. 6.1).

102

Figure 6.1: Detection of sinusoidal bile acid transporters expression in H4IIE and rat liver
cells by PCR. PCR was conducted three times for each gene and these are representative
images of each gene. Nuclease free water (NFW) was used as negative control. The sequence
of the primers used for each bile acid transporter and PCR product size has been described as
in Materials and Methods Chapter (see Tab.-2.1). The symbol represents RLC-Rat Liver Cells
(primary hepatocytes).

Canalicular transporters expressions Mrp2, Bsep, Mdr1a, Mdr1b, Mdr2, Bcrp were
presented in Fig 6.2. Each transporter was detected with the PCR primers used in
hepatocytes except Mdr1a which was detected in H4IIE cells (see Fig 6.2; Tab. 6.1). In
contrast to primary hepatocytes, the canalicular transporters, Bsep and Bcrp, were not
detected in H4IIE cells (see Fig. 6.2; Tab. 6.1).
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Figure 6.2: Detection of canalicular bile acid transporter expression in H4IIE and rat liver
cells by PCR. PCR was conducted three times for each gene and these are representative
images of each gene. Nuclease free water (NFW) was used as negative control. The sequence
of the primers used for each bile acid transporter and PCR product size has been described as
in Materials and Methods Chapter (see Tab.-2.1). The symbol represents RLC-Rat Liver Cells
(primary hepatocytes).
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Table 6.1: Results summary of the bile acid transporter mRNA expression detected in
H4IIE rat liver cells and primary rat hepatocytes.

Bile Acid Transporter

Expression in rat
hepatocytes

Expression in H4IIE
cells

Ntcp

Expressed

Expressed

Oatp1

Expressed

Expressed

Oatp2

Expressed

Expressed

Oatp9

Expressed

Not Expressed

Mrp2

Expressed

Expressed

Bsep

Expressed

Not Expressed

Mdr1a

Not Expressed

Expressed

Mdr1b

Expressed

Expressed

Mdr2

Expressed

Expressed

Bcrp

Expressed

Not Expressed

Sinusoidal Transporter

Canalicular Transporter

6.2.2 Relative expression of mRNA encoding bile acid transporter in H4IIE rat
liver cells compared to that in isolated cultured rat hepatocytes
Relative expression of sinusoidal transporters Ntcp, Oatp1, Oatp2 and canalicular
transporter Mrp2 mRNA were measured in H4IIE (undifferentiated) cells. The
expressions of some bile acid transporters were investigated in differentiated H4IIE
cells. All cells (H4IIE cells, differentiated H4IIE cells and isolated primary rat
hepatocytes) were incubated for 36 hours without any treatment. RT-qPCR was
conducted to assess the expression of bile acid transporters. The results are shown in
Fig. 6.3 and Tab. 6.2.

The relative basal expression of Ntcp (A) mRNA in H4IIE cells and differentiated
H4IIE cells was nearly 30-fold lower than that of primary rat hepatocytes.
Differentiation did not increase Ntcp expression in H4IIE cells.
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The relative expressions of Oatp1 (B) and Oatp2 (C) mRNA in H4IIE cells were 25 and
14- fold lower, respectively than that in primary rat hepatocytes.

The relative expression of Mrp2 (D) in H4IIE and differentiated H4IIE cells was similar
and was nearly 3- fold higher than that in primary rat hepatocytes.

Figure 6.3. Relative expression of Ntcp (A), Oatp1 (B), Oatp2 (C) are lower but Mrp2 (D)
mRNA in H4IIE cells is substantially higher than that in primary rat hepatocytes. Relative
fold changed in the mRNA expression of Ntcp, Oatp1, Oatp2 and Mrp2 (normalized to β-actin
expression) in differentiated H4IIE cells and primary rat hepatocytes compared with H4IIE
cells. The results are presented as mean ± SEM (n = 9, three individual experiments). Degrees
of significance determined using ANOVA with Post Hoc Tukey’s test for comparison of
differentiated H4IIE cells and primary rat hepatocytes with H4IIE cells are *** P<0.001.
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Table 6.2: Summary of the relative mRNA expression of bile acid transporters in H4IIE
rat liver cells compared to that in freshly isolated rat hepatocytes.

Transporter

Expression in Undifferentiated H4IIE
cells relative to that in rat hepatocytes

Effect of differentiation

Ntcp

30-fold lower

No change

Oatp1

25-fold lower

Not tested

Oatp2

14-fold lower

Not tested

3- fold Higher

No change

Sinusoidal

Canalicular
Mrp2

6.2.3 Effects of rapamycin and oltpraz on sinusoidal bile acid transporter encoding
Ntcp, Oatp1 and Oatp2 mRNA expression in H4IIE rat liver cells
Effects of rapamycin
To investigate the effect of rapamycin in H4IIE cells on sinusoidal transporters mRNA
expression, H4IIE cells were incubated with rapamycin (0.1 and 0.5 µM) for 36 hours
which was similar to previous chapter’s treatment. Differentiated H4IIE cells were used
to determine the Ntcp mRNA expression by rapamycin. Results are shown in Fig. 6.4.

Ntcp mRNA expression
Rapamycin caused a 2.5-fold increase in expression of Ntcp mRNA (Fig 6.4 A).
Similar results were obtained with differentiated H4IIE cells (Fig 6.4 B).

Oatp1 expression
Rapamycin caused a 2-fold and 4-fold increase in Oatp1 mRNA expression at 0.1 and
0.5µM, respectively compared to vehicle (Fig. 6.4 C).

Oatp2 expression
Rapamycin caused a decrease in Oatp2 mRNA expression by 2-fold and 2.5-fold at 0.1
and 0.5µM, respectively compared to vehicle (Fig. 6.4 D).
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Figure 6.4: Rapamycin induces Ntcp (A, B) and Oatp1 (C) mRNA expression but reduces
Oatp2 (D) mRNA expression in H4IIE cells. Relative fold changed in the mRNA expression
of Ntcp, Oatp1 and Oatp2 (normalized to β-actin expression) in H4IIE cells treated with
rapamycin compared with vehicle. The results are expressed as the mean ± SEM (n = 9, three
individual experiments). Degrees of significance determined using ANOVA with Post Hoc
Tukey’s test for comparison of rapamycin with vehicle are * P<0.05, **P<0.01 and ***
P<0.001.

Effects of oltipraz
To determine the effect of oltipraz on sinusoidal bile acid transporter mRNA expression
in H4IIE cells two doses of oltipraz (25µM and 50µM) were used for 36 hours which
was similar to Chapter 5 on HO-1 and Prx-1 expression. Results are shown in the Fig.
6.5.

Ntcp expression
Oltipraz caused a 2-fold and 4-fold decrease in Ntcp (A) mRNA expression at 25 µM
and 50 µM respectively. At the higher concentration of oltipraz, a greater decrease was
observed.
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Oatp1 expression
Oltipraz caused a decrease in Oatp1 (B) mRNA expression by 2- and 3-fold at 25 µM
and 50 µM, respectively compared to vehicle.

Oatp2 expression
Oltipraz caused an increase in Oatp2 (C) mRNA expression by 1.5-fold at 25 µM and
decrease by 2-fold at 50 µM compared to vehicle.

Figure 6.5: Oltipraz reduces Ntcp (A), Oatp1 (B) and Oatp2 (C) mRNA in H4IIE cells.
Relative fold changed in the mRNA expression of Ntcp, Oatp1 and Oatp2 (normalized to βactin expression) in H4IIE cells treated with oltipraz compared with vehicle. The results are
expressed as the mean ± SEM (n = 9, three individual experiments). Degrees of significance
determined using ANOVA with Post Hoc Tukey’s test for comparison of oltipraz with vehicle
are * P<0.05, ** P<0.01 and *** P<0.001.
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6.2.4 Effects of rapamycin and oltipraz on canalicular transporter encoding Mrp2
mRNA expression in H4IIE rat liver cells
Effects of rapamycin
To observe the effect of rapamycin on Mrp2 mRNA in H4IIE cells and differentiated
H4IIE cells, cells were treated with 0.1 and 0.5µM rapamycin for 36 hours similar to
previous experiments. Results are shown in Fig. 6.6. Rapamycin caused an increase in
Mrp2 mRNA expression by 3-fold (Fig 6.6 A) and 2- fold (Fig 6.6 B) at 0.5µM in
undifferentiated and differentiated H4IIE cells, respectively.

Figure 6.6: Rapamycin induces Mrp2 mRNA expression in H4IIE (undifferentiated and
differentiated) cells. Relative fold changed in the mRNA expression of Mrp2 (normalized to
β-actin expression) in H4IIE cells treated with rapamycin compared with vehicle. The results
are expressed as the mean ± SEM (n = 9, three individual experiments). Degrees of significance
determined using ANOVA with Post Hoc Tukey’s test for comparison of rapamycin with
vehicle are ** P<0.01.

Effects of oltipraz
To observe the effect of oltipraz on Mrp2 mRNA expression in H4IIE cells, 25µM and
50µM oltipraz were used for 36 hours similar to the above experiments. Results are
shown in Fig. 6.7. Oltipraz caused an increase in Mrp2 mRNA expression by 2-and 3fold at 25µM and 50µM, respectively.
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Figure 6.7: Oltipraz induces Mrp2 mRNA expression in H4IIE cells. Relative fold changed
in the mRNA expression of Mrp2 (normalized to β-actin expression) in H4IIE cells treated with
oltipraz compared with vehicle. The results are expressed as the mean ± SEM (n = 9, three
individual experiments). Degrees of significance determined using ANOVA with Post Hoc
Tukey’s test for comparison of oltipraz with vehicle are *** P<0.001.

6.2.5 Dose-response curve by oltipraz on the expression of mRNA encoding Ntcp,
and Mrp2 in H4IIE cells
To determine dose response curve on Ntcp and Mrp2 expression that gives half
maximal value different concentrations of oltipraz were used. The results are shown in
Fig. 6.8. The results show a monophasic dose response curve but Ntcp shows decreased
expression with higher expression (A) and Mrp2 shows increased expression with
higher concentration (B). The oltipraz concentration which gave half maximal (S0.5
value) induction and inhibition was 50 µM.
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Figure 6.8: Dose-response curve for the reduction by oltipraz of the expression of mRNA
encoding Ntcp in H4IIE cells. This line was achieved by fitting with linear regression equation
(variable slope). Relative fold changed in the mRNA expression of Ntcp (normalised to β-actin
expression) in H4IIE cells treated with oltipraz compared with H4IIE vehicle. The results are
expressed as the means ± SEM (n = 9, three individual experiments).

6.3 DISCUSSION
The aims of these investigations were to detect the expression of bile acid transporters,
to determine the relative expression and the effects of rapamycin and oltipraz on the
expression of bile acid transporters in transformed liver cells. The main observations
are that (i) expression of some bile acid transporters (Oatp9, Bsep and Bcrp) were not
detected (see Table 6.1) and (ii) basal expression of bile acid transporters were
significantly different in transformed liver cells compared to primary rat hepatocytes
(see Table 6.2). Treatment with rapamycin caused an induction in the mRNA
expression of bile acid transporters (with the exception of Oatp2) in H4IIE cells.
However, oltipraz caused an inhibition in the mRNA expression of bile acid
transporters (with the exception of Mrp2) in H4IIE cells.
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Table 6.3: Summary of the effects of rapamycin and oltipraz on bile acid transporters
mRNA expressions in H4IIE rat liver cells

Transporters

Action of rapamycin
(compared to
vehicle)

Effect of
rapamycin in
isolated cultured
hepatocytes for 36
hours

Action of oltipraz
(compared to vehicle)

Sinusoidal
Ntcp

2.5-fold increased

3-fold decreased
(Biphasic curve)

3-fold decreased

Oatp1

4-fold increased

5-fold decreased
(Monophasic
curve)

3-fold decreased

Oatp2

2-fold decreased

3-fold decreased

2-fold increased

3-fold increased

4-fold increased

3-fold increased

Canalicular
Mrp2

6.3.1 Detection and comparison of bile acid transporters in H4IIE cells with that
in isolated cultured rat hepatocytes
It was observed that some of the bile acid transporters were not expressed (Oatp9, Bsep,
Bcrp) in H4IIE cells compared to normal primary hepatocytes. In contrast to these
findings, Schäfer et al. found Bsep mRNA expression in H4IIE cells under osmotic
conditions (Schäfer et al., 2007). The reason that expression of some bile acid
transporters were not observed in H4IIE cells could be due to: (i) lack of Bsep, Bcrp
and Oatp9 mRNA expression in H4IIE cells, (ii) the mRNA in H4IIE cells may contain
splice variants or mutations, altering the primer binding site, (iii) the promoter site of
the gene in H4IIE cells may be rapidly cleaved or degraded at the site of primer binding,
(iv) transcription factor or binding site may be altered or mutated in H4IIE cells, (v) the
mRNA expression may be below the level of detection, (vi) a repressor may be bound
within the promoter binding site and/or (vii) feedback inhibition may be occurring
(Crocenzi et al., 2008; Kubitz et al., 2004).

In these studies, Bcrp was not detected in rat hepatocytes. Borght et al. also observed
similar results (Borght et al., 2006). In contrast, Tanaka et al. found low mRNA
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expression of Bcrp in rat hepatocytes (Tanaka et al., 2004). Bcrp is expressed at higher
levels in the endothelium of small intestine, colon and brain rather than hepatocytes in
rat (Tanaka et al., 2004). However, Bcrp mRNA expression was detected in H4IIE cells
while Bsep mRNA was not. This maybe due to the fact that H4IIE cells are derived
from rat liver tumor tissue (Reuber, 1961).

6.3.2 Expression of bile acid transporters in H4IIE cells relative to that in rat
hepatocytes
This study suggested that the relative expression of bile acid transporters (mRNA) was
substantially different between the H4IIE cells and primary hepatocytes (See Table
6.2). Major sinusoidal transporters Ntcp, Oatp1 and Oatp2 expression were
significantly lower in H4IIE cells compared to hepatocytes, which may suggest lower
capacity to transport bile fluid. Differentiation of H4IIE cells treated by 0.1µM insulin
and 0.1µM dexamethasone for 10 days did alter bile acid transporter expression to some
extent but this expression was not the same as rat hepatocytes.

6.3.3 Effects of rapamycin on bile acid transporter expression in H4IIE cells
It was observed that rapamycin (0.1 and 0.5µM for 36-hour incubation) induced bile
acid transporters expression except Oatp2 expression in H4IIE cells. Very little
information has been reported about the effects of rapamycin on bile acid transporters
in transformed liver cells. Picard et al. observed inhibition of Oatps expression in
human HepaRG cell by rapamycin (10µM for 2 min) (Picard et al., 2011). A similar
observation was found by Oswald and his colleagues (Oswald et al., 2010).

These results provide information that rapamycin may increase bile flow in transformed
liver (H4IIE) cells i.e. in HCC cells, thus, rapamycin may improve liver function in
HCC cells by increasing BA transporter expression.

Likely mechanisms for expression of bile acid transporters by rapamycin in H4IIE cells
The proposed or suggested mechanism how rapamycin may regulate bile acid
transporter expression in rat liver cells has been described in the General Discussion
and Chapter 4 (Fig 1.14). Similar effect of rapamycin on Mrp2 and Oatp2 mRNA
expression was observed in isolated rat hepatocytes and H4IIE cells (see Tab. 6.3).
Compared to isolated rat hepatocytes, rapamycin increased Ntcp and Oatp1 expression
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in H4IIE cells whereas rapamycin decreased Ntcp and Oatp1 expression in isolated rat
hepatocytes (see Tab. 6.3). The mechanism by which rapamycin changes expression in
Ntcp and Oatp1 mRNA in H4IIE cells is unclear. However, the likely explanation could
be in the following way:

1. Bile acid transporter expression is regulated by different regulatory mechanisms
which depends on various transcription factors (such as RARα, RXRα, HNF4α, HNF1α
for Ntcp expression; HNF4α, HNF1α for Oatp1 expression; PXR, CAR, RXRα, HNF1α
for Oatp2 expression; PXR, CAR, FXR, RARα, RXRα, for Mrp2 expression) (Taruner
et al., 2003); FXR, NR1H4, RXR for Bsep expression (Ananthanarayanan et al., 2001).
mRNA, protein levels and transport activity are developmentally regulated and altered
during enterohepatic circulation of bile acids (Ananthanarayanan et al., 2001).
Rapamycin may alter these regulatory mechanisms in HCC cells (Chen et al., 2013;
Crocenzi et al., 2008).

2. mTORC1 is the key regulator of rapamycin action and mTORC1 has dual function
which can activate and inhibit Akt activity by phosphorylation and dephosphorylation
(Sun et al., 2005; Sarbassov et al., 2006) that can be accountable for alteration of mTOR
dependent signal transduction.

3. There is evidence that the activation site of Nrf2 may be altered in mutated cells
which can interrupt Nrf2-Keap1 signal transduction pathway (Padmanabhan et al.,
2006; Singh et al., 2006; Mitsuishi et al., 2012).

4. The dynamics of H4IIE cells are not represented in the in vivo environment
accurately (Kubitz et al., 2004).

6.3.4 Effects of oltipraz on bile acid transporter expression in H4IIE cells
The results showed that oltipraz inhibited Ntcp, Oatp1, Oatp2 mRNA expression but
induced Mrp2 mRNA expression. There is no literature found that oltipraz has changed
the expression of these bile acid transporters in H4IIE cells. This investigation suggests
that oltipraz may reduce bile flow in HCC patients due to decreased expression of some
important bile acid transporters, resulting cholestatic effect may appear in HCC patient.
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Likely mechanisms for expression of bile acid transporters by oltipraz in H4IIE cells
The intracellular mechanism how oltipraz may alter bile acid transporter expression is
described in the General Introduction (Fig. 1.16.). The likely explanation of increased
bile acid transporter expression by oltipraz would be due to increase Nrf2 activation by
oltipraz in H4IIE cells. Several studies provide evidence about the activation of Nrf2
by oltipraz (Weerachayaphorn et al., 2009; Maher et al., 2007).

6.4 CONCLUSION
On the basis of mRNA expression, transformed liver cells are predicted to exhibit a
lower capacity to transport bile acids than normal hepatocytes. The actions of
rapamycin on expression of some bile acid transporters in transformed liver cells differ
from those in rat hepatocytes. However, on the basis of mRNA expression, our results
suggest that oltipraz inhibits bile acid transport in transformed liver (HCC) cells.
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CHAPTER VII: GENERAL DISCUSSION

7.1 RESULTS SUMMARY
Results of this study have shown that rapamycin increased HO-1 and Prx-1 mRNA
expression in rat liver in vivo and in cultured rat hepatocytes. In contrast, rapamycin
inhibited HO-1 and Prx-1 mRNA expression in transformed rat liver (H4IIE) cells.
However, oltipraz induced HO-1 and Prx-1 mRNA expression in H4IIE cells similar to
rat hepatocytes. Some bile acid transporters were not detected in H4IIE cells.
Rapamycin inhibited bile acid transporters expression except Mrp2 in rat liver in vivo
but induced Mrp2 and Bsep expression in primary rat hepatocytes. In contrast,
rapamycin induced bile acid transporters expression except Oatp2 in H4IIE cells.
Oltipraz inhibited bile acid transporters expression except Mrp2 similar to primary rat
hepatocytes treated by rapamycin.

These results suggest that rapamycin and oltipraz have the same effect on canalicular
transporter expression in normal and transformed rat liver cells. However, rapamycin
and oltipraz differ in their effect on expression of sinusoidal transporters. It seems that
inhibition of sinusoidal transporters in vivo may impede entry of bile acids and other
ions to the hepatocytes during the enterohepatic circulation, thereby accounting for the
inhibition of bile flow recovery after ischemia reperfusion injury (Kist et al., 2012;
Tanaka et al., 2006; Fouassier et al., 2007). H4IIE (transformed) cells exhibit a lower
capacity to transport bile acids and are less responsive to the actions of rapamycin in
inducing expression of antioxidant enzymes. Evidence in the literature suggests that
clinical pre-treatment with rapamycin or oltipraz is a useful strategy to protect the liver
from ischemia reperfusion injury following liver surgery (Asworth and Wu, 2014; Toso
et al., 2010; Kim et al., 2010; Bodeman et al., 2013;). However, the results reported in
this thesis suggest that pre-treatment with rapamycin or oltipraz is associated with the
inhibition of bile acid transporter expression.

117

Table 7.1: Comparison of rapamycin concentrations for actions in liver cells in culture
and in vivo
Parameter or condition

Effect of rapamyin

Conc. of rapamycin which gives
half maximal response

Induction

0.05 µM (biphasic)

Inhibition

0.5 µM

Induction

0.05 µM (biphasic)

Inhibition

0.5 µM

Ntcp mRNA

Induction

1.0 µM (biphasic)

Oatp1 mRNA

Inhibition

0.05 µM (monophasic)

Bsep mRNA

Induction

0.05 µM (biphasic)

Inhibition

1.0 µM

HO-1 mRNA

Induction

0.5 µM (monophasic)

Prx-1 mRNA

Induction

0.1 µM (monophasic)

Rat hepatocytes
HO-1 mRNA

Prx-1 mRNA

H4IIE cells

Liver in vivo
Treatment of liver surgical
patient (Shinke et al., 2013)

Blood
concentration 0.01-0.027 µM
after 24 h

Table 7.2: Comparison of oltipraz concentrations for actions in culture and in vivo
Parameter or condition

Effect of oltipraz

Conc. of oltipraz
which gives half
maximal response

HO-1 mRNA

Induction

50 µM

Prx-1 mRNA

Induction

50 µM

Ntcp mRNA

Inhibition

50 µM

Mrp2 mRNA

Induction

50 µM

Treatment of liver surgical patients
(Kim et al., 2010)

Blood concentration 35 µM
range

H4IIE cells
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7.2 Evaluation of pre-treatment of liver with rapamycin as a strategy for reducing
ischemia reperfusion injury following liver surgery
As discussed in the General Introduction, ischemia and reperfusion injury generates a
large amount of ROS resulting in oxidative stress and tissue damage after liver surgery.
It is very important to restore redox balance between radical-generating and radicalscavenging capacity to protect liver from additional oxidative injury (Weerachayaphorn
et al., 2014; Copple et al., 2010). Theoretically, the induction of HO-1 and Prx-1 is
predicted to reduce ROS and hence, be useful. Specific pathways can be activated to
reduce ROS by inducing stress response pathway involves enhancing the antioxidant
gene expressions including HO-1 and Prx-1 (Klaassen and Reisman, 2010; Yerushalmi
et al., 2001; Kim et al., 2007). Besides this, induction of HO-1 and Prx-1 expression by
pre-treatment with pharmacological agent can be a viable strategy to reduce ROS and
protect liver from damage.

In the present study, it was observed that pre-treatment with rapamycin can induce HO1 and Prx-1 expression in normal liver after liver surgery. It is thought that this induced
HO-1 and Prx-1 can reduce ROS production through inactivation of Kupffer cells and
neutrophils. This results in reduction of ROS-induced apoptosis and necrosis and
thereby, protects liver from excessive damage. Thus, rapamycin pre-treatment can
protect liver from damage by removing ROS during ischemia reperfusion injury.
Therefore, pre-treatment by rapamycin induces anti-oxidant enzymes which could be
beneficial for patients who will undergo liver surgery.

However, pre-treatment with rapamycin also inhibits bile flow due to decreased
expression of sinusoidal transporters which means bile acid cannot pass into
hepatocytes to the bile duct. This creates an accumulation of bile acid in the liver that
will be toxic (Weerachayaphorn et al., 2014). Exposure of hepatocytes to these
increasing levels of toxic bile acids can result in production of ROS, leading to
oxidative stress and progressive liver damage (Copple et al., 2010). Decreased flow of
bile acid causes synthesis of excessive extracellular matrix proteins that result in liver
fibrosis (Weerachayaphorn et al., 2014; Hemmann et al., 2007).

However, there is some limitation of this mechanism (Copple et al., 2010). Results of
this study have been shown that rapamycin can decrease Oatps expression in normal
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liver that will not be detrimental for the post-surgery setting. Because rapamycin has a
very low affinity for Oatps and the role of Oatps is insignificant as compared with
passive diffusion at low concentration of rapamycin (Oswald et al., 2010; Picard et al.,
2011). Therefore, rapamycin pre-treatment might be effective after liver surgery when
rapamycin blood concentration will be range within 0.015 µM (Shinke et al., 2013).

7.3 Evaluation of treatment with rapamycin as a strategy for the HCC patients
who are ineligible for surgery or wait for surgery
Not all the HCC patients are eligible for liver transplantation or resection due to
metastatic, extensive tumor involvement, invasion of the hepatic or portal vein or
advanced hepatocelluar disease (Zollner et al., 2005). Inflammation and further tumor
or HCC development cause adverse condition for the HCC patients. In HCC patients,
upto 70% tissue can be tumor or cancer tissue (Colli et al., 2006). It is important to
reduce inflammation and tumor or HCC growth for the patients who are required to go
for surgery or who are ineligible for surgery. Therefore, using immunosuppressant and
antitumor agent is a viable strategy for the HCC patients to reduce inflammation and
further tumor or HCC development.

Data of this study indicate that the basal expression of antioxidant enzymes (HO-1 and
Prx-1) and bile acid transporters in transformed liver cells (HCC cells) is lower than
that of primary hepatocytes. This result suggests that HCC cell has lower capacity to
induce antioxidant enzymes and to transport bile acid and drug from blood into bile
duct. However, our data indicate that in cancer tissue, rapamycin does not induce (HO1 and Prx-1) expression but induce bile acid transporter expression. Inhibition of
transformed liver cell (HCC cell) proliferation treated by rapamycin was observed in
this study. These results are consistent with others reports who showed that rapamycin
has ability to inhibit tumor growth in HCC patient (Liao et al., 2015; Ashworth and
Wu, 2014; Menon et al., 2013; Heuer et al., 2009). But, it is still unclear whether
antioxidant enzyme is correlated with tumor re-growth or not. This result suggests that
rapamycin treatment may not be a beneficial therapeutic agent for late stage or
advanced stage HCC patients who will undergo liver resection or transplantation but
indicate improved liver function. However, using rapamycin may be beneficial after
post-transplantation settings when HCC cells will be removed by inducing antioxidant
enzymes. Therefore, rapamycin should not be considered to be a unique
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chemotherapeutic agent, but considered as an aid to prevent tumor or HCC development
at early stage of HCC.

On the other hand, rapamycin increased bile acid transporter expression in H4IIE cells
or HCC cells. While present in excess, bile acid can create a loss of gap junction
proteins thereby reducing permeability and a fail of the bile osmotic gradient (Trauner
et al., 1998). Thereby, reduction in movement across membranes can cause
accumulation and cellular swelling (Trauner et al., 1998). This result suggests that using
rapamycin for a long time can cause accumulation of bile acids in the liver which will
be toxic in HCC patients that can turn into liver damage. Therefore, using rapamycin
for an extended time may be detrimental in HCC patients who will not go surgery but
it is warranted to investigate the clinical effect of rapamycin on HCC patient in context
to impact of bile acid accumulation. However, treatment by rapamycin may improve
liver function by increasing bile acid transporter expression in HCC patient. This
increased bile acid transporter expression may contribute against chemoresistance in
HCC patients. Thus, it is still unclear using rapamyin could be beneficial without any
detrimental effects.

7.4 Evaluation of treatment with rapamycin as a strategy for the post surgery
HCC patients
As discussed in the General Introduction, liver transplantation or resection is the best
option for the treatment of advanced HCC or metastatic cancer. Graft survival and
reducing posttransplantation complication is the principal concern of this option. HCC
or tumor recurrence is the major posttransplantation problem which limits the success
of liver transplantation or resection. There is no standard therapy to resolve all the
issues. However, calcineurin inhibitors are considered the central immunosuppressive
therapy for liver transplantation or resection. However, HCC or tumor recurrence is the
main reason to limit the usage of these drugs. mTOR inhibitors are considered
candidates as effective immunosuppressants and agents for reducing tumor recurrence.

These studies indicate that treatment by rapamycin can induce antioxidant enzyme HO1 and Prx-1 expression that will be beneficial to reduce inflammation after post
transplantation or resection of liver and increase graft survival from inflammation. It
has been also reported by these studies that rapamycin can reduce HCC cell
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proliferation suggested reducing tumor recurrence after posttransplantaion settings.
However, rapamycin can reduce cell viability suggesting that it may not be an ideal
therapy for liver regeneration.

On the other hand, decreased bile acid transporter expression is associated with the
induction of antioxidant enzyme (HO-1 and prx-1) expression by rapamycin. These
results suggest that treatment by rapamycin for long time may appear cholestatic effect
after posttransplantation or resection. Moreover, it is presumed that decreased bile acid
transporter expression in hepatocytes can cause drug resistance or chemoresistance.
Thus, treatment with rapamycin can be beneficial but optimum dose should be
determined to minimise detrimental effects associated with decreased bile acid
transporter expression.

7.5 Clinical effect of rapamycin concentration and time exposure on antioxidant
enzymes and bile acid transporters
The degree of antioxidant enzyme and bile acid transporter expression is dependent on
the concentration and time of exposure (Shinke et al., 2013; Kist et al., 2012). The
concentrations of rapamycin by incubating for 36 hours which gave half maximal
expression of antioxidants and bile acid transporters are in Table-7.1. Monophasic and
biphasic dose response curve were observed in this investigation. The clinical
rapamycin blood concentration seems to be about 0.01 to 0.027 µM after 24 hours
(Picard et al., 2011; Campone et al., 2009; Yao et al., 2010; Shinke et al., 2013). The
observed concentrations (0.01-5.0µM for 36 hour) of this study are above in the range
of rapamycin blood levels usually observed in post-transplantation settings. This would
be a likely explanation for unexpected results in these studies.

The observed biphasic curves indicate that different concentrations can have noticeably
different effects in expression of antioxidant enzymes and bile acid transporters. This
result suggests that increased blood concentration of raapamycin may not be effective,
however, turn into detrimental outcome. Therefore, it is highly significant to maintain
rapamycin blood concentration to get beneficial or optimum therapeutic result.
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7.6 Evaluation of treatment with oltipraz as a strategy for the HCC patients who
are ineligible for surgery or wait for surgery
As discussed above and in the General Introduction, all HCC patients are not eligible
for liver transplantation or resection by surgery due to advance staged HCC. However,
at an early stage of HCC patients who will undergo liver surgery it is essential to
minimize immunosuppressive regimens and HCC or tumor development for improved
prognosis. Calcinurin inhibitors or mTOR inhibitors are currently used as
immunosuppressive agents for reducing inflammation or tumor growth but both have
some limitations. As discussed above, rapamycin treatment cannot induce HO-1 and
Prx-1 expression in HCC cells.

These studies have shown that oltipraz induces HO-1 and Prx-1 mRNA expression in
transformed rat liver cells (HCC cells) which is very important to reduce inflammation
by reducing ROS production in HCC patient. Thus, oltipraz can protect from
progressive liver damage by balancing redox generation. This result suggests that
oltipraz may reduce cancer cell growth by balancing inflammatory environment
through reducing redox generation. Moreover, oltipraz can decrease proliferation and
cell death in HCC cells. Thus, treatment by oltipraz can be a beneficial strategy to
protect liver by reducing inflammation or HCC growth in the HCC patients.

In this study, oltipraz can reduce H4IIE cell proliferation but increase viable H4IIE
cells. This result suggests that oltipraz may not be a beneficial agent for liver
regeneration after liver surgery for HCC patient. But, it is yet unknown about tumor or
HCC recurrence after oltipraz treatment of HCC patient who will go liver surgery or
transplantation.

In contrary, oltipraz inhibits sinusoidal bile acid transporters expression in HCC cells
which are responsible in obstructing entry of bile acids in the hepatocytes. This result
suggests that inhibition of increasing bile acids in hepatocytes can protect from hepatic
accumulation of toxic bile acids, hepatocellular injury and fibrosis (Weerachayaphorn
et al., 2012). Therefore, pre-treatment of oltipraz can be a beneficial strategy for the
late staged or advanced staged HCC patients. However, there is possibility to induce
cholestasis by decreasing bile acid transportation.
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Bile flow and bile acid transporter expression in vivo were not measured in this study.
Therefore, it is still unclear whether oltipraz can inhibit bile flow due to inhibition of
sinusoidal bile acid transporter expression. However, Weerachayaphorn et al. showed
that oltipraz can increase bile flow rates due to increased canalicular bile acid
transporter expression (Weerachayaphorn et al., 2014).

7.7 Clinical effect of oltipraz concentration and time exposure on antioxidant
enzymes and bile acid transporters
In this investigation, higher doses of oltipraz (upto 150 µM for 36 hours) were used and
a monophasic dose response curve of antioxidant enzyme and bile acid transporter
expression was observed. The concentration of oltipraz which gave half maximal
expression of antioxidant and bile acid transporter expression are shown in Table. 7.2.
The concentration of oltipraz which gave half maximal induction of antioxidant enzyme
and bile acid transporter expression was 50 μM in H4IIE cells. This concentration is in
the range employed clinically (30~50 µM, Kim et al., 2010). This result suggests that
implementation of higher doses will not be detrimental but it is important to use
optimum doses. Higher doses and a long-dosing interval of oltipraz dosage regimens
have been found to be more efficacious in preventing cancer in human studies (Wang
et al., 1999; Ko et al., 2006; Jackson and Groopman, 1999; Jacobson et al., 1997).

7.8 Some limitations of this research project addressed

7.8.1 Using qPCR data
The transcription data is useful for identifying potential candidates for follow-up work
at the protein level. However, changes in gene expression level are frequently not
reflected at the protein level. Therefore, there is a poor correlation between mRNA and
its relevant protein level. It is reasonable to see high protein level with high mRNA
level but, the protein concentration is affected by many steps in transcription and
translation as well as degradation. The half-life of different proteins can vary from
minutes to days - whereas the degradation rate of mRNA would fall within a much
tighter range (2-7 hours for mammalian mRNAs vs 48 hours for protein) (Vogel and
Marcotte, 2012). Thus, current results are warranted to complete the protein expression
level of antioxidant enzymes and some important bile acid transporters for confirmation
of rapamycin and oltipraz effects on both rat liver and transformed liver cells.
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7.8.2 Lack of evidence for increased levels of Akt-pT308/pS473 or Nrf2 expression
As discussed in the General Introduction, Nrf2 is the key regulator of the Akt-Nrf2
pathway which is controlled by the activation or inhibition of antioxidant enzymes and
bie acid transporter expression in normal and transformed liver cells (Fig. 1.14 and
1.16). Current studies showed that Nrf2 can cross-talk with other pathways that are
important for cell survival (Wakabayashi et al., 2010). However, in this research
project, Nrf2 was not measured. It is very important to determine whether rapamycin
and oltipraz can activate antioxidant enzyme and bile acid transporter expression
through the Akt-Nrf2 pathway or not. Thus, measurement of Akt and Nrf2 expression
level through immunoblotting or immunofluorescence microscopy needs to be
completed.

7.9 PROPOSED FUTURE EXPERIMENTS TO INVESTIGATE THE ACTIONS
OF RAPAMYCIN AND OLTIPRAZ ON THE LIVER
This thesis provides novel information regarding the effects of rapamycin and oltipraz
on antioxidant enzyme and bile acid transporter mRNA expression in normal and
transformed liver cells. Several important questions remain unclear that can be
addressed for future work.

7.9.1 Future experiments to investigate whether pre-treatment with oltipraz as a
potential strategy to reduce ischemia reperfusion injury
For achieving this goal, the list of investigations should be the following Rat hepatocytes in normal culture
 Test the expression of antioxidant enzymes and bile acid transporters
 Cultured rat hepatocytes under hypoxic conditions
 Test the ability of oltipraz to protect cells from hypoxic damage
rat liver in vivo
 Test the ability of oltipraz to protect liver from ischemia reperfusion injury

7.9.2 Future experiments to investigate whether pre-treatment with rapamycin as
a potential strategy to reduce ischemia reperfusion injury
For achieving this goal, the list of investigations should be the following Pre-treatment with rapamycin in rat liver in vivo at different time points
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 Test the ability of rapamycin at different concentrations to protect liver from
ischemia reperfusion damage in vivo

7.9.3 Future experiments to investigate intracellular mechanisms of action of
rapamycin and oltipraz on antioxidant enzyme and bile acid transporter
expression
For achieving this goal, the list of investigations should be the following Confirm the results obtained from mRNA by immunoblotting assays for protein
expression and enzymatic activity assays for enzyme activities
 Test the effect of rapamycin and oltipraz on Akt and transcription factor Nrf2 by
immunoblotting assays or immunofluorescence microscopy
 Test the effect of rapamycin on PI3 kinase

7.10 GENERAL CONCLUSION
To sum up all the results, it can be concluded that pharmacological pre-treatment with
rapamycin may not be so effective in reducing ischemia reperfusion injury since the
induction by rapamycin of antioxidant enzyme expression in normal liver cells is
modest; while in transformed cells expression of antioxidant enzymes is inhibited. The
inhibition of bile flow associated with pre-treatment with rapamycin is likely due to
inhibition of the expression of sinusoidal bile acid transporters in normal liver cells. In
the clinical treatment of HCC patients with rapamycin, attention needs to be paid to the
blood concentration of the drug as the actions of rapamycin on expression of both
antioxidant enzymes and bile acid transporters are very dependent on the concentration
of rapamycin (and presumably also time of exposure). The ability of transformed liver
cells to transport bile acids is likely impaired compared to that of normal liver cells, and
the actions of both rapamycin and oltipraz on the expression of bile acid transporters
are mixed. Further studies are warranted, to determine conditions under which pretreatment with oltipraz can be effective to reduce ischemia reperfusion injury with
minimal effects on bile flow.

Pre-treatment with rapamycin (to reduce ROS) is theoretically a useful strategy to
protect the liver from ischemia reperfusion injury following liver surgery. Pre-treatment
with rapamycin is associated with the inhibition of bile acid transporter expression. This
is potentially detrimental to the outcome of patients following liver surgery.
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Transformed liver cells (hepatocarcinoma cells) exhibit a lower capacity to transport
bile acids and are less responsive to the action of rapamycin in inducing expression of
antioxidant

enzymes

than

normal

hepatocytes.

Oltipraz

is

a

promising

chemotherapeutic agent for the treatment of HCC patients by inducing antioxidant gene
expression, although bile acid transporter expression is also blunted.
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APPENDICES

I. Presentation in scientific congresses as a result of Ph.D. studies
Afroz F, Padbury R, Nieuwenhuijs V, Barritt J: Regulation by rapamycin of heme
oxygenase-1 expression in liver cells. ASMR Medical Research Week, SA Scientific
Meeting 2012, held at The Adelaide Convention Centre, South Australia, Australia, 6th
June, 2012. Abstract no P4, Page no. 119 (poster presentation).
Afroz F, Padbury R, Nieuwenhuijs V, Barritt J: Regulation by rapamycin and Nrf2 of
the expression of anti-oxidant enzymes and bile acid transporters in liver cells. ASMR
Medical Research Week, SA Scientific Meeting 2013, held at The Adelaide Convention
Centre, South Australia, Australia, 5th June, 2013. Abstract no OP18, Page no. 65 (oral
presentation).
Afroz F, Padbury R, Nieuwenhuijs V, Barritt J: Regulation by rapamycin of the
expression of bile acid transporters in liver cells. ASCEPT 2013, Annual Scientific
Meeting, held at RACV City Club, Melbourne, Australia, 1-4 December 2013. Abstract
no P552, Page no. 140 (poster presentation).

II. Awards during Ph.D.
International Postgraduate Research Scholarship (IPRS) (2011). Australian
Government scholarship to support international PhD student at Flinders University,
South Australia.
Australian Postgraduate Award (APA) (2012). Australian Government scholarship
for postgraduate studies.

128

REFERENCES

Abdel-Misih, S. R., & Bloomston, M. (2010). Liver anatomy. The Surgical clinics of North
America, 90(4), 643.
Accatino, L., Pizarro, M., Solís, N., Arrese, M., & Koenig, C. S. (2003). Bile secretory
function after warm hepatic ischemia‐reperfusion injury in the rat. Liver
transplantation, 9(11), 1199-1210.
Agellon, L. B., & Torchia, E. C. (2000). Intracellular transport of bile acids. Biochimica et
Biophysica Acta (BBA)-Molecular and Cell Biology of Lipids, 1486(1), 198-209.
Aguilar, F., Harris, C., Sun, T., Hollstein, M., & Cerutti, P. (1994). Geographic variation
of p53 mutational profile in nonmalignant human liver. Science, 264(5163), 13171319.
Akita, H., Suzuki, H., Ito, K., Kinoshita, S., Sato, N., Takikawa, H., & Sugiyama, Y. (2001).
Characterization of bile acid transport mediated by multidrug resistance associated
protein 2 and bile salt export pump. Biochimica et Biophysica Acta (BBA)Biomembranes, 1511(1), 7-16.
Alamo, J., Barrera, L., Casado, M., Bernal, C., Marin, L., Suarez, G., . . . Sousa, J. (2009).
Efficacy, tolerance, and safety of mammalian target of rapamycin inhibitors as
rescue immunosuppressants in liver transplantation. Paper presented at the
Transplantation proceedings.
Alpini, G., Glaser, S., Baiocchi, L., Francis, H., Xia, X., & LeSage, G. (2005). Secretin
activation of the apical Na+‐dependent bile acid transporter is associated with
cholehepatic shunting in rats. Hepatology, 41(5), 1037-1045.
Alrefai, W. A., & Gill, R. K. (2007). Bile acid transporters: structure, function, regulation
and pathophysiological implications. Pharmaceutical research, 24(10), 1803-1823.
Alrefai, W. A., Sarwar, Z., Tyagi, S., Saksena, S., Dudeja, P. K., & Gill, R. K. (2005).
Cholesterol modulates human intestinal sodium-dependent bile acid transporter.
American Journal of Physiology-Gastrointestinal and Liver Physiology, 288(5),
G978-G985.
Amersi, F., Buelow, R., Kato, H., Ke, B., Coito, A. J., Shen, X.-D., . . . Lassman, C. R.
(1999). Upregulation of heme oxygenase-1 protects genetically fat Zucker rat livers
from ischemia/reperfusion injury. Journal of Clinical Investigation, 104(11), 1631.
129

Ananthanarayanan, M., Balasubramanian, N., Makishima, M., Mangelsdorf, D. J., &
Suchy, F. J. (2001). Human bile salt export pump promoter is transactivated by the
farnesoid X receptor/bile acid receptor. Journal of Biological Chemistry, 276(31),
28857-28865.
Ang, S. F., Ng, E. S.-H., Li, H., Ong, Y.-H., Choo, S. P., Ngeow, J., . . . Tan, C. K. (2015).
The Singapore Liver Cancer Recurrence (SLICER) Score for Relapse Prediction in
Patients with Surgically Resected Hepatocellular Carcinoma. PloS one, 10(4),
e0118658.
Anthony, P. P. (2001). Hepatocellular carcinoma: an overview. Histopathology, 39(2), 109118.
Antolín, G. S., Pajares, F. G., Pelayo, S. L., Bachiller, M. H., Almohalla, C., Velicia, R., &
Paton, A. C. (2011). Indications and effectiveness of the mammalian target of
rapamycin in liver transplantation. Paper presented at the Transplantation
proceedings.
Antras-Ferry, J., Mahéo, K., Chevanne, M., Dubos, M.-P., Morel, F., Guillouzo, A., . . .
Cillard, J. (1997). Oltipraz stimulates the transcription of the manganese superoxide
dismutase gene in rat hepatocytes. Carcinogenesis, 18(11), 2113-2117.
Arai, M., Thurman, R. G., & Lemasters, J. J. (2001). Ischemic preconditioning of rat livers
against cold storage‐reperfusion injury: Role of nonparenchymal cells and the
phenomenon of heterologous preconditioning. Liver transplantation, 7(4), 292-299.
Aran, M., Ferrero, D. S., Pagano, E., & Wolosiuk, R. A. (2009). Typical 2‐Cys
peroxiredoxins–modulation

by

covalent

transformations

and

noncovalent

interactions. FEBS journal, 276(9), 2478-2493.
Aranha, M. M., Cortez-Pinto, H., Costa, A., da Silva, I. B. M., Camilo, M. E., de Moura,
M. C., & Rodrigues, C. M. (2008). Bile acid levels are increased in the liver of
patients with steatohepatitis. European journal of gastroenterology & hepatology,
20(6), 519-525.
Arias-Diaz, J., Ildefonso, J. A., Muñoz, J. J., Zapata, A., & Jiménez, E. (2009). Both
tacrolimus and sirolimus decrease Th1/Th2 ratio, and increase regulatory T
lymphocytes in the liver after ischemia/reperfusion. Laboratory investigation,
89(4), 433-445.
Aromataris, E. C., Castro, J., Rychkov, G. Y., & Barritt, G. J. (2008). Store-operated Ca<
sup> 2+</sup> channels and Stromal Interaction Molecule 1 (STIM1) are targets
130

for the actions of bile acids on liver cells. Biochimica et Biophysica Acta (BBA)Molecular Cell Research, 1783(5), 874-885.
Aromataris, E. C., Roberts, M. L., Barritt, G. J., & Rychkov, G. Y. (2006). Glucagon
activates Ca2+ and Cl− channels in rat hepatocytes. The Journal of physiology,
573(3), 611-625.
Arrese, M., & Ananthanarayanan, M. (2004). The bile salt export pump: molecular
properties, function and regulation. Pflügers Archiv, 449(2), 123-131.
Arrese, M., & Trauner, M. (2003). Molecular aspects of bile formation and cholestasis.
Trends in molecular medicine, 9(12), 558-564.
Ashworth, R. E., & Wu, J. (2014). Mammalian target of rapamycin inhibition in
hepatocellular carcinoma. World journal of hepatology, 6(11), 776.
Bae, E. J., & Kim, S. G. (2005). Enhanced CCAAT/enhancer-binding protein β-liverenriched inhibitory protein production by Oltipraz, which accompanies CUG
repeat-binding protein-1 (CUGBP1) RNA-binding protein activation, leads to
inhibition of preadipocyte differentiation. Molecular pharmacology, 68(3), 660669.
Bae, S. H., Sung, S. H., Cho, E. J., Lee, S. K., Lee, H. E., Woo, H., . . . Rhee, S. G. (2011).
Concerted action of sulfiredoxin and peroxiredoxin I protects against alcohol‐
induced oxidative injury in mouse liver. Hepatology, 53(3), 945-953.
Bae, S. K., Lee, S. J., Kim, Y. H., Kim, T., & Lee, M. G. (2005). Effect of enzyme inducers
and inhibitors on the pharmacokinetics of oltipraz in rats. Journal of Pharmacy and
Pharmacology, 57(4), 443-452.
Bae, S. K., Yang, S. H., Kim, J. W., Kim, T., Kwon, J. W., & Lee, M. G. (2005). Effects
of cysteine on the pharmacokinetics of oltipraz in rats with protein–calorie
malnutrition. Journal of pharmaceutical sciences, 94(7), 1484-1493.
Bagi, C. M., & Andresen, C. J. (2010). Models of hepatocellular carcinoma and biomarker
strategy. Cancers, 2(3), 1441-1452.
Bahde, R., & Spiegel, H. U. (2010). Hepatic ischaemia–reperfusion injury from bench to
bedside. British Journal of Surgery, 97(10), 1461-1475.
Bailey, C. J. (2007). Treating insulin resistance: future prospects. Diabetes and vascular
disease research, 4(1), 20-31.
Baird, L., & Dinkova-Kostova, A. T. (2011). The cytoprotective role of the Keap1–Nrf2
pathway. Archives of toxicology, 85(4), 241-272.
131

Barritt, G. J., Chen, J., & Rychkov, G. Y. (2008). Ca< sup> 2+</sup>-permeable channels
in the hepatocyte plasma membrane and their roles in hepatocyte physiology.
Biochimica et Biophysica Acta (BBA)-Molecular Cell Research, 1783(5), 651-672.
Bartlett, J. M., & Stirling, D. (2003). A short history of the polymerase chain reaction PCR
protocols (pp. 3-6): Springer.
Batlle, E., Sancho, E., Francí, C., Domínguez, D., Monfar, M., Baulida, J., & de Herreros,
A. G. (2000). The transcription factor snail is a repressor of E-cadherin gene
expression in epithelial tumour cells. Nature cell biology, 2(2), 84-89.
Belghiti, J., Noun, R., Malafosse, R., Jagot, P., Sauvanet, A., Pierangeli, F., . . . Farges, O.
(1999). Continuous versus intermittent portal triad clamping for liver resection: a
controlled study. Annals of surgery, 229(3), 369.
Benz, C., Angermüller, S., Töx, U., Klöters-Plachky, P., Riedel, H.-D., Sauer, P., . . . Stiehl,
A. (1998). Effect of tauroursodeoxycholic acid on bile-acid-induced apoptosis and
cytolysis in rat hepatocytes. Journal of hepatology, 28(1), 99-106.
Berk, P. D., Potter, B. J., & Stremmel, W. (1987). Role of plasma membrane ligand‐binding
proteins in the hepatocellular uptake of albumin‐bound organic anions. Hepatology,
7(1), 165-176.
Berry, M. N., Barritt, G. J., & Edwards, A. M. (1991). Isolated hepatocytes: preparation,
properties and applications: Elsevier.
Bieder, A., Decouvelaere, B., Gaillard, C., Depaire, H., Heusse, D., Ledoux, C., . . . Snozzi,
C. (1982). Comparison of the metabolism of oltipraz in the mouse, rat and monkey
and in man. Distribution of the metabolites in each species. Arzneimittel-forschung,
33(9), 1289-1297.
Björkhem, I., Andersson, O., Diczfalusy, U., Sevastik, B., Xiu, R.-J., Duan, C., & Lund, E.
(1994). Atherosclerosis and sterol 27-hydroxylase: evidence for a role of this
enzyme in elimination of cholesterol from human macrophages. Proceedings of the
National Academy of Sciences, 91(18), 8592-8596.
Block, T. M., Mehta, A. S., Fimmel, C. J., & Jordan, R. (2003). Molecular viral oncology
of hepatocellular carcinoma. Oncogene, 22(33), 5093-5107.
Blum, M., Demierre, A., Grant, D. M., Heim, M., & Meyer, U. A. (1991). Molecular
mechanism of slow acetylation of drugs and carcinogens in humans. Proceedings
of the National Academy of Sciences, 88(12), 5237-5241.
Bodeman, C. E., Dzierlenga, A. L., Tally, C. M., Mulligan, R. M., Lake, A. D., Cherrington,
N. J., & McKarns, S. C. (2013). Differential regulation of hepatic organic cation
132

transporter 1, organic anion-transporting polypeptide 1a4, bile-salt export pump,
and multidrug resistance-associated protein 2 transporter expression in lymphocytedeficient mice associates with interleukin-6 production. Journal of Pharmacology
and Experimental Therapeutics, 347(1), 136-144.
Bolton, M. G., Muñoz, A., Jacobson, L. P., Groopman, J. D., Maxuitenko, Y. Y., Roebuck,
B., & Kensler, T. W. (1993). Transient intervention with oltipraz protects against
aflatoxin-induced hepatic tumorigenesis. Cancer research, 53(15), 3499-3504.
Bonkovsky, H. L., Lincoln, B., Healey, J. F., Ou, L.-C., Sinclair, P. R., & Muller-Eberhard,
U. (1986). Hepatic heme and drug metabolism in rats with chronic mountain
sickness. American Journal of Physiology-Gastrointestinal and Liver Physiology,
251(4), G467-G474.
Borgognone, M., Pérez, L. M., Basiglio, C. L., Ochoa, J. E., & Roma, M. G. (2005).
Signaling modulation of bile salt-induced necrosis in isolated rat hepatocytes.
Toxicological Sciences, 83(1), 114-125.
Bowers, B. A., Branum, G. D., Rotolo, F. S., Watters, C. R., & Meyers, W. C. (1987). Bile
flow—an index of ischemic injury. Journal of Surgical Research, 42(5), 565-569.
Boyer, J. (2003). Bile formation and cholestasis. Schift’s diseases of the liver. Lippincott,
Williams and Wilkins, Philadelphia, 139.
Boyer, T. D., & Olsen, E. (1991). Role of glutathione S-transferases in heme transport.
Biochemical pharmacology, 42(1), 188-190.
Bradford, B., Marotto, M., Lemasters, J., & Thurman, R. (1986). New, simple models to
evaluate zone-specific damage due to hypoxia in the perfused rat liver: time course
and effect of nutritional state. Journal of Pharmacology and Experimental
Therapeutics, 236(1), 263-268.
Bramow, S., Ott, P., Thomsen Nielsen, F., Bangert, K., Tygstrup, N., & Dalhoff, K. (2001).
Cholestasis and regulation of genes related to drug metabolism and biliary transport
in rat liver following treatment with cyclosporine A and sirolimus (Rapamycin).
Pharmacology & toxicology, 89(3), 133-139.
Bressac, B., Puisieux, A., Kew, M., Volkmann, M., Bozcall, S., Mura, J. B., . . . Wands, J.
(1991). p53 mutation in hepatocellular carcinoma after aflatoxin exposure. The
Lancet, 338(8779), 1356-1359.
Bridle, K. R., Popa, C., Morgan, M. L., Sobbe, A. L., Clouston, A. D., Fletcher, L. M., &
Crawford, D. H. (2009). Rapamycin inhibits hepatic fibrosis in rats by attenuating
multiple profibrogenic pathways. Liver transplantation, 15(10), 1315-1324.
133

Brooks III, S. C., Brooks, J. S., Lee, W. H., Lee, M. G., & Kim, S. G. (2009). Therapeutic
potential of dithiolethiones for hepatic diseases. Pharmacology & therapeutics,
124(1), 31-43.
Bruix, J., & Sherman, M. (2011). Management of hepatocellular carcinoma: an update.
Hepatology, 53(3), 1020-1022.
Byrne, J. A., Strautnieks, S. S., Mieli–Vergani, G., Higgins, C. F., Linton, K. J., &
Thompson, R. J. (2002). The human bile salt export pump: characterization of
substrate specificity and identification of inhibitors. Gastroenterology, 123(5),
1649-1658.
Calne, R., Lim, S., Samaan, A., Collier, D. S. J., Pollard, S., White, D., & Thiru, S. (1989).
Rapamycin for immunosuppression in organ allografting. The Lancet, 334(8656),
227.
Campbell, J. S., Hughes, S. D., Gilbertson, D. G., Palmer, T. E., Holdren, M. S., Haran, A.
C., . . . Haugen, H. S. (2005). Platelet-derived growth factor C induces liver fibrosis,
steatosis, and hepatocellular carcinoma. Proceedings of the National Academy of
Sciences of the United States of America, 102(9), 3389-3394.
Campone, M., Levy, V., Bourbouloux, E., Rigaud, D. B., Bootle, D., Dutreix, C., . . .
Raymond, E. (2009). Safety and pharmacokinetics of paclitaxel and the oral mTOR
inhibitor everolimus in advanced solid tumours. British journal of cancer, 100(2),
315-321.
Carey, M. C., & Small, D. M. (1972). Micelle formation by bile salts: physical-chemical
and thermodynamic considerations. Archives of internal medicine, 130(4), 506-527.
Castroagudín, J., Molina-Pérez, E., Ferreiro-Iglesias, R., & Varo-Pérez, E. (2011).
Strategies of immunosuppression for liver transplant recipients with hepatocellular
carcinoma. Paper presented at the Transplantation proceedings.
Cesaratto, L., Vascotto, C., D'Ambrosio, C., Scaloni, A., Baccarani, U., Paron, I., . . .
Tiribelli, C. (2005). Overoxidation of peroxiredoxins as an immediate and sensitive
marker of oxidative stress in HepG2 cells and its application to the redox effects
induced by ischemia/reperfusion in human liver. Free radical research, 39(3), 255268.
Cescon, M., Grazi, G. L., Grassi, A., Ravaioli, M., Vetrone, G., Ercolani, G., . . . Pinna, A.
D. (2006). Effect of ischemic preconditioning in whole liver transplantation from
deceased donors. A pilot study. Liver transplantation, 12(4), 628-635.
134

Chang, T.-S., Jeong, W., Choi, S. Y., Yu, S., Kang, S. W., & Rhee, S. G. (2002). Regulation
of peroxiredoxin I activity by Cdc2-mediated phosphorylation. Journal of
Biological Chemistry, 277(28), 25370-25376.
Chawla, A., Repa, J. J., Evans, R. M., & Mangelsdorf, D. J. (2001). Nuclear receptors and
lipid physiology: opening the X-files. Science, 294(5548), 1866-1870.
Chen, B. F., Liu, C. J., Jow, G. M., Chen, P. J., Kao, J. H., & Chen, D. S. (2006). High
prevalence and mapping of pre-S deletion in hepatitis B virus carriers with
progressive liver diseases. Gastroenterology, 130(4), 1153-1168.
Chen, F., Lin, M., Sartor, R. B., Li, F., Xiong, H., Sun, A. Q., & Shneider, B. (2002).
Inflammatory-mediated repression of the rat ileal sodium-dependent bile acid
transporter by c-fos nuclear translocation. Gastroenterology, 123(6), 2005-2016.
Chen, F., Ma, L., Dawson, P. A., Sinal, C. J., Sehayek, E., Gonzalez, F. J., . . . Shneider, B.
L. (2003). Liver receptor homologue-1 mediates species-and cell line-specific bile
acid-dependent negative feedback regulation of the apical sodium-dependent bile
acid transporter. Journal of Biological Chemistry, 278(22), 19909-19916.
Chen, L. P., Zhang, Q. H., Chen, G., Qian, Y. Y., Shi, B. Y., & Dong, J. H. (2010).
Rapamycin inhibits cholangiocyte regeneration by blocking interleukin‐6–induced
activation of signal transducer and activator of transcription 3 after liver
transplantation. Liver transplantation, 16(2), 204-214.
Chen, X., Chen, F., Liu, S., Glaeser, H., Dawson, P. A., Hofmann, A. F., . . . Pang, K. S.
(2006). Transactivation of rat apical sodium-dependent bile acid transporter and
increased bile acid transport by 1α, 25-dihydroxyvitamin D3 via the vitamin D
receptor. Molecular pharmacology, 69(6), 1913-1923.
Chen, X., Zhang, L., Zhang, T., Hao, M., Zhang, X., Zhang, J., . . . Zhuang, H. (2013).
Methylation‐mediated repression of microRNA 129‐2 enhances oncogenic SOX4
expression in HCC. Liver International, 33(3), 476-486.
Chiang, J. Y. (2009). Bile acids: regulation of synthesis. Journal of lipid research, 50(10),
1955-1966.
Chiang, J. Y., Kimmel, R., Weinberger, C., & Stroup, D. (2000). Farnesoid X receptor
responds to bile acids and represses cholesterol 7α-hydroxylase gene (CYP7A1)
transcription. Journal of Biological Chemistry, 275(15), 10918-10924.
Chieco, P., Romagnoli, E., Aicardi, G., Suozzi, A., Forti, G. C., & Roda, A. (1997).
Apoptosis

induced

in

rat

hepatocytes

by

in

vivo

exposure

taurochenodeoxycholate. The Histochemical Journal, 29(11-12), 875-883.
135

to

Cho, I. J., Kim, S. H., & Kim, S. G. (2006). Inhibition of TGFβ1-mediated PAI-1 induction
by oltipraz through selective interruption of Smad 3 activation. Cytokine, 35(5),
284-294.
Cho, I. J., Sung, D. K., Kang, K. W., & Kim, S. G. (2009). Oltipraz promotion of liver
regeneration after partial hepatectomy: The role of PI3-kinase-dependent C/EBPβ
and cyclin E regulation. Archives of pharmacal research, 32(4), 625-635.
Choi, B. Y., & Nguyen, M. H. (2005). The diagnosis and management of benign hepatic
tumors. Journal of clinical gastroenterology, 39(5), 401-412.
Cholongitas, E., Mamou, C., Rodríguez‐Castro, K. I., & Burra, P. (2014). Mammalian
target of rapamycin inhibitors are associated with lower rates of hepatocellular
carcinoma recurrence after liver transplantation: a systematic review. Transplant
International, 27(10), 1039-1049.
Chuma, M., Terashita, K., & Sakamoto, N. (2015). New molecularly targeted therapies
against advanced hepatocellular carcinoma: From molecular pathogenesis to
clinical trials and future directions. Hepatology Research.
Claire, H. W., Eunus, S. A., Nathan, S., Alyce, M. M., Jin, H., George, A. T., ... & Greg, J.
B. (2015). Steatosis inhibits liver cell store-operated Ca2+ entry and reduces ER
Ca2+ through a protein kinase C-dependent mechanism. Biochemical Journal,
466(2), 379-390.
Clapper, M. L. (1998). Chemopreventive activity of oltipraz. Pharmacology &
therapeutics, 78(1), 17-27.
Clarke, M. F., & Fuller, M. (2006). Stem cells and cancer: two faces of eve. Cell, 124(6),
1111-1115.
Clavien, P.-A., Emond, J., Vauthey, J. N., Belghiti, J., Chari, R. S., & Strasberg, S. M.
(2004). Protection of the liver during hepatic surgery. Journal of Gastrointestinal
Surgery, 8(3), 313-327.
Clavien, P.-A., Yadav, S., Sindram, D., & Bentley, R. C. (2000). Protective effects of
ischemic preconditioning for liver resection performed under inflow occlusion in
humans. Annals of surgery, 232(2), 155.
Coito, A. J., Buelow, R., Shen, X.-D., Amersi, F., Moore, C., Volk, H.-D., . . . KupiecWeglinski, J. W. (2002). Heme oxygenase-1 gene transfer inhibits inducible nitric
oxide synthase expression and protects genetically fat Zucker rat livers from
ischemia-reperfusion injury1. Transplantation, 74(1), 96-102.
136

Colli, A., Fraquelli, M., Casazza, G., Massironi, S., Colucci, A., Conte, D., & Duca, P.
(2006). Accuracy of ultrasonography, spiral CT, magnetic resonance, and alphafetoprotein in diagnosing hepatocellular carcinoma: a systematic review. The
American journal of gastroenterology, 101(3), 513-523.
Copple, B. L., Jaeschke, H., & Klaassen, C. D. (2010). Oxidative stress and the
pathogenesis of cholestasis. Paper presented at the Seminars in liver disease.
Crocenzi, F. A., Sánchez Pozzi, E. J., Ruiz, M. L., Zucchetti, A. E., Roma, M. G., Mottino,
A. D., & Vore, M. (2008). Ca2+‐dependent protein kinase C isoforms are critical to
estradiol 17β‐D‐glucuronide–induced cholestasis in the rat. Hepatology, 48(6),
1885-1895.
Csanaky, I. L., Aleksunes, L. M., Tanaka, Y., & Klaassen, C. D. (2009). Role of hepatic
transporters in prevention of bile acid toxicity after partial hepatectomy in mice.
American Journal of Physiology-Gastrointestinal and Liver Physiology, 297(3),
G419-G433.
Cui, Y., König, J., Nies, A. T., Pfannschmidt, M., Hergt, M., Franke, W. W., ... & Keppler,
D. (2003). Detection of the human organic anion transporters SLC21A6 (OATP2)
and SLC21A8 (OATP8) in liver and hepatocellular carcinoma. Laboratory
investigation, 83(4), 527-538.
Currin, R., Gores, G., Thurman, R., & Lemasters, J. (1991). Protection by acidotic pH
against anoxic cell killing in perfused rat liver: evidence for a pH paradox. The
FASEB journal, 5(2), 207-210.
Czaja, M. J. (2002). Induction and regulation of hepatocyte apoptosis by oxidative stress.
Antioxidants and Redox Signaling, 4(5), 759-767.
Dalerba, P., Cho, R. W., & Clarke, M. F. (2007). Cancer stem cells: models and concepts.
Annu. Rev. Med., 58, 267-284.
Dalton, W. S., & Friend, S. H. (2006). Cancer biomarkers—an invitation to the table.
Science, 312(5777), 1165-1168.
Daniel, D., Meyer-Morse, N., Bergsland, E. K., Dehne, K., Coussens, L. M., & Hanahan,
D. (2003). Immune enhancement of skin carcinogenesis by CD4+ T cells. The
Journal of experimental medicine, 197(8), 1017-1028.
Daveau, M., Scotte, M., François, A., Coulouarn, C., Ros, G., Tallet, Y., . . . Salier, J. P.
(2003). Hepatocyte growth factor, transforming growth factor α, and their receptors
as combined markers of prognosis in hepatocellular carcinoma. Molecular
carcinogenesis, 36(3), 130-141.
137

Dawson, P. A., Lan, T., & Rao, A. (2009). Bile acid transporters. Journal of lipid research,
50(12), 2340-2357.
de Aguiar Vallim, T. Q., Tarling, E. J., & Edwards, P. A. (2013). Pleiotropic roles of bile
acids in metabolism. Cell metabolism, 17(5), 657-669.
De Groot, H., & Rauen, U. (2007). Ischemia-reperfusion injury: processes in pathogenetic
networks: a review. Paper presented at the Transplantation proceedings.
Deng, G. L., Zeng, S., & Shen, H. (2015). Chemotherapy and target therapy for
hepatocellular carcinoma: New advances and challenges. World journal of
hepatology, 7(5), 787.
de Rougemont, O., Lehmann, K., & Clavien, P. A. (2009). Preconditioning, organ
preservation, and postconditioning to prevent ischemia‐reperfusion injury to the
liver. Liver transplantation, 15(10), 1172-1182.
Desai, K. K., Dikdan, G. S., Shareef, A., & Koneru, B. (2008). Ischemic preconditioning
of the liver: a few perspectives from the bench to bedside translation. Liver
transplantation, 14(11), 1569-1577.
Desmet, V. J. (2001). Organizational principles. The Liver. Biology and pathobiology. 4th
ed. Philadelphia: Lippincott Williams and Wilkins, 3-15.
Deters, M., Klabunde, T., Kirchner, G., Resch, K., & Kaever, V. (2002).
Sirolimus/cyclosporine/tacrolimus interactions on bile flow and biliary excretion of
immunosuppressants in a subchronic bile fistula rat model. British journal of
pharmacology, 136(4), 604-612.
Deters, M., Nolte, K., Kirchner, G., Resch, K., & Kaever, V. (2001). Comparative study
analyzing effects of sirolimus–cyclosporin and sirolimus–tacrolimus combinations
on bile flow in the rat. Digestive diseases and sciences, 46(10), 2120-2126.
Devey, L., Mohr, E., Bellamy, C., Simpson, K., Henderson, N., Harrison, E. M., ... &
Wigmore, S. J. (2009). c-Jun terminal kinase-2 gene deleted mice overexpress
hemeoxygenase-1 and are protected from hepatic ischemia reperfusion injury.
Transplantation, 88(3), 308-316.
Diesen, D. L., & Kuo, P. C. (2011). Nitric oxide and redox regulation in the liver: part II.
Redox biology in pathologic hepatocytes and implications for intervention. Journal
of Surgical Research, 167(1), 96-112.
Dotti, I., & Bonin, S. (2011). DNase Treatment of RNA Guidelines for Molecular Analysis
in Archive Tissues (pp. 87-90): Springer.
138

Dutta, A., Sankavaram, K., Chong, L., Palermo, A., Michel, R. G., & Freake, H. C. (2011).
Rapid homeostatic response of h4iie cells to diethylenetriaminepentaacetic acid is
not due to changes in the amount or localization of znt-1 protein. Nutrition
Research, 31(5), 404-411.
Edamoto, Y., Hara, A., Biernat, W., Terracciano, L., Cathomas, G., Riehle, H. M., . . .
Ohgaki, H. (2003). Alterations of RB1, p53 and Wnt pathways in hepatocellular
carcinomas associated with hepatitis C, hepatitis B and alcoholic liver cirrhosis.
International journal of cancer, 106(3), 334-341.
Eipel, C., Eisold, M., Schuett, H., & Vollmar, B. (2007). Inhibition of heme oxygenase-1
protects against tissue injury in carbon tetrachloride exposed livers. Journal of
Surgical Research, 139(1), 113-120.
El–Serag, H. B., & Rudolph, K. L. (2007). Hepatocellular carcinoma: epidemiology and
molecular carcinogenesis. Gastroenterology, 132(7), 2557-2576.
Elferink, M. G., Olinga, P., Draaisma, A. L., Merema, M. T., Faber, K. N., Slooff, M. J., .
. . Groothuis, G. M. (2004). LPS-induced downregulation of MRP2 and BSEP in
human liver is due to a posttranscriptional process. American Journal of
Physiology-Gastrointestinal and Liver Physiology, 287(5), G1008-G1016.
Elliott, W. H., Elliott, D. C., Jefferson, J. R., & Wheldrake, J. (1997). Biochemistry and
molecular biology: Oxford University Press Oxford.
Ellis, H. (2011). Anatomy of the liver. Surgery (Oxford), 29(12), 589-592.
Endo, K., Ueda, T., Ueyama, J., Ohta, T., & Terada, T. (2000). Immunoreactive E-cadherin,
alpha-catenin, beta-catenin, and gamma-catenin proteins in hepatocellular
carcinoma: relationships with tumor grade, clinicopathologic parameters, and
patients' survival. Human pathology, 31(5), 558-565.
Esposito, C., Grosjean, F., Torreggiani, M., Esposito, V., Mangione, F., Villa, L., . . .
Molinaro, M. (2010). Sirolimus prevents short-term renal changes induced by
ischemia-reperfusion injury in rats. American journal of nephrology, 33(3), 239249.
Esteller, M. (2002). CpG island hypermethylation and tumor suppressor genes: a booming
present, a brighter future. Oncogene, 21(35), 5427-5440.
Everson, G. T. (2006). Everolimus and mTOR inhibitors in liver transplantation: opening
the “box”. Liver transplantation, 12(11), 1571-1573.
Faivre, S., Raymond, E., Douillard, J., Boucher, E., Lim, H., Kim, J., . . . Cheng, A. (2007).
Assessment of safety and drug-induced tumor necrosis with sunitinib in patients
139

(pts) with unresectable hepatocellular carcinoma (HCC). Paper presented at the
ASCO Annual Meeting Proceedings.
Farazi, P. A., & DePinho, R. A. (2006). Hepatocellular carcinoma pathogenesis: from genes
to environment. Nature Reviews Cancer, 6(9), 674-687.
Farazi, P. A., Glickman, J., Jiang, S., Yu, A., Rudolph, K. L., & DePinho, R. A. (2003).
Differential impact of telomere dysfunction on initiation and progression of
hepatocellular carcinoma. Cancer research, 63(16), 5021-5027.
Feitelson, M. A., Sun, B., Tufan, N. S., Liu, J., Pan, J., & Lian, Z. (2002). Genetic
mechanisms of hepatocarcinogenesis. Oncogene, 21(16), 2593-2604.
Feitoza, C., Goncalves, G., Bertocchi, A., Wang, P., Damiao, M., Cenedeze, M., . . .
Câmara, N. (2007). A role for HO-1 in renal function impairment in animals
subjected to ischemic and reperfusion injury and treated with immunosuppressive
drugs. Paper presented at the Transplantation proceedings.
Ferenbach, D. A., Kluth, D. C., & Hughes, J. (2010). Hemeoxygenase-1 and renal
ischaemia-reperfusion injury. Nephron Experimental Nephrology, 115(3), e33-e37.
Ferreiro, A., Vazquez-Millán, M., López, F., Gutiérrez, M., Diaz, S., & Patiño, M. (2014).
Everolimus-based immunosuppression in patients with hepatocellular carcinoma
at high risk of recurrence after liver transplantation: a case series. Paper presented
at the Transplantation proceedings.
Ferris, C. D., Jaffrey, S. R., Sawa, A., Takahashi, M., Brady, S. D., Barrow, R. K., . . . Doré,
S. (1999). Haem oxygenase-1 prevents cell death by regulating cellular bon. Nature
cell biology, 1(3), 152-157.
Fiorucci, S., Mencarelli, A., Palladino, G., & Cipriani, S. (2009). Bile-acid-activated
receptors: targeting TGR5 and farnesoid-X-receptor in lipid and glucose disorders.
Trends in pharmacological sciences, 30(11), 570-580.
Fouassier, L., Beaussier, M., Schiffer, E., Rey, C., Barbu, V., Mergey, M., . . . Lasnier, E.
(2007). Hypoxia-induced changes in the expression of rat hepatobiliary transporter
genes. American Journal of Physiology-Gastrointestinal and Liver Physiology,
293(1), G25-G35.
Gäbele, E., Reif, S., Tsukada, S., Bataller, R., Yata, Y., Morris, T., . . . Rippe, R. A. (2005).
The role of p70S6K in hepatic stellate cell collagen gene expression and cell
proliferation. Journal of Biological Chemistry, 280(14), 13374-13382.

140

Galli, A., Svegliati‐Baroni, G., Ceni, E., Milani, S., Ridolfi, F., Salzano, R., . . . Benedetti,
A. (2005). Oxidative stress stimulates proliferation and invasiveness of hepatic
stellate cells via a MMP2‐mediated mechanism. Hepatology, 41(5), 1074-1084.
Ganong, W. F., & Barrett, K. E. (2005). Review of medical physiology (Vol. 21): McGrawHill Medical ^ eNew York New York.
Gao, W., Bentley, R. C., Madden, J. F., & Clavien, P. A. (1998). Apoptosis of sinusoidal
endothelial cells is a critical mechanism of preservation injury in rat liver
transplantation. Hepatology, 27(6), 1652-1660.
Geier, A., Wagner, M., Dietrich, C. G., & Trauner, M. (2007). Principles of hepatic organic
anion transporter regulation during cholestasis, inflammation and liver
regeneration. Biochimica et Biophysica Acta (BBA)-Molecular Cell Research,
1773(3), 283-308.
Geissler, E. K., & Schlitt, H. J. (2009). Immunosuppression for liver transplantation. Gut,
58(3), 452-463.
Gems, D., & Partridge, L. (2008). Stress-response hormesis and aging:“that which does not
kill us makes us stronger”. Cell metabolism, 7(3), 200-203.
Germano, D., & Daniele, B. (2014). Systemic therapy of hepatocellular carcinoma: current
status and future perspectives. World journal of gastroenterology: WJG, 20(12),
3087.
Geuken, E., Buis, C. I., Visser, D. S., Blokzijl, H., Moshage, H., Nemes, B., . . . Slooff, M.
J. (2005). Expression of Heme Oxygenase‐1 in Human Livers Before
Transplantation Correlates with Graft Injury and Function After Transplantation.
American Journal of Transplantation, 5(8), 1875-1885.
Giannelli, G., Bergamini, C., Fransvea, E., Sgarra, C., & Antonaci, S. (2005). Laminin-5
with transforming growth factor-β1 induces epithelial to mesenchymal transition in
hepatocellular carcinoma. Gastroenterology, 129(5), 1375-1383.
Glanemann, M., Schirmeier, A., Lippert, S., Langrehr, J., Neuhaus, P., & Nussler, A.
(2005). Cobalt-protoporphyrin induced heme oxygenase overexpression and its
impact on liver regeneration. Paper presented at the Transplantation proceedings.
Glantzounis, G. K., Salacinski, H. J., Yang, W., Davidson, B. R., & Seifalian, A. M. (2005).
The contemporary role of antioxidant therapy in attenuating liver ischemia‐
reperfusion injury: A review. Liver transplantation, 11(9), 1031-1047.
Goncalves, G., Cenedeze, M., Feitoza, C., Wang, P., Bertocchi, A., Damiao, M., . . .
Pacheco-Silva, A. (2006). The role of heme oxygenase 1 in rapamycin-induced
141

renal dysfunction after ischemia and reperfusion injury. Kidney international,
70(10), 1742-1749.
Gonzalez-Flecha, B., Cutrin, J. C., & Boveris, A. (1993). Time course and mechanism of
oxidative stress and tissue damage in rat liver subjected to in vivo ischemiareperfusion. Journal of Clinical Investigation, 91(2), 456.
Goodwin, B., Jones, S. A., Price, R. R., Watson, M. A., McKee, D. D., Moore, L. B., . . .
Roth, M. E. (2000). A regulatory cascade of the nuclear receptors FXR, SHP-1, and
LRH-1 represses bile acid biosynthesis. Molecular cell, 6(3), 517-526.
Grube, S., Göttig, T., Freitag, D., Ewald, C., Kalff, R., & Walter, J. (2015). Selection of
suitable reference genes for expression analysis in human glioma using RT-qPCR.
Journal of neuro-oncology, 123(1), 35-42.
Gueguen, Y., Ferrari, L., Souidi, M., Batt, A. M., Lutton, C., Siest, G., & Visvikis, S.
(2007). Compared Effect of Immunosuppressive Drugs Cyclosporine A and
Rapamycin on Cholesterol Homeostasis Key Enzymes CYP27A1 and HMG‐CoA
Reductase. Basic & clinical pharmacology & toxicology, 100(6), 392-397.
Gujral, J. S., Bucci, T. J., Farhood, A., & Jaeschke, H. (2001). Mechanism of cell death
during warm hepatic ischemia‐reperfusion in rats: Apoptosis or necrosis?
Hepatology, 33(2), 397-405.
Gurusamy, K. S., Gonzalez, H. D., & Davidson, B. R. (2010). Current protective strategies
in liver surgery. World journal of gastroenterology: WJG, 16(48), 6098.
Hafizi, S., Mordi, V. N., Andersson, K. M., Chester, A. H., & Yacoub, M. H. (2004).
Differential effects of rapamycin, cyclosporine A, and FK506 on human coronary
artery smooth muscle cell proliferation and signalling. Vascular pharmacology,
41(4), 167-176.
Hall, J. E., & Guyton, A. C. (2011). Textbook of medical physiology: Saunders London.
Handschin, C., & Meyer, U. A. (2003). Induction of drug metabolism: the role of nuclear
receptors. Pharmacological reviews, 55(4), 649-673.
Hartmann, G., Cheung, A. K., & Piquette-Miller, M. (2002). Inflammatory cytokines, but
not bile acids, regulate expression of murine hepatic anion transporters in
endotoxemia. Journal of Pharmacology and Experimental Therapeutics, 303(1),
273-281.
Häussinger, D. (2011). Liver regeneration: Walter de Gruyter.
Heath, J. W., & Young, B. (2001). Wheater's functional histology: Churchill Livingstone.
142

Helzlsouer, K., & Kensler, T. (1993). Cancer chemoprotection by oltipraz: experimental
and clinical considerations. Preventive medicine, 22(5), 783-795.
Hemmann, S., Graf, J., Roderfeld, M., & Roeb, E. (2007). Expression of MMPs and TIMPs
in liver fibrosis–a systematic review with special emphasis on anti-fibrotic
strategies. Journal of hepatology, 46(5), 955-975.
Heuer, M., Benkoe, T., Cicinnati, V. R., Kaiser, G. M., Sotiropoulos, G., Baba, H., . . .
Paul, A. (2009). Effect of low-dose rapamycin on tumor growth in two human
hepatocellular cancer cell lines. Paper presented at the Transplantation
proceedings.
Hewitt, N. J., Gómez Lechón, M. J., Houston, J. B., Hallifax, D., Brown, H. S., Maurel, P.,
. . . Skonberg, C. (2007). Primary hepatocytes: current understanding of the
regulation of metabolic enzymes and transporter proteins, and pharmaceutical
practice for the use of hepatocytes in metabolism, enzyme induction, transporter,
clearance, and hepatotoxicity studies. Drug metabolism reviews, 39(1), 159-234.
Hoehme, S., Brulport, M., Bauer, A., Bedawy, E., Schormann, W., Hermes, M., . . .
Schwarz, M. (2010). Prediction and validation of cell alignment along microvessels
as order principle to restore tissue architecture in liver regeneration. Proceedings of
the National Academy of Sciences, 107(23), 10371-10376.
Hoekstra, H., Tian, Y., Jochum, W., Stieger, B., Graf, R., Porte, R. J., & Clavien, P.-A.
(2008). Dearterialization of the liver causes intrahepatic cholestasis due to reduced
bile transporter expression. Transplantation, 85(8), 1159-1166.
Hoffmaster, K. A., Turncliff, R. Z., LeCluyse, E. L., Kim, R. B., Meier, P. J., & Brouwer,
K. L. (2004). P-glycoprotein expression, localization, and function in sandwichcultured primary rat and human hepatocytes: relevance to the hepatobiliary
disposition of a model opioid peptide. Pharmaceutical research, 21(7), 1294-1302.
Hofmann, A. (1963). The function of bile salts in fat absorption. The solvent properties of
dilute micellar solutions of conjugated bile salts. Biochemical journal, 89(1), 57.
Hofmann, A., & Hagey, L. (2008). Bile acids: chemistry, pathochemistry, biology,
pathobiology, and therapeutics. Cellular and Molecular Life Sciences, 65(16),
2461-2483.
Hofmann, A. F. (1999). The continuing importance of bile acids in liver and intestinal
disease. Archives of internal medicine, 159(22), 2647-2658.
Hofmann, A. F. (2010). Overview of bile secretion. Comprehensive Physiology.
143

Hofmann, A. F., & Borgström, B. (1964). The intraluminal phase of fat digestion in man:
the lipid content of the micellar and oil phases of intestinal content obtained during
fat digestion and absorption. Journal of Clinical Investigation, 43(2), 247.
Hofmann, A. F., Hagey, L. R., & Krasowski, M. D. (2010). Bile salts of vertebrates:
structural variation and possible evolutionary significance. Journal of lipid
research, 51(2), 226-246.
Höpfner, M., Sutter, A. P., Huether, A., Schuppan, D., Zeitz, M., & Scherübl, H. (2004).
Targeting the epidermal growth factor receptor by gefitinib for treatment of
hepatocellular carcinoma. Journal of hepatology, 41(6), 1008-1016.
Horton, J. D., Goldstein, J. L., & Brown, M. S. (2002). SREBPs: activators of the complete
program of cholesterol and fatty acid synthesis in the liver. Journal of Clinical
Investigation, 109(9), 1125-1132.
Hosono, S., Chou, M., Lee, C.-S., & Shih, C. (1993). Infrequent mutation of p53 gene in
hepatitis B virus positive primary hepatocellular carcinomas. Oncogene, 8(2), 491496.
Hsu, I., Metcalf, R., Sun, T., Welsh, J., Wang, N., & Harris, C. (1991). Mutational hot spot
in the p53 gene in human hepatocellular carcinomas.
Hu, J. L., Xiao, L., Li, Z. Y., Wang, Q., Chang, Y., & Jin, Y. (2013). Upregulation of HO‐
1 is accompanied by activation of p38MAPK and mTOR in human oesophageal
squamous carcinoma cells. Cell biology international, 37(6), 584-592.
Hubbard, A., Barr, V., & Scott, L. (1994). Hepatocyte surface polarity. The Liver: Biology
and Pathobiology, 189-213.
Huh, C.-G., Factor, V. M., Sánchez, A., Uchida, K., Conner, E. A., & Thorgeirsson, S. S.
(2004). Hepatocyte growth factor/c-met signaling pathway is required for efficient
liver regeneration and repair. Proceedings of the National Academy of Sciences of
the United States of America, 101(13), 4477-4482.
Husted, T., Lentsch, A., Galaris, D., Barbouti, A., Korantzopoulos, P., Glantzounis, G., . .
. Seifalian, A. (2006). Pharmacological Modulation of Liver Ischemia–Reperfusion
Injury. Current Pharmaceutical Design, 12(23).
Hwahng, S. H., Ki, S. H., Bae, E. J., Kim, H. E., & Kim, S. G. (2009). Role of adenosine
monophosphate‐activated protein kinase–p70 ribosomal S6 kinase‐1 pathway in
repression of liver X receptor‐alpha–dependent lipogenic gene induction and
hepatic steatosis by a novel class of dithiolethiones. Hepatology, 49(6), 1913-1925.
144

Immenschuh, S., Baumgart-Vogt, E., Tan, M., Iwahara, S.-i., Ramadori, G., & Fahimi, H.
D. (2003). Differential cellular and subcellular localization of heme-binding protein
23/peroxiredoxin I and heme oxygenase-1 in rat liver. Journal of Histochemistry &
Cytochemistry, 51(12), 1621-1631.
Ishibashi, H., Nakamura, M., Komori, A., Migita, K., & Shimoda, S. (2009). Liver
architecture, cell function, and disease. Paper presented at the Seminars in
immunopathology.
Ishizaki, Y., Ikeda, S., Fujimori, M., Shimizu, Y., Kurihara, T., Itamoto, T., . . . Asahara,
T. (2004). Immunohistochemical analysis and mutational analyses of β-catenin,
axin family and APC genes in hepatocellular carcinomas. International journal of
oncology, 24(5), 1077-1083.
Ito, Y., Takeda, T., Sakon, M., Tsujimoto, M., Higashiyama, S., Noda, K., . . . Matsuura,
N. (2001). Expression and clinical significance of erb-B receptor family in
hepatocellular carcinoma. British journal of cancer, 84(10), 1377.
Ivarsson, K., & Weijdegård, B. (1998). Evaluation of the effects of DNase treatment on
signal specificity in RT-PCR and in situ RT-PCR. Biotechniques, 25(4), 630-632,
634, 636 passim.
Jackson, P. E., & Groopman, J. D. (1999). Aflatoxin and liver cancer. Best Practice &
Research Clinical Gastroenterology, 13(4), 545-555.
Jacobson, L. P., Zhang, B.-C., Zhu, Y.-R., Wang, J.-B., Wu, Y., Zhang, Q.-N., . . . Li, Y.F. (1997). Oltipraz chemoprevention trial in Qidong, People's Republic of China:
study design and clinical outcomes. Cancer Epidemiology Biomarkers &
Prevention, 6(4), 257-265.
Jaeschke, H. (2003). Molecular mechanisms of hepatic ischemia-reperfusion injury and
preconditioning. American Journal of Physiology-Gastrointestinal and Liver
Physiology, 284(1), G15-G26.
Jaeschke, H., & Farhood, A. (1991). Neutrophil and Kupffer cell-induced oxidant stress
and ischemia-reperfusion injury in rat liver. American Journal of PhysiologyGastrointestinal and Liver Physiology, 260(3), G355-G362.
Jaeschke, H., & Woolbright, B. L. (2012). Current strategies to minimize hepatic ischemia–
reperfusion injury by targeting reactive oxygen species. Transplantation Reviews,
26(2), 103-114.
Jankiewicz, M., Groner, B., & Desrivières, S. (2006). Mammalian target of rapamycin
regulates the growth of mammary epithelial cells through the inhibitor of
145

deoxyribonucleic acid binding Id1 and their functional differentiation through Id2.
Molecular endocrinology, 20(10), 2369-2381.
Jian, Y., ZHANG, H. Y., Zhong, Z., Wei, L., WANG, Y. F., & Jingde, Z. (2003).
Methylation profiling of twenty four genes and the concordant methylation
behaviours of nineteen genes that may contribute to hepatocellular carcinogenesis.
Cell research, 13(5), 319-333.
Jin, D.-Y., Chae, H. Z., Rhee, S. G., & Jeang, K.-T. (1997). Regulatory role for a novel
human thioredoxin peroxidase in NF-κB activation. Journal of Biological
Chemistry, 272(49), 30952-30961.
Jin, K., Mao, X., Xie, L., Greenberg, R. B., Peng, B., Moore, A., . . . Greenberg, D. A.
(2010). Delayed transplantation of human neural precursor cells improves outcome
from focal cerebral ischemia in aged rats. Aging cell, 9(6), 1076-1083.
Johnson, D. R., Habeebu, S. S., & Klaassen, C. D. (2002). Increase in bile flow and biliary
excretion of glutathione-derived sulfhydryls in rats by drug-metabolizing enzyme
inducers is mediated by multidrug resistance protein 2. Toxicological Sciences,
66(1), 16-26.
Jones, P. A., & Baylin, S. B. (2007). The epigenomics of cancer. Cell, 128(4), 683-692.
Jung, D., Fantin, A., Scheurer, U., Fried, M., & Kullak-Ublick, G. (2004). Human ileal bile
acid transporter gene ASBT (SLC10A2) is transactivated by the glucocorticoid
receptor. Gut, 53(1), 78-84.
Kageyama, S., Hata, K., Tanaka, H., Hirao, H., Kubota, T., Okamura, Y., . . . Uemoto, S.
(2015).

Intestinal

ischemic

preconditioning

ameliorates

hepatic

ischemia/reperfusion injury in rats: Role of heme oxygenase 1 in the second
window of protection. Liver transplantation, 21(1), 112-122.
Kahn, D., Spearman, C., Mall, A., Shepherd, E., Engelbrecht, G., Lotz, Z., & Tyler, M.
(2005). Effect of rapamycin on the healing of the bile duct. Paper presented at the
Transplantation proceedings.
Kaibori, M., Shikata, N., Sakaguchi, T., Ishizaki, M., Matsui, K., Iida, H., . . . Okumura, T.
(2014). Influence of Rictor and Raptor Expression of mTOR Signaling on LongTerm Outcomes of Patients with Hepatocellular Carcinoma. Digestive diseases and
sciences, 1-10.
Kaisarevic, S., Dakic, V., Hrubik, J., Glisic, B., Lübcke-von Varel, U., Pogrmic-Majkic,
K., . . . Kovacevic, R. (2015). Differential expression of CYP1A1 and CYP1A2
146

genes in H4IIE rat hepatoma cells exposed to TCDD and PAHs. Environmental
toxicology and pharmacology, 39(1), 358-368.
Kanai, Y., Hui, A. M., Sun, L., Ushijima, S., Sakamoto, M., Tsuda, H., & Hirohashi, S.
(1999). DNA hypermethylation at the D17S5 locus and reduced HIC‐1mRNA
expression are associated with hepatocarcinogenesis. Hepatology, 29(3), 703-709.
Kang, K. W., Cho, I. J., Lee, C. H., & Kim, S. G. (2003). Essential role of
phosphatidylinositol 3-kinase-dependent CCAAT/enhancer binding protein β
activation in the induction of glutathione S-transferase by oltipraz. Journal of the
national cancer institute, 95(1), 53-66.
Kang, K. W., Choi, S. H., Ha, J. R., Kim, C. W., & Kim, S. G. (2002). Inhibition of
dimethylnitrosamine-induced liver fibrosis by [5-(2-pyrazinyl)-4-methyl-1, 2dithiol-3-thione](oltipraz) in rats: suppression of transforming growth factor-β1 and
tumor necrosis factor-α expression. Chemico-biological interactions, 139(1), 6177.
Kang, K. W., Kim, Y. G., Cho, M. K., Bae, S. K., Kim, C. W., Lee, M. G., & Kim, S. G.
(2002, a). Oltipraz regenerates cirrhotic liver through CCAAT/enhancer binding
protein-mediated stellate cell inactivation. The FASEB journal, 16(14), 1988-1990.
Kang, K. W., Lee, S. J., Park, J. W., & Kim, S. G. (2002, b). Phosphatidylinositol 3-kinase
regulates nuclear translocation of NF-E2-related factor 2 through actin
rearrangement in response to oxidative stress. Molecular pharmacology, 62(5),
1001-1010.
Kang, S. G., Lee, W. H., Lee, Y. H., Lee, Y. S., & Kim, S. G. (2012). Hypoxia-inducible
factor-1α inhibition by a pyrrolopyrazine metabolite of oltipraz as a consequence of
microRNAs 199a-5p and 20a induction. Carcinogenesis, 33(3), 661-669.
Kang, S. W., Chae, H. Z., Seo, M. S., Kim, K., Baines, I. C., & Rhee, S. G. (1998).
Mammalian peroxiredoxin isoforms can reduce hydrogen peroxide generated in
response to growth factors and tumor necrosis factor-α. Journal of Biological
Chemistry, 273(11), 6297-6302.
Kang, S. W., Rhee, S. G., Chang, T.-S., Jeong, W., & Choi, M. H. (2005). 2-Cys
peroxiredoxin function in intracellular signal transduction: therapeutic implications.
Trends in molecular medicine, 11(12), 571-578.
Kato, H., Amersi, F., Buelow, R., Melinek, J., Coito, A. J., Ke, B., . . . Kupiec‐Weglinski,
J. W. (2001). Heme Oxygenase‐1 Overexpression Protects Rat Livers from
147

Ischemia/Reperfusion Injury with Extended Cold Preservation. American Journal
of Transplantation, 1(2), 121-128.
Katori, M., Busuttil, R. W., & Kupiec-Weglinski, J. W. (2002). Heme oxygenase-1 system
in organ transplantation1. Transplantation, 74(7), 905-912.
Ke, B., Shen, X.-D., Gao, F., Qiao, B., Ji, H., Busuttil, R. W., . . . Kupiec-Weglinski, J. W.
(2009). Small interfering RNA targeting heme oxygenase-1 (HO-1) reinforces liver
apoptosis induced by ischemia–reperfusion injury in mice: HO-1 is necessary for
cytoprotection. Human gene therapy, 20(10), 1133-1142.
Kensler, T. W., Gange, S. J., Egner, P. A., Dolan, P. M., Munoz, A., Groopman, J. D., . . .
Roebuck, B. D. (1997). Predictive value of molecular dosimetry: individual versus
group effects of oltipraz on aflatoxin-albumin adducts and risk of liver cancer.
Cancer Epidemiology Biomarkers & Prevention, 6(8), 603-610.
Kensler, T. W., He, X., Otieno, M., Egner, P. A., Jacobson, L. P., Chen, B., . . . Wang, J.B. (1998). Oltipraz chemoprevention trial in Qidong, People's Republic of China:
modulation of serum aflatoxin albumin adduct biomarkers. Cancer Epidemiology
Biomarkers & Prevention, 7(2), 127-134.
Kensler, T. W., & Helzlsouer, K. J. (1995). Oltipraz: clinical opportunities for cancer
chemoprevention. Journal of cellular biochemistry, 59(S22), 101-107.
Kensler, T. W., Qian, G.-S., Chen, J.-G., & Groopman, J. D. (2003). Translational strategies
for cancer prevention in liver. Nature Reviews Cancer, 3(5), 321-329.
Kensler, T. W., Wakabayashi, N., & Biswal, S. (2007). Cell survival responses to
environmental stresses via the Keap1-Nrf2-ARE pathway. Annu. Rev. Pharmacol.
Toxicol., 47, 89-116.
Kew, M. C. (2003). Synergistic interaction between aflatoxin B1 and hepatitis B virus in
hepatocarcinogenesis. Liver International, 23(6), 405-409.
Kim, I., Ahn, S.-H., Inagaki, T., Choi, M., Ito, S., Guo, G. L., . . . Gonzalez, F. J. (2007).
Differential regulation of bile acid homeostasis by the farnesoid X receptor in liver
and intestine. Journal of lipid research, 48(12), 2664-2672.
Kim, J.-H., Choo, Y.-Y., Tae, N., Min, B.-S., & Lee, J.-H. (2014). The anti-inflammatory
effect of 3-deoxysappanchalcone is mediated by inducing heme oxygenase-1 via
activating the AKT/mTOR pathway in murine macrophages. International
immunopharmacology, 22(2), 420-426.
Kim, S., Kim, Y., Choi, Y., Lee, M., Choi, J., Han, J., . . . Chon, C. (2010).
Pharmacokinetics of oltipraz and its major metabolite (RM) in patients with liver
148

fibrosis or cirrhosis: relationship with suppression of circulating TGF-β1. Clinical
Pharmacology & Therapeutics, 88(3), 360-368.
Kist, A., Wakkie, J., Madu, M., Versteeg, R., ten Berge, J., Nikolic, A., . . . Barritt, G. J.
(2012). Rapamycin induces heme oxygenase-1 in liver but inhibits bile flow
recovery after ischemia. Journal of Surgical Research, 176(2), 468-475.
Klaassen, C., & Slitt, A. (2005). Regulation of hepatic transporters by xenobiotic receptors.
Current drug metabolism, 6(4), 309-328.
Klaassen, C. D., & Aleksunes, L. M. (2010). Xenobiotic, bile acid, and cholesterol
transporters: function and regulation. Pharmacological reviews, 62(1), 1-96.
Klaassen, C. D., & Reisman, S. A. (2010). Nrf2 the rescue: effects of the
antioxidative/electrophilic response on the liver. Toxicology and applied
pharmacology, 244(1), 57-65.
Kmiec, Z. (2001). Cooperation of Liver Cells in Health and Disease: With 18 Tables (Vol.
161): Springer.
Ko, M. S., Lee, S. J., Kim, J. W., Lim, J. W., & Kim, S. G. (2006). Differential effects of
the oxidized metabolites of oltipraz on the activation of CCAAT/enhancer binding
protein-β and NF-E2-related factor-2 for GSTA2 gene induction. Drug metabolism
and disposition, 34(8), 1353-1360.
Kobayashi, T., Sato, Y., Yamamoto, S., Takeishi, T., Hirano, K.-i., Watanabe, T., . . .
Hatakeyama, K. (2005). Augmentation of heme oxygenase-1 expression in the graft
immediately after implantation in adult living-donor liver transplantation.
Transplantation, 79(8), 977-980.
Kohli, V., Selzner, M., Madden, J. F., Bentley, R. C., & Clavien, P.-A. (1999). Endothelial
Cell and Hepatocyte Deaths Occur By Apoptosis After Ischemia-Reperfusion
Injury in the Rat Liver1, 2. Transplantation, 67(8), 1099-1105.
Kojima, T. (1982). Immune electron microscopic study of hepatitis B virus associated
antigens in hepatocytes. Gastroenterologia Japonica, 17(6), 558-575.
Kubitz, R., Sütfels, G., Kühlkamp, T., Kölling, R., & Häussinger, D. (2004). Trafficking of
the bile salt export pump from the Golgi to the canalicular membrane is regulated
by the p38 MAP kinase. Gastroenterology, 126(2), 541-553.
Kullak-Ublick, G. A., Ismair, M. G., Stieger, B., Landmann, L., Huber, R., Pizzagalli, F., .
. . Hagenbuch, B. (2001). Organic anion-transporting polypeptide B (OATP-B) and
its

functional

comparison

with three

Gastroenterology, 120(2), 525-533.
149

other

OATPs of human

liver.

Kullak-ublick, G. A., Stieger, B., & Meier, P. J. (2004). Enterohepatic bile salt transporters
in normal physiology and liver disease. Gastroenterology, 126(1), 322-342.
Kumar, V., Abbas, A. K., Fausto, N., & Aster, J. C. (2014). Robbins and cotran pathologic
basis of disease, Professional Edition: Expert Consult-Online: Elsevier Health
Sciences.
Kwak, M.-K., Itoh, K., Yamamoto, M., & Kensler, T. W. (2002). Enhanced expression of
the transcription factor Nrf2 by cancer chemopreventive agents: role of antioxidant
response element-like sequences in the nrf2 promoter. Molecular and Cellular
Biology, 22(9), 2883-2892.
Kwon, Y. N., Shin, S. M., Cho, I. J., & Kim, S. G. (2009). Oxidized metabolites of oltipraz
exert cytoprotective effects against arachidonic acid through AMP-activated protein
kinase-dependent cellular antioxidant effect and mitochondrial protection. Drug
metabolism and disposition, 37(6), 1187-1197.
Lai, I.-R., Chang, K.-J., Tsai, H.-W., & Chen, C.-F. (2008). Pharmacological
preconditioning with simvastatin protects liver from ischemia-reperfusion injury by
heme oxygenase-1 induction. Transplantation, 85(5), 732-738.
Langouët, S., Coles, B., Morel, F., Becquemont, L., Beaune, P., Guengerich, F. P., . . .
Guillouzo, A. (1995). Inhibition of CYP1A2 and CYP3A4 by oltipraz results in
reduction of aflatoxin B1 metabolism in human hepatocytes in primary culture.
Cancer research, 55(23), 5574-5579.
Lau, Y. Y., Sapidou, E., Cui, X., White, R. E., & Cheng, K.-C. (2002). Development of a
novel in vitro model to predict hepatic clearance using fresh, cryopreserved, and
sandwich-cultured hepatocytes. Drug metabolism and disposition, 30(12), 14461454.
Lawyer, F. C., Stoffel, S., Saiki, R., Chang, S., Landre, P., Abramson, R., & Gelfand, D.
(1993). High-level expression, purification, and enzymatic characterization of fulllength Thermus aquaticus DNA polymerase and a truncated form deficient in 5'to
3'exonuclease activity. Genome research, 2(4), 275-287.
Lee, J., Lee, S.-K., Lee, B.-U., Lee, H.-J., Cho, N.-P., Yoon, J.-H., . . . Kim, E.-C. (2008).
Upregulation of heme oxygenase-1 in oral epithelial dysplasias. International
journal of oral and maxillofacial surgery, 37(3), 287-292.
Lee, J. M., Trauner, M., Soroka, C. J., Stieger, B., Meier, P. J., & Boyer, J. L. (2000).
Expression of the bile salt export pump is maintained after chronic cholestasis in
the rat. Gastroenterology, 118(1), 163-172.
150

Leite, M., & Nathanson, M. (2001). The Liver: Biology and Pathobiology: Philadelphia,
Pa, USA: Lippincoot, William & Wilkins.
Lejeune, D., Dumoutier, L., Constantinescu, S., Kruijer, W., Schuringa, J. J., & Renauld,
J.-C. (2002). Interleukin-22 (IL-22) activates the JAK/STAT, ERK, JNK, and p38
MAP kinase pathways in a rat hepatoma cell line Pathways that are shared with and
distinct from IL-10. Journal of Biological Chemistry, 277(37), 33676-33682.
Li, T., & Chiang, J. Y. (2014). Bile acid signaling in metabolic disease and drug therapy.
Pharmacological reviews, 66(4), 948-983.
Li, X., Zhang, J., Lu, M., Yang, Y., Xu, C., Li, H., . . . Chen, G. (2007). Alleviation of
ischemia-reperfusion injury in rat liver transplantation by induction of small
interference RNA targeting Fas. Langenbeck's Archives of Surgery, 392(3), 345351.
Liang, D., Hagenbuch, B., Stieger, B., & Meier, P. J. (1993). Parallel decrease of Na+‐
taurocholate cotransport and its encoding mRNA in primary cultures of rat
hepatocytes. Hepatology, 18(5), 1162-1166.
Liao, H., Huang, Y., Guo, B., Liang, B., Liu, X., Ou, H., . . . Yang, D. (2015). Dramatic
antitumor effects of the dual mTORC1 and mTORC2 inhibitor AZD2014 in
hepatocellular carcinoma. American journal of cancer research, 5(1), 125.
Lidofsky, S. D., Fitz, J. G., Weisiger, R. A., & Scharschmidt, B. F. (1993). Hepatic
taurocholate uptake is electrogenic and influenced by transmembrane potential
difference. Am. J. Physiol, 264, G478-G485.
Lieberman, M., Marks, A. D., Smith, C. M., & Marks, D. B. (2006). Marks' Essential
Medical Biochemistry: Lippincott Williams & Wilkins.
Lim, S.-O., Gu, J.-M., Kim, M. S., Kim, H.-S., Park, Y. N., Park, C. K., . . . Jung, G. (2008).
Epigenetic changes induced by reactive oxygen species in hepatocellular
carcinoma: methylation of the E-cadherin promoter. Gastroenterology, 135(6),
2128-2140. e2128.
Liu, C., Schreiter, T., Frilling, A., Dahmen, U., Broelsch, C. E., Gerken, G., & Treichel, U.
(2005). Cyclosporine A, FK-506, 40-0-[2-hydroxyethyl] rapamycin and
mycophenolate mofetil inhibit proliferation of human intrahepatic biliary epithelial
cells in vitro. WORLD JOURNAL OF GASTROENTEROLOGY, 11(48), 7602.
Liu, L., Li, F., Cardelli, J. A., Martin, K. A., Blenis, J., & Huang, S. (2006). Rapamycin
inhibits cell motility by suppression of mTOR-mediated S6K1 and 4E-BP1
pathways. Oncogene, 25(53), 7029-7040.
151

Liu, Y. N., Lee, W. W., Wang, C. Y., Chao, T. H., Chen, Y., & Chen, J. H. (2005).
Regulatory mechanisms controlling human E-cadherin gene expression. Oncogene,
24(56), 8277-8290.
Lok, A. S., Heathcote, E. J., & Hoofnagle, J. H. (2001). Management of hepatitis B: 2000—
summary of a workshop. Gastroenterology, 120(7), 1828-1853.
Lu, T. T., Makishima, M., Repa, J. J., Schoonjans, K., Kerr, T. A., Auwerx, J., &
Mangelsdorf, D. J. (2000). Molecular basis for feedback regulation of bile acid
synthesis by nuclear receptors. Molecular cell, 6(3), 507-515.
Maddrey, W. C. (2002). Clinicopathological patterns of drug-induced liver disease. Druginduced liver disease, 227.
Magdeldin, S. (2012). Gel Electrophoresis–Principles and Basics. InTech, Rijeka, Croatia.
Magotti, P., Bauer, I., Igarashi, M., Babagoli, M., Marotta, R., Piomelli, D., & Garau, G.
(2015). Structure of Human N-Acylphosphatidylethanolamine-Hydrolyzing
Phospholipase D: Regulation of Fatty Acid Ethanolamide Biosynthesis by Bile
Acids. Structure, 23(3), 598-604.
Maher, J. M., Cheng, X., Slitt, A. L., Dieter, M. Z., & Klaassen, C. D. (2005). Induction of
the multidrug resistance-associated protein family of transporters by chemical
activators of receptor-mediated pathways in mouse liver. Drug metabolism and
disposition, 33(7), 956-962.
Maher, J. M., Dieter, M. Z., Aleksunes, L. M., Slitt, A. L., Guo, G., Tanaka, Y., . . . Chen,
Y. (2007). Oxidative and electrophilic stress induces multidrug resistance–
associated protein transporters via the nuclear factor‐E2–related factor‐2
transcriptional pathway. Hepatology, 46(5), 1597-1610.
Man, K., Ng, K. T., Lee, T. K., Mau Lo, C., Sun, C. K., Li, X. L., . . . Fan, S. T. (2005).
FTY720 attenuates hepatic ischemia‐reperfusion injury in normal and cirrhotic
livers. American Journal of Transplantation, 5(1), 40-49.
Man, K., Su, M., Ng, K. T., Lo, C. M., Zhao, Y., Ho, J. W., ... & Fan, S. T. (2006).
Rapamycin Attenuates Liver Graft Injury in Cirrhotic Recipient—The Significance
of Down‐Regulation of Rho‐ROCK‐VEGF Pathway. American journal of
transplantation, 6(4), 697-704.
Mann, G. E., Niehueser-Saran, J., Watson, A., Gao, L., Ishii, T., de Winter, P., & Siow, R.
C. (2007). Nrf2/ARE regulated antioxidant gene expression in endothelial and
smooth muscle cells in oxidative stress: implications for atherosclerosis and
preeclampsia. ACTA PHYSIOLOGICA SINICA-CHINESE EDITION-, 59(2), 117.
152

Marrogi, A. J., Khan, M. A., van Gijssel, H. E., Welsh, J. A., Rahim, H., Demetris, A. J., .
. . Bartsch, H. (2001). Oxidative stress and p53 mutations in the carcinogenesis of
iron overload-associated hepatocellular carcinoma. Journal of the national cancer
institute, 93(21), 1652-1655.
Martel, R., Klicius, J., & Galet, S. (1977). Inhibition of the immune response by rapamycin,
a new antifungal antibiotic. Canadian journal of physiology and pharmacology,
55(1), 48-51.
Mártinez, J. M. A., Pulido, L. B., Bellido, C. B., Usero, D. D., Aguilar, L. T., Moreno, J.
L. G., ... & Bravo, M. Á. G. (2010, March). Rescue immunosuppression with
mammalian target of rapamycin inhibitor drugs in liver transplantation. In
Transplantation proceedings (Vol. 42, No. 2, pp. 641-643). Elsevier.
Massip‐Salcedo, M., Roselló‐Catafau, J., Prieto, J., Avila, M. A., & Peralta, C. (2007). The
response of the hepatocyte to ischemia. Liver International, 27(1), 6-16.
Matsuda, Y., Matsumoto, K., Yamada, A., Ichida, T., Asakura, H., Komoriya, Y., . . .
Nakamura, T. (1997). Preventive and therapeutic effects in rats of hepatocyte
growth factor infusion on liver fibrosis/cirrhosis. Hepatology, 26(1), 81-89.
Matsumoto, K., Yoshitomi, H., Rossant, J., & Zaret, K. S. (2001). Liver organogenesis
promoted by endothelial cells prior to vascular function. Science, 294(5542), 559563.
McClain, C. J., Hill, D. B., Song, Z., Deaciuc, I., & Barve, S. (2002). Monocyte activation
in alcoholic liver disease. Alcohol, 27(1), 53-61.
Mehrabi, A., Fonouni, H., Kashfi, A., Schmied, B., Morath, C., Sadeghi, M., . . . Zeier, M.
(2006). The role and value of sirolimus administration in kidney and liver
transplantation. Clinical transplantation, 20(s17), 30-43.
Meier, P. J. (1995). Molecular mechanisms of hepatic bile salt transport from sinusoidal
blood into bile. American Journal of Physiology-Gastrointestinal and Liver
Physiology, 32(6), G801.
Meier, P. J., & Stieger, B. (2002). Bile salt transporters. Annual review of physiology, 64(1),
635-661.
Menon, K., Hakeem, A., & Heaton, N. (2013). Meta‐analysis: recurrence and survival
following the use of sirolimus in liver transplantation for hepatocellular carcinoma.
Alimentary pharmacology & therapeutics, 37(4), 411-419.

153

Merrell, M. D., Augustine, L. M., Slitt, A. L., & Cherrington, N. J. (2008). Induction of
drug metabolism enzymes and transporters by oltipraz in rats. Journal of
biochemical and molecular toxicology, 22(2), 128-135.
Millward-Sadler, G., Wright, R., & Arthur, M. J. (1992). Wright's liver and biliary disease:
pathophysiology, diagnosis and management (Vol. 1): WB Saunders Co.
Minouchi, K., Kaneko, S., & Kobayashi, K. (2002). Mutation of p53 gene in regenerative
nodules in cirrhotic liver. Journal of hepatology, 37(2), 231-239.
Mitsuishi, Y., Motohashi, H., & Yamamoto, M. (2012). The Keap1–Nrf2 system in
cancers: stress response and anabolic metabolism. Frontiers in oncology, 2.
Mohammed, F. F., & Khokha, R. (2005). Thinking outside the cell: proteases regulate
hepatocyte division. Trends in cell biology, 15(10), 555-563.
Monaco, A. P. (2009). The role of mTOR inhibitors in the management of posttransplant
malignancy. Transplantation, 87(2), 157-163.
Mori, K., Shibanuma, M., & Nose, K. (2004). Invasive potential induced under long-term
oxidative stress in mammary epithelial cells. Cancer research, 64(20), 7464-7472.
Morse, D., Lin, L., Choi, A. M., & Ryter, S. W. (2009). Heme oxygenase-1, a critical
arbitrator of cell death pathways in lung injury and disease. Free Radical Biology
and Medicine, 47(1), 1-12.
Moseley, R. H. (1999). Sepsis and cholestasis. Clinics in liver disease, 3(3), 465-475.
Muller-Eberhard, U., & Nikkila, H. (1989). Transport of tetrapyrroles by proteins. Paper
presented at the Seminars in hematology.
Mullis, K. B. (1987). Process for amplifying nucleic acid sequences: US Patent 4,683,202.
Murphy, B., Laderoute, K., Short, S., & Sutherland, R. (1991). The identification of heme
oxygenase as a major hypoxic stress protein in Chinese hamster ovary cells. British
journal of cancer, 64(1), 69.
Nagahashi, M., Takabe, K., Liu, R., Peng, K., Wang, X., Wang, Y., . . . Yamada, A. (2015).
Conjugated bile acid–activated S1P receptor 2 is a key regulator of sphingosine
kinase 2 and hepatic gene expression. Hepatology, 61(4), 1216-1226.
Nakamura, Y., Yogosawa, S., Izutani, Y., Watanabe, H., Otsuji, E., & Sakai, T. (2009). A
combination of indol-3-carbinol and genistein synergistically induces apoptosis in
human colon cancer HT-29 cells by inhibiting Akt phosphorylation and progression
of autophagy. Mol Cancer, 8(100), 1476-4598.
Nathanson, M. H., & Boyer, J. L. (1991). Mechanisms and regulation of bile secretion.
Hepatology, 14(3), 551-566.
154

Neef, M., Ledermann, M., Saegesser, H., Schneider, V., & Reichen, J. (2006). Low-dose
oral rapamycin treatment reduces fibrogenesis, improves liver function, and
prolongs survival in rats with established liver cirrhosis. Journal of hepatology,
45(6), 786-796.
Neimark, E., Chen, F., Li, X., Magid, M. S., Alasio, T. M., Frankenberg, T., . . . Shneider,
B. L. (2006). c-Fos is a critical mediator of inflammatory-mediated repression of
the apical sodium-dependent bile acid transporter. Gastroenterology, 131(2), 554567.
Neimark, E., Chen, F., Li, X., & Shneider, B. L. (2004). Bile acid–induced negative
feedback regulation of the human ileal bile acid transporter. Hepatology, 40(1),
149-156.
Nelson, D. L., Lehninger, A. L., & Cox, M. M. (2008). Lehninger principles of
biochemistry: Macmillan.
Neuhaus, P., Klupp, J., & Langrehr, J. M. (2001). mTOR inhibitors: an overview. Liver
transplantation, 7(6), 473-484.
Niemann, C. U., Hirose, R., Liu, T., Behrends, M., Brown, J. L., Kominsky, D. F., . . .
Serkova, N. (2005). Ischemic preconditioning improves energy state and
transplantation survival in obese Zucker rat livers. Anesthesia & Analgesia, 101(6),
1577-1583.
Niering, P., Michels, G., Wätjen, W., Ohler, S., Steffan, B., Chovolou, Y., . . . Kahl, R.
(2005). Protective and detrimental effects of kaempferol in rat H4IIE cells:
implication of oxidative stress and apoptosis. Toxicology and applied
pharmacology, 209(2), 114-122.
Nies, A. T., & Keppler, D. (2007). The apical conjugate efflux pump ABCC2 (MRP2).
Pflügers Archiv-European Journal of Physiology, 453(5), 643-659.
Nies, A. T., König, J., Pfannschmidt, M., Klar, E., Hofmann, W. J., & Keppler, D. (2001).
Expression of the multidrug resistance proteins MRP2 and MRP3 in human
hepatocellular carcinoma. International journal of cancer, 94(4), 492-499.
Nies, A. T., Koepsell, H., Winter, S., Burk, O., Klein, K., Kerb, R., . . . Schaeffeler, E.
(2009). Expression of organic cation transporters OCT1 (SLC22A1) and OCT3
(SLC22A3) is affected by genetic factors and cholestasis in human liver.
Hepatology, 50(4), 1227-1240.
Nieuwenhuijs, V. B., De Bruijn, M. T., Padbury, R. T., & Barritt, G. J. (2006). Hepatic
ischemia-reperfusion injury: roles of Ca2+ and other intracellular mediators of
155

impaired bile flow and hepatocyte damage. Digestive diseases and sciences, 51(6),
1087-1102.
Nieuwenhuijs, V. B., de Bruijn, M. T., Schiesser, M., Morphett, A., Padbury, R. T., &
Barritt, G. J. (2007). Ischemic preconditioning and intermittent ischemia preserve
bile flow in a rat model of ischemia/reperfusion injury. Digestive diseases and
sciences, 52(11), 3029-3037.
Nishida, N., Fukuda, Y., Kokuryu, H., Toguchida, J., Yandell, D. W., Ikenega, M., . . .
Ishizaki, K. (1993). Role and mutational heterogeneity of the p53 gene in
hepatocellular carcinoma. Cancer research, 53(2), 368-372.
Noé, J., Stieger, B., & Meier, P. J. (2002). Functional expression of the canalicular bile salt
export pump of human liver. Gastroenterology, 123(5), 1659-1666.
Nose, H., Imazeki, F., Ohto, M., & Omata, M. (1993). p53 gene mutations and 17p allelic
deletions in hepatocellular carcinoma from Japan. Cancer, 72(2), 355-360.
Nowak, M. A., Bonhoeffer, S., Hill, A. M., Boehme, R., Thomas, H. C., & McDade, H.
(1996). Viral dynamics in hepatitis B virus infection. Proceedings of the National
Academy of Sciences, 93(9), 4398-4402.
Nowicki, M., Shneider, B., Paul, J., & Heubi, J. (1997). Glucocorticoids upregulate
taurocholate transport by ileal brush-border membrane. American Journal of
Physiology-Gastrointestinal and Liver Physiology, 273(1), G197-G203.
O'Dwyer, P. J., Clayton, M., Halbherr, T., Myers, C. B., & s Yao, K. (1997). Cellular
kinetics of induction by oltipraz and its keto derivative of detoxication enzymes in
human colon adenocarcinoma cells. Clinical Cancer Research, 3(5), 783-791.
O'Leary, J. G., & Pratt, D. S. (2007). Cholestasis and cholestatic syndromes. Current
opinion in gastroenterology, 23(3), 232-236.
Oberley, T. D. (2002). Oxidative damage and cancer. The American journal of pathology,
160(2), 403-408.
Okuda, K., Peters, R. L., & Simson, I. W. (1984). Gross anatomic features of hepatocellular
carcinoma from three disparate geographic areas. Proposal of new classification.
Cancer, 54(10), 2165-2173.
Osna, N. A., Clemens, D. L., & Donohue, T. M. (2005). Ethanol metabolism alters
interferon gamma signaling in recombinant HepG2 cells. Hepatology, 42(5), 11091117.
Oswald, S., Nassif, A., Modess, C., Keiser, M., Hanke, U., Engel, A., . . . Siegmund, W.
(2010). Pharmacokinetic and pharmacodynamic interactions between the
156

immunosuppressant sirolimus and the lipid-lowering drug ezetimibe in healthy
volunteers. Clinical Pharmacology & Therapeutics, 87(6), 663-667.
Padmanabhan, B., Tong, K. I., Ohta, T., Nakamura, Y., Scharlock, M., Ohtsuji, M., . . .
Yamamoto, M. (2006). Structural basis for defects of Keap1 activity provoked by
its point mutations in lung cancer. Molecular cell, 21(5), 689-700.
Paradis, V. (2013). Histopathology of hepatocellular carcinoma Multidisciplinary
Treatment of Hepatocellular Carcinoma (pp. 21-32): Springer.
Parkin, D. M., Bray, F., Ferlay, J., & Pisani, P. (2005). Global cancer statistics, 2002. CA:
a cancer journal for clinicians, 55(2), 74-108.
Payen, L., Sparfel, L., Courtois, A., Vernhet, L., Guillouzo, A., & Fardel, O. (2002). The
drug efflux pump MRP2: regulation of expression in physiopathological situations
and by endogenous and exogenous compounds. Cell biology and toxicology, 18(4),
221-233.
Peralta, C., Bartrons, R., Serafin, A., BLazquez, C., GUZMan, M., Prats, N., . . . Roselló‐
Catafau, J. (2001). Adenosine monophosphate–activated protein kinase mediates
the protective effects of ischemic preconditioning on hepatic ischemia‐reperfusion
injury in the rat. Hepatology, 34(6), 1164-1173.
Perez, M., Gonzalez‐Sanchez, E., Gonzalez‐Loyola, A., Gonzalez‐Buitrago, J., & Marin, J.
(2011). Mitochondrial genome depletion dysregulates bile acid‐and paracetamol‐
induced expression of the transporters Mdr1, Mrp1 and Mrp4 in liver cells. British
journal of pharmacology, 162(8), 1686-1699.
Picard, N., Levoir, L., Lamoureux, F., Yee, S. W., Giacomini, K. M., & Marquet, P. (2011).
Interaction of sirolimus and everolimus with hepatic and intestinal organic aniontransporting polypeptide transporters. Xenobiotica, 41(9), 752-757.
Pietsch, E. C., Chan, J. Y., Torti, F. M., & Torti, S. V. (2003). Nrf2 mediates the induction
of ferritin H in response to xenobiotics and cancer chemopreventive dithiolethiones.
Journal of Biological Chemistry, 278(4), 2361-2369.
Pitot, H., PERAiNO, C., Morse Jr, P., & Potter, V. R. (1964). Hepatomas in tissue culture
compared with adapting liver in vivo. National Cancer Institute Monograph, 13,
229-245.
Prestera, T., & Talalay, P. (1995). Electrophile and antioxidant regulation of enzymes that
detoxify carcinogens. Proceedings of the National Academy of Sciences, 92(19),
8965-8969.
157

Prestera, T., Talalay, P., Alam, J., Ahn, Y., Lee, P., & Choi, A. (1995). Parallel induction
of heme oxygenase-1 and chemoprotective phase 2 enzymes by electrophiles and
antioxidants: regulation by upstream antioxidant-responsive elements (ARE).
Molecular Medicine, 1(7), 827.
Quesnelle, K. M., Bystrom, P. V., & Toledo-Pereyra, L. H. (2015). Molecular responses to
ischemia and reperfusion in the liver. Archives of toxicology, 1-7.
Rahbari, N., Wente, M., Schemmer, P., Diener, M., Hoffmann, K., Motschall, E., . . .
Büchler, M. (2008). Systematic review and meta‐analysis of the effect of portal triad
clamping on outcome after hepatic resection. British Journal of Surgery, 95(4), 424432.
Ramadori, G., Moriconi, F., Malik, I., & Dudas, J. (2008). Physiology and pathophysiology
of liver inflammation, damage and repair. J Physiol pharmacol, 59(Suppl 1), 107117.
Ramos-Gomez, M., Kwak, M.-K., Dolan, P. M., Itoh, K., Yamamoto, M., Talalay, P., &
Kensler, T. W. (2001). Sensitivity to carcinogenesis is increased and
chemoprotective efficacy of enzyme inducers is lost in nrf2 transcription factordeficient mice. Proceedings of the National Academy of Sciences, 98(6), 34103415.
Rehermann, B., & Nascimbeni, M. (2005). Immunology of hepatitis B virus and hepatitis
C virus infection. Nature Reviews Immunology, 5(3), 215-229.
Reichel, C., Gao, B., van Montfoort, J., Cattori, V., Rahner, C., Hagenbuch, B., . . . Meier,
P. J. (1999). Localization and function of the organic anion–transporting
polypeptide Oatp2 in rat liver. Gastroenterology, 117(3), 688-695.
RENNERT, H., FISCHER, R. T., ALVAREZ, J. G., TRZASKOS, J. M., & STRAUSS III,
J. F. (1990). Generation of Regulatory Oxysterols: 26-Hydroxylation of Cholesterol
by Ovarian Mitochondria*. Endocrinology, 127(2), 738-746.
Reuber, M. D. (1961). A Transplantable Bile-Secreting Hepatocellular Carcinoma in the
Rat23.
Reymann, A., Braun, W., Drobik, C., & Woermann, C. (1989). Stimulation of bile acid
active transport related to increased mucosal cyclic AMP content in rat ileum in
vitro. Biochimica et Biophysica Acta (BBA)-Molecular Cell Research, 1011(2),
158-164.

158

Richards, J. A., Wigmore, S. J., & Devey, L. R. (2010). Heme oxygenase system in hepatic
ischemia-reperfusion injury. World journal of gastroenterology: WJG, 16(48),
6068.
Rippin, S. J., Hagenbuch, B., Meier, P. J., & Stieger, B. (2001). Cholestatic expression
pattern of sinusoidal and canalicular organic anion transport systems in primary
cultured rat hepatocytes. Hepatology, 33(4), 776-782.
Rogers, A. W., & Jacob, S. (1992). Textbook of anatomy: Churchill Livingstone.
Ros, J. E., Roskams, T. A., Geuken, M., Havinga, R., Splinter, P. L., Petersen, B., . . . Faber,
K. (2003). ATP binding cassette transporter gene expression in rat liver progenitor
cells. Gut, 52(7), 1060-1067.
Rüdiger, H. A., Kang, K.-J., Sindram, D., Riehle, H.-M., & Clavien, P.-A. (2002).
Comparison of ischemic preconditioning and intermittent and continuous inflow
occlusion in the murine liver. Annals of surgery, 235(3), 400.
Ruggeri, B. A., Robinson, C., Angeles, T., Wilkinson, J., & Clapper, M. L. (2002). The
chemopreventive agent oltipraz possesses potent antiangiogenic activity in vitro, ex
vivo, and in vivo and inhibits tumor xenograft growth. Clinical Cancer Research,
8(1), 267-274.
Russell, D. W. (2003). The enzymes, regulation, and genetics of bile acid synthesis. Annual
review of biochemistry, 72(1), 137-174.
Russell, D. W. (2009). Fifty years of advances in bile acid synthesis and metabolism.
Journal of lipid research, 50(Supplement), S120-S125.
Saiki, R. K., Scharf, S., Faloona, F., Mullis, K. B., Horn, G. T., Erlich, H. A., & Arnheim,
N. (1985). Enzymatic amplification of beta-globin genomic sequences and
restriction site analysis for diagnosis of sickle cell anemia. Science, 230(4732),
1350-1354.
Sakata, H., Takayama, H., Sharp, R., Rubin, J. S., Merlino, G., & LaRochelle, W. J. (1996).
Hepatocyte growth factor/scatter factor overexpression induces growth, abnormal
development, and tumor formation in transgenic mouse livers. Cell growth &
differentiation: the molecular biology journal of the American Association for
Cancer Research, 7(11), 1513-1523.
Sarbassov, D. D., Ali, S. M., Sengupta, S., Sheen, J.-H., Hsu, P. P., Bagley, A. F., . . .
Sabatini, D. M. (2006). Prolonged rapamycin treatment inhibits mTORC2 assembly
and Akt/PKB. Molecular cell, 22(2), 159-168.
159

Sasaki, H., Matsuno, T., Tanaka, N., & Orita, K. (1996). Activation of apoptosis during the
reperfusion phase after rat liver ischemia. Paper presented at the Transplantation
proceedings.
Sass, G., Leukel, P., Schmitz, V., Raskopf, E., Ocker, M., Neureiter, D., . . . Tiegs, G.
(2008). Inhibition of heme oxygenase 1 expression by small interfering RNA
decreases orthotopic tumor growth in livers of mice. International journal of
cancer, 123(6), 1269-1277.
Scatton, O., Zalinski, S., Jegou, D., Compagnon, P., Lesurtel, M., Belghiti, J., . . . Soubrane,
O. (2011). Randomized clinical trial of ischaemic preconditioning in major liver
resection with intermittent Pringle manoeuvre. British Journal of Surgery, 98(9),
1236-1243.
Schäfer, C., Gehrmann, T., Richter, L., Keitel, V., Köhrer, K., Häussinger, D., & Schliess,
F. (2007). Modulation of gene expression profiles by hyperosmolarity and insulin.
Cellular Physiology and Biochemistry, 20(5), 369-386.
Schiesser, M., Chen, J., Maddern, G. J., & Padbury, R. T. (2008). Perioperative morbidity
affects long-term survival in patients following liver resection for colorectal
metastases. Journal of Gastrointestinal Surgery, 12(6), 1054-1060.
Schiff, E. R., Sorrell, M. F., & Maddrey, W. C. (2007). Schiff's Diseases of the Liver (Vol.
1): Lippincott Williams & Wilkins.
Schlattjan, J. H., Benger, S., Herrler, A., von Rango, U., & Greven, J. (2005). Regulation
of taurocholate transport in freshly isolated proximal tubular cells of the rat kidney
by protein kinases. Nephron Physiology, 99(2), p35-p42.
Schnitzbauer, A. A., Zuelke, C., Graeb, C., Rochon, J., Bilbao, I., Burra, P., . . . Adam, R.
(2010). A prospective randomised, open-labeled, trial comparing sirolimuscontaining versus mTOR-inhibitor-free immunosuppression in patients undergoing
liver transplantation for hepatocellular carcinoma. BMC cancer, 10(1), 190.
Schreml, S., Lehle, K., Birnbaum, D. E., & Preuner, J. G. (2007). mTOR-inhibitors
simultaneously inhibit proliferation and basal IL-6 synthesis of human coronary
artery endothelial cells. International immunopharmacology, 7(6), 781-790.
Selzner, N., Rudiger, H., Graf, R., & Clavien, P.-A. (2003). Protective strategies against
ischemic injury of the liver. Gastroenterology, 125(3), 917-936.
Semela, D., Piguet, A.-C., Kolev, M., Schmitter, K., Hlushchuk, R., Djonov, V., . . . Dufour,
J.-F. (2007). Vascular remodeling and antitumoral effects of mTOR inhibition in a
rat model of hepatocellular carcinoma. Journal of hepatology, 46(5), 840-848.
160

Seo, M. S., Kang, S. W., Kim, K., Baines, I. C., Lee, T. H., & Rhee, S. G. (2000).
Identification of a new type of mammalian peroxiredoxin that forms an
intramolecular disulfide as a reaction intermediate. Journal of Biological
Chemistry, 275(27), 20346-20354.
Serafín, A., Roselló-Catafau, J., Prats, N., Xaus, C., Gelpí, E., & Peralta, C. (2002).
Ischemic preconditioning increases the tolerance of fatty liver to hepatic ischemiareperfusion injury in the rat. The American journal of pathology, 161(2), 587-601.
Shah, S. A., Wei, A. C., Cleary, S. P., Yang, I., McGilvray, I. D., Gallinger, S., . . . Greig,
P. D. (2007). Prognosis and results after resection of very large (≥ 10 cm)
hepatocellular carcinoma. Journal of Gastrointestinal Surgery, 11(5), 589-595.
Shen, C., & Nathan, C. (2002). Nonredundant antioxidant defense by multiple two-cysteine
peroxiredoxins in human prostate cancer cells. Molecular Medicine, 8(2), 95.
Shen, G., & Kong, A.-N. T. (2009). Nrf2 plays an important role in coordinated regulation
of phase II drug metabolize enzymes and phase III drug transporters.
Biopharmaceutics & drug disposition, 30(7), 345.
Shen, X., Wang, Y., Gao, F., Ren, F., Busuttil, R. W., Kupiec‐Weglinski, J. W., & Zhai, Y.
(2009). CD4 T cells promote tissue inflammation via CD40 signaling without de
novo activation in a murine model of liver ischemia/reperfusion injury. Hepatology,
50(5), 1537-1546.
Sherman, M., Bruix, J., Porayko, M., & Tran, T. (2012). Screening for hepatocellular
carcinoma: the rationale for the American Association for the Study of Liver
Diseases recommendations. Hepatology, 56(3), 793-796.
Shimoda, R., Nagashima, M., Sakamoto, M., Yamaguchi, N., Hirohashi, S., Yokota, J., &
Kasai, H. (1994). Increased formation of oxidative DNA damage, 8hydroxydeoxyguanosine, in human livers with chronic hepatitis. Cancer research,
54(12), 3171-3172.
Shin, S. M., & Kim, S. G. (2009). Inhibition of arachidonic acid and iron-induced
mitochondrial dysfunction and apoptosis by oltipraz and novel 1, 2-dithiole-3thione congeners. Molecular pharmacology, 75(1), 242-253.
Shinke, H., Hashi, S., Kinoshita, R., Taniguchi, R., Sugimoto, M., Matsubara, K., . . .
Yoshizawa, A. (2013). Effectiveness of sirolimus in combination with cyclosporine
against chronic rejection in a pediatric liver transplant patient. Biological and
Pharmaceutical Bulletin, 36(7), 1221-1225.
161

Shirouzu, Y., Ryschich, E., Salnikova, O., Kerkadze, V., Schmidt, J., & Engelmann, G.
(2010). Rapamycin Inhibits Proliferation and Migration of Hepatoma Cells In Vitro.
Journal of Surgical Research, 159(2), 705-713.
Shitara, Y., Sato, H., & Sugiyama, Y. (2005). Evaluation of drug-drug interaction in the
hepatobiliary and renal transport of drugs. Annu. Rev. Pharmacol. Toxicol., 45, 689723.
Simmonds, P., Primrose, J., Colquitt, J., Garden, O., Poston, G., & Rees, M. (2006).
Surgical resection of hepatic metastases from colorectal cancer: a systematic review
of published studies. British journal of cancer, 94(7), 982-999.
Simon, F. R., Fortune, J., Iwahashi, M., Gartung, C., Wolkoff, A., & Sutherland, E. (1996).
Ethinyl estradiol cholestasis involves alterations in expression of liver sinusoidal
transporters. American Journal of Physiology-Gastrointestinal and Liver
Physiology, 271(6), G1043-G1052.
Singh, A., Boldin-Adamsky, S., Thimmulappa, R. K., Rath, S. K., Ashush, H., Coulter, J.,
. . . Watson, W. H. (2008). RNAi-mediated silencing of nuclear factor erythroid-2–
related factor 2 gene expression in non–small cell lung cancer inhibits tumor growth
and increases efficacy of chemotherapy. Cancer research, 68(19), 7975-7984.
Singh, A., Misra, V., Thimmulappa, R. K., Lee, H., Ames, S., Hoque, M. O., . . . Gabrielson,
E. (2006). Dysfunctional KEAP1-NRF2 interaction in non-small-cell lung cancer.
PLoS Med, 3(10), e420.
Soares, M. P., & Bach, F. H. (2009). Heme oxygenase-1: from biology to therapeutic
potential. Trends in molecular medicine, 15(2), 50-58.
Soares, M. P., Brouard, S., Smith, R. N., & Bach, F. H. (2001). Heme oxygenase‐1, a
protective gene that prevents the rejection of transplanted organs. Immunological
reviews, 184(1), 275-285.
Sodeman, T., Bronk, S. F., Roberts, P. J., Miyoshi, H., & Gores, G. J. (2000). Bile salts
mediate hepatocyte apoptosis by increasing cell surface trafficking of Fas.
American Journal of Physiology-Gastrointestinal and Liver Physiology, 278(6),
G992-G999.
Soll, C., & Clavien, P.-A. (2011). Inhibition of mammalian target of rapamycin: Two goals
with one shot? Journal of hepatology, 54(1), 182-183.
Soriano, F. X., Baxter, P., Murray, L. M., Sporn, M. B., Gillingwater, T. H., & Hardingham,
G. E. (2009). Transcriptional regulation of the AP-1 and Nrf2 target gene
sulfiredoxin. Molecules and cells, 27(3), 279-282.
162

Soyer, P. (1993). Segmental anatomy of the liver: utility of a nomenclature accepted
worldwide. AJR. American journal of roentgenology, 161(3), 572-573.
St-Pierre, M., Stallmach, T., Grundschober, A. F., Dufour, J.-F., Serrano, M., Marin, J., . .
. Meier, P. (2004). Temporal expression profiles of organic anion transport proteins
in placenta and fetal liver of the rat. American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology, 287(6), R1505-R1516.
St-Pierre, M. V., Kullak-Ublick, G. A., Hagenbuch, B., & Meier, P. J. (2001). Transport of
bile acids in hepatic and non-hepatic tissues. Journal of Experimental Biology,
204(10), 1673-1686.
Stieger, B., Meier, Y., & Meier, P. J. (2007). The bile salt export pump. Pflügers ArchivEuropean Journal of Physiology, 453(5), 611-620.
Stieger, B., O'Neill, B., & Meier, P. J. (1992). ATP-dependent bile-salt transport in
canalicular rat liver plasma-membrane vesicles. Biochem. J, 284, 67-74.
Sturm, E., Havinga, R., Baller, J. F., Wolters, H., van Rooijen, N., Kamps, J. A., . . .
Kuipers, F. (2005). Kupffer cell depletion with liposomal clodronate prevents
suppression of Ntcp expression in endotoxin-treated rats. Journal of hepatology,
42(1), 102-109.
Suchy, F. J., & Ananthanarayanan, M. (2006). Bile salt excretory pump: biology and
pathobiology. Journal of pediatric gastroenterology and nutrition, 43(1), S10-S16.
SUMIMOTO, K., INAGAKI, K., YAMADA, K., KAWASAKI, T., & DOHI, K. (1988).
RELIABLE INDICES FOR THE DETERMINATION OF VIABILITY OF
GRAFTED

LIVER

IMMEDIATELY

AFTER

ORTHOTOPIC

TRANSPLANTATION BILE FLOW RATE AND CELLULAR ADENOSINE
TRIPHOSPHATE LEVEL. Transplantation, 46(4), 506-509.
Sun, S.-Y., Rosenberg, L. M., Wang, X., Zhou, Z., Yue, P., Fu, H., & Khuri, F. R. (2005).
Activation of Akt and eIF4E survival pathways by rapamycin-mediated mammalian
target of rapamycin inhibition. Cancer research, 65(16), 7052-7058.
Sung, J., Costerton, J., & Shaffer, E. (1992). Defense system in the biliary tract against
bacterial infection. Digestive diseases and sciences, 37(5), 689-696.
Suttner, D. M., & DENNERY, P. A. (1999). Reversal of HO-1 related cytoprotection with
increased expression is due to reactive iron. The FASEB journal, 13(13), 18001809.
Suttner, D. M., Sridhar, K., Lee, C. S., Tomura, T., Hansen, T. N., & Dennery, P. A. (1999).
Protective effects of transient HO-1 overexpression on susceptibility to oxygen
163

toxicity in lung cells. American Journal of Physiology-Lung Cellular and
Molecular Physiology, 276(3), L443-L451.
Szpaderska, A. M., & Frankfater, A. (2001). An intracellular form of cathepsin B
contributes to invasiveness in cancer. Cancer research, 61(8), 3493-3500.
Tabibian, J. H., Girotra, M., Yeh, H.-C., Segev, D. L., Gulsen, M. T., Cengiz-Seval, G., . .
. Gurakar, A. (2013). Sirolimus based immunosuppression is associated with need
for early repeat therapeutic ERCP in liver transplant patients with anastomotic
biliary stricture. Ann Hepatol, 12(4), 563-569.
Tanaka, Y., Chen, C., Maher, J. M., & Klaassen, C. D. (2006). Kupffer cell-mediated
downregulation of hepatic transporter expression in rat hepatic ischemiareperfusion. Transplantation, 82(2), 258-266.
Tanaka, Y., Slitt, A. L., Leazer, T. M., Maher, J. M., & Klaassen, C. D. (2004). Tissue
distribution and hormonal regulation of the breast cancer resistance protein
(Bcrp/Abcg2) in rats and mice. Biochemical and biophysical research
communications, 326(1), 181-187.
Tapuria, N., Kumar, Y., Habib, M. M., Amara, M. A., Seifalian, A. M., & Davidson, B. R.
(2008). Remote ischemic preconditioning: a novel protective method from ischemia
reperfusion injury—a review. Journal of Surgical Research, 150(2), 304-330.
Tchaparian, E. H., Houghton, J. S., Uyeda, C., Grillo, M. P., & Jin, L. (2011). Effect of
culture time on the basal expression levels of drug transporters in sandwich-cultured
primary rat hepatocytes. Drug metabolism and disposition, 39(12), 2387-2394.
Teoh, N. C. (2011). Hepatic ischemia reperfusion injury: contemporary perspectives on
pathogenic mechanisms and basis for hepatoprotection—the good, bad and deadly.
Journal of gastroenterology and hepatology, 26(s1), 180-187.
Teoh, N. C., & Farrell, G. C. (2003). Hepatic ischemia reperfusion injury: pathogenic
mechanisms and basis for hepatoprotection. Journal of gastroenterology and
hepatology, 18(8), 891-902.
Theodoraki, K., Tympa, A., Karmaniolou, I., Tsaroucha, A., Arkadopoulos, N., &
Smyrniotis, V. (2011). Ischemia/reperfusion injury in liver resection: a review of
preconditioning methods. Surgery today, 41(5), 620-629.
Thorgeirsson, S. S., & Grisham, J. W. (2002). Molecular pathogenesis of human
hepatocellular carcinoma. Nature genetics, 31(4), 339-346.

164

Toledo-Pereyra, L. H., Simmons, R. L., & Najarian, J. S. (1975). Protection of the ischemic
liver by donor pretreatment before transplantation. The American Journal of
Surgery, 129(5), 513-517.
Tomuleasa, C., Soritau, O., Rus-Ciuca, D., Pop, T., Todea, D., Mosteanu, O., . . . Kacsó,
G. (2010). Isolation and characterization of hepatic cancer cells with stem-like
properties from hepatocellular carcinoma. J Gastrointestin Liver Dis, 19(1), 61-67.
Toso, C., Merani, S., Bigam, D. L., Shapiro, A., & Kneteman, N. M. (2010). Sirolimus‐
based immunosuppression is associated with increased survival after liver
transplantation for hepatocellular carcinoma. Hepatology, 51(4), 1237-1243.
Trauner, M., Arrese, M., Lee, H., Boyer, J. L., & Karpen, S. J. (1998). Endotoxin
downregulates rat hepatic ntcp gene expression via decreased activity of critical
transcription factors. Journal of Clinical Investigation, 101(10), 2092.
Trauner, M., Arrese, M., Soroka, C. J., Ananthanarayanan, M., Koeppel, T. A., Schlosser,
S. F., . . . Boyer, J. L. (1997). The rat canalicular conjugate export pump (Mrp2) is
down-regulated in intrahepatic and obstructive cholestasis. Gastroenterology,
113(1), 255-264.
Trauner, M., & Boyer, J. L. (2003). Bile salt transporters: molecular characterization,
function, and regulation. Physiological reviews, 83(2), 633-671.
Trotter, J. (2003). Sirolimus in liver transplantation. Paper presented at the Transplantation
proceedings.
Tsuboyama, T., Onishi, H., Kim, T., Akita, H., Hori, M., Tatsumi, M., ... & Tomoda, K.
(2010).

Hepatocellular

Carcinoma:

Hepatocyte-selective

Enhancement

at

Gadoxetic Acid–enhanced MR Imaging—Correlation with Expression of
Sinusoidal and Canalicular Transporters and Bile Accumulation 1. Radiology,
255(3), 824-833.
Tsuchiya, M., Hosaka, M., Moriguchi, T., Zhang, S., Suda, M., Yokota-Hashimoto, H., . .
. Takeuchi, T. (2010). Cholesterol biosynthesis pathway intermediates and
inhibitors regulate glucose-stimulated insulin secretion and secretory granule
formation in pancreatic β-cells. Endocrinology, 151(10), 4705-4716.
Ueda, M., Takeuchi, T., Takayasu, T., Takahashi, K., Okamoto, S., Tanaka, A., . . .
Yamaoka, Y. (1994). Classification and surgical treatment of hepatocellular
carcinoma (HCC) with bile duct thrombi. Hepato-gastroenterology, 41(4), 349.

165

Ueki, T., Kaneda, Y., Tsutsui, H., Nakanishi, K., Sawa, Y., Morishita, R., . . . Okamoto, E.
(1999). Hepatocyte growth factor gene therapy of liver cirrhosis in rats. Nature
medicine, 5(2), 226-230.
van Veelen, W., Korsse, S., van de Laar, L., & Peppelenbosch, M. (2011). The long and
winding

road

to

rational

treatment

of

cancer

associated

with

LKB1/AMPK/TSC/mTORC1 signaling. Oncogene, 30(20), 2289-2303.
Vardanian, A. J., Busuttil, R. W., & Kupiec-Weglinski, J. W. (2008). Molecular mediators
of liver ischemia and reperfusion injury: a brief review. Molecular Medicine, 14(56), 337.
Vavricka, S. R., Jung, D., Fried, M., Grützner, U., Meier, P. J., & Kullak-Ublick, G. A.
(2004). The human organic anion transporting polypeptide 8 (SLCO1B3) gene is
transcriptionally repressed by hepatocyte nuclear factor 3β in hepatocellular
carcinoma. Journal of hepatology, 40(2), 212-218.
Velayutham, M., Muthukumaran, R. B., Sostaric, J. Z., McCraken, J., Fishbein, J. C., &
Zweier, J. L. (2007). Interactions of the major metabolite of the cancer
chemopreventive drug oltipraz with cytochrome c: a novel pathway for cancer
chemoprevention. Free Radical Biology and Medicine, 43(7), 1076-1085.
Velayutham, M., Villamena, F. A., Navamal, M., Fishbein, J. C., & Zweier, J. L. (2005).
Glutathione-mediated formation of oxygen free radicals by the major metabolite of
oltipraz. Chemical research in toxicology, 18(6), 970-975.
Vezina, C., Kudelski, A., & Sehgal, S. N. (1975). Rapamycin (AY-22,989), a new
antifungal antibiotic. I. Taxonomy of the producing streptomycete and isolation of
the active principle. The Journal of antibiotics, 28(10), 721-726.
Vincent, S. (1989). Oxidative effects of heme and porphyrins on proteins and lipids. Paper
presented at the Seminars in hematology.
Visner, G. A., Lu, F., Zhou, H., Liu, J., Kazemfar, K., & Agarwal, A. (2003). Rapamycin
induces heme oxygenase-1 in human pulmonary vascular cells implications in the
antiproliferative response to rapamycin. Circulation, 107(6), 911-916.
Vivarelli, M., Dazzi, A., Zanello, M., Cucchetti, A., Cescon, M., Ravaioli, M., . . . Pinna,
A. D. (2010). Effect of different immunosuppressive schedules on recurrence-free
survival after liver transplantation for hepatocellular carcinoma. Transplantation,
89(2), 227-231.
Vogel, C., & Marcotte, E. M. (2012). Insights into the regulation of protein abundance from
proteomic and transcriptomic analyses. Nature Reviews Genetics, 13(4), 227-232.
166

Vos, T. A., Hooiveld, G. J., Koning, H., Childs, S., Meijer, D. K., Moshage, H., . . . Müller,
M. (1998). Up‐regulation of the multidrug resistance genes, Mrp1 and Mdr1b, and
down‐regulation of the organic anion transporter, Mrp2, and the bile salt
transporter, Spgp, in endotoxemic rat liver. Hepatology, 28(6), 1637-1644.
Wacher, V. J., Silverman, J. A., Wong, S., Tran-Tau, P., Chan, A. O., Chai, A., . . .
Ramtoola, Z. (2002). Sirolimus oral absorption in rats is increased by ketoconazole
but is not affected by D-α-tocopheryl poly (ethylene glycol 1000) succinate. Journal
of Pharmacology and Experimental Therapeutics, 303(1), 308-313.
Wakabayashi, Y., Kipp, H., & Arias, I. M. (2006). Transporters on demand: intracellular
reservoirs and cycling of bile canalicular ABC transporters. Journal of Biological
Chemistry.
Wakabayashi, Nobunao, Stephen L. Slocum, John J. Skoko, Soona Shin, and Thomas W.
Kensler. "When NRF2 talks, who's listening?." Antioxidants & redox signaling 13,
no. 11 (2010): 1649-1663.
Wang, B., Cai, S. R., Gao, C., Sladek, F. M., & Ponder, K. P. (2001). Lipopolysaccharide
results in a marked decrease in hepatocyte nuclear factor 4α in rat liver. Hepatology,
34(5), 979-989.
Wang, C.-F., Wang, Z.-Y., & Li, J.-Y. (2011). Dual protective role of HO-1 in transplanted
liver grafts: a review of experimental and clinical studies. World journal of
gastroenterology: WJG, 17(26), 3101.
Wang, D. Q., Cohen, D. E., & Carey, M. C. (2009). Biliary lipids and cholesterol gallstone
disease. Journal of lipid research, 50(Supplement), S406-S411.
Wang, J.-S., Shen, X., He, X., Zhu, Y.-R., Zhang, B.-C., Wang, J.-B., . . . Egner, P. A.
(1999). Protective alterations in phase 1 and 2 metabolism of aflatoxin B1 by
oltipraz in residents of Qidong, People's Republic of China. Journal of the national
cancer institute, 91(4), 347-354.
Wang, Y., Shen, J., Xiong, X., Xu, Y., Zhang, H., Huang, C., . . . Li, X. (2014). Remote
ischemic preconditioning protects against liver ischemia-reperfusion injury via
heme oxygenase-1-induced autophagy. PloS one, 9(6), e98834.
Wanless, I. R. (1995). Terminology of nodular hepatocellular lesions. Hepatology, 22(3),
983-993.
Wanner, G. A., Ertel, W., Müller, P., Höfer, Y., Leiderer, R., Menger, M. D., & Messmer,
K. (1996). Liver ischemia and reperfusion induces a systemic inflammatory
response through Kupffer cell activation. Shock, 5(1), 34-40.
167

Wätjen, W., Michels, G., Steffan, B., Niering, P., Chovolou, Y., Kampkötter, A., . . . Kahl,
R. (2005). Low concentrations of flavonoids are protective in rat H4IIE cells
whereas high concentrations cause DNA damage and apoptosis. The Journal of
nutrition, 135(3), 525-531.
Wattenberg, L. W., & Bueding, E. (1986). Inhibitory effects of 5-(2-pyrazinyl)-4-methyl1, 2-dithioI-3-thione (Oltipraz) on carcinogenesis induced by benzo [a] pyrene,
diethylnitrosamine and uracil mustard. Carcinogenesis, 7(8), 1379-1381.
Weerachayaphorn, J., Cai, S. Y., Soroka, C. J., & Boyer, J. L. (2009). Nuclear factor
erythroid 2–related factor 2 is a positive regulator of human bile salt export pump
expression. Hepatology, 50(5), 1588-1596.
Weerachayaphorn, J., Luo, Y., Mennone, A., Soroka, C. J., Harry, K., & Boyer, J. L.
(2014). Deleterious effect of oltipraz on extrahepatic cholestasis in bile duct-ligated
mice. Journal of hepatology, 60(1), 160-166.
Weerachayaphorn, J., Mennone, A., Soroka, C. J., Harry, K., Hagey, L. R., Kensler, T. W.,
& Boyer, J. L. (2012). Nuclear factor-E2-related factor 2 is a major determinant of
bile acid homeostasis in the liver and intestine. American Journal of PhysiologyGastrointestinal and Liver Physiology, 302(9), G925-G936.
Wege, H., & Brummendorf, T. H. (2007). Telomerase activation in liver regeneration and
hepatocarcinogenesis: Dr. Jekyll or Mr. Hyde? Current stem cell research &
therapy, 2(1), 31-38.
Weiner, A., Erickson, A. L., Kansopon, J., Crawford, K., Muchmore, E., Hughes, A. L., . .
. Walker, C. M. (1995). Persistent hepatitis C virus infection in a chimpanzee is
associated with emergence of a cytotoxic T lymphocyte escape variant. Proceedings
of the National Academy of Sciences, 92(7), 2755-2759.
Weinman, S. A., & Maglova, L. M. (1994). Free concentrations of intracellular fluorescent
anions determined by cytoplasmic dialysis of isolated hepatocytes. American
Journal of Physiology-Gastrointestinal and Liver Physiology, 30(5), G922.
Weinreich, J., Löb, S., Löffler, M., Königsrainer, I., Zieker, D., Königsrainer, A., . . .
Beckert, S. (2011). Rapamycin-induced impaired wound healing is associated with
compromised tissue lactate accumulation and extracellular matrix remodeling.
European Surgical Research, 47(1), 39-44.
White, J., Schmitt, C., & Tillitt, D. (2004). The H4IIE cell bioassay as an indicator of
dioxin-like chemicals in wildlife and the environment. Critical reviews in
toxicology, 34(1), 1-83.
168

Wieland, S., Thimme, R., Purcell, R. H., & Chisari, F. V. (2004). Genomic analysis of the
host response to hepatitis B virus infection. Proceedings of the National Academy
of Sciences of the United States of America, 101(17), 6669-6674.
Wiemuth, D., Sahin, H., Falkenburger, B. H., Lefèvre, C. M., Wasmuth, H. E., & Gründer,
S. (2012). BASIC—a bile acid-sensitive ion channel highly expressed in bile ducts.
The FASEB journal, 26(10), 4122-4130.
Willett, K., Gardinali, P., Sericano, J., Wade, T., & Safe, S. (1997). Characterization of the
H4IIE rat hepatoma cell bioassay for evaluation of environmental samples
containing polynuclear aromatic hydrocarbons (PAHs). Archives of environmental
contamination and toxicology, 32(4), 442-448.
Wilson, C. H., Zeile, S., Chataway, T., Nieuwenhuijs, V. B., Padbury, R. T., & Barritt, G.
J. (2011). Increased expression of peroxiredoxin 1 and identification of a novel
lipid‐metabolizing enzyme in the early phase of liver ischemia reperfusion injury.
Proteomics, 11(22), 4385-4396.
Woolf, N. (1998). Pathology: Basic and systemic: Bailliere Tindall Limited.
Wright, R. (1979). Liver and biliary disease: pathophysiology, diagnosis, management.
Wu, C.-Y., & Benet, L. Z. (2005). Predicting drug disposition via application of BCS:
transport/absorption/elimination interplay and development of a biopharmaceutics
drug disposition classification system. Pharmaceutical research, 22(1), 11-23.
Xia, X., Roundtree, M., Merikhi, A., Lu, X., Shentu, S., & LeSage, G. (2004). Degradation
of the apical sodium-dependent bile acid transporter by the ubiquitin-proteasome
pathway in cholangiocytes. Journal of Biological Chemistry, 279(43), 4493144937.
Xia, Z., Horton, J. W., Zhao, P., Babcock, E. E., Sherry, A. D., & Malloy, C. R. (1996).
Effects of ischemia on intracellular sodium and phosphates in the in vivo rat liver.
Journal of Applied Physiology, 81(3), 1395-1403.
Xu, C., Li, C. Y.-T., & Kong, A.-N. T. (2005). Induction of phase I, II and III drug
metabolism/transport by xenobiotics. Archives of pharmacal research, 28(3), 249268.
Xu, L., Salloum, D., Medlin, P. S., Saqcena, M., Yellen, P., Perrella, B., & Foster, D. A.
(2011). Phospholipase D mediates nutrient input to mammalian target of rapamycin
complex 1 (mTORC1). Journal of Biological Chemistry, 286(29), 25477-25486.
Xu, S., Weerachayaphorn, J., Cai, S.-Y., Soroka, C. J., & Boyer, J. L. (2010). Aryl
hydrocarbon receptor and NF-E2-related factor 2 are key regulators of human
169

MRP4 expression. American Journal of Physiology-Gastrointestinal and Liver
Physiology, 299(1), G126-G135.
Yang, K.-S., Kang, S. W., Woo, H. A., Hwang, S. C., Chae, H. Z., Kim, K., & Rhee, S. G.
(2002). Inactivation of human peroxiredoxin I during catalysis as the result of the
oxidation of the catalytic site cysteine to cysteine-sulfinic acid. Journal of
Biological Chemistry, 277(41), 38029-38036.
Yang, R., Rescorla, F. J., Reilly, C. R., Faught, P. R., Sanghvi, N. T., Lumeng, L., . . .
Grosfeld, J. L. (1992). A reproducible rat liver cancer model for experimental
therapy: introducing a technique of intrahepatic tumor implantation. Journal of
Surgical Research, 52(3), 193-198.
Yao, C., Liu, J., & Shao, L. (2010). Rapamycin inhibits the proliferation and apoptosis of
gastric cancer cells by down regulating the expression of survivin. Hepatogastroenterology, 58(107-108), 1075-1080.
Yasui, K., Tanabe, H., Okada, N., Fukutomi, R., Ishigami, Y., & Isemura, M. (2010).
Effects of catechin-rich green tea on gene expression of gluconeogenic enzymes in
rat hepatoma H4IIE cells. Biomedical Research, 31(3), 183-189.
Yerushalmi, B., Dahl, R., Devereaux, M. W., Gumpricht, E., & Sokol, R. J. (2001). Bile
acid‐induced rat hepatocyte apoptosis is inhibited by antioxidants and blockers of
the mitochondrial permeability transition. Hepatology, 33(3), 616-626.
Yin, D.-P., Sankary, H. N., Chong, A., Ma, L., Shen, J., Foster, P., & Williams, J. (1998).
Protective effect of ischemic preconditioning on liver preservation-reperfusion
injury in rats. Transplantation, 66(2), 152-157.
Yoshida, T., & Migita, C. T. (2000). Mechanism of heme degradation by heme oxygenase.
Journal of inorganic biochemistry, 82(1), 33-41.
Yuan, R., Kay, A., Berg, W. J., & Lebwohl, D. (2009). Targeting tumorigenesis:
development and use of mTOR inhibitors in cancer therapy. J Hematol Oncol, 2(1),
45.
Yun, N., Eum, H.-A., & Lee, S.-M. (2010). Protective role of heme oxygenase-1 against
liver damage caused by hepatic ischemia and reperfusion in rats. Antioxidants &
redox signaling, 13(10), 1503-1512.
Zegers, M., & HOEKSTRA, D. (1998). Mechanisms and functional features of polarized
membrane traffic in epithelial and hepatic cells. Biochem. J, 336, 257-269.

170

Zeng, Z., Huang, H.-F., Chen, M.-Q., Song, F., & Zhang, Y.-J. (2010). Heme oxygenase-1
protects donor livers from ischemia/reperfusion injury: the role of Kupffer cells.
World journal of gastroenterology: WJG, 16(10), 1285.
Zhang, J.-F., Liu, J.-J., Lu, M.-Q., Cai, C.-J., Yang, Y., Li, H., . . . Chen, G.-H. (2007).
Rapamycin inhibits cell growth by induction of apoptosis on hepatocellular
carcinoma cells in vitro. Transplant immunology, 17(3), 162-168.
Zhang, J. D., Ruschhaupt, M., & Biczok, R. (2013). ddCt method for qRT–PCR data
analysis: 2010.
Zhou, H., Liu, H., Porvasnik, S. L., Terada, N., Agarwal, A., Cheng, Y., & Visner, G. A.
(2006). Heme oxygenase-1 mediates the protective effects of rapamycin in
monocrotaline-induced pulmonary hypertension. Laboratory investigation, 86(1),
62-71.
Zhou, J., Yoshitomi, H., Liu, T., Zhou, B., Sun, W., Qin, L., . . . Gao, M. (2014).
Isoquercitrin activates the AMP–activated protein kinase (AMPK) signal pathway
in rat H4IIE cells. BMC complementary and alternative medicine, 14(1), 42.
Zhu, A. X., Sahani, D. V., di Tomaso, E., Duda, D., Sindhwani, V., Yoon, S. S., . . . Jain,
R. K. (2007). A phase II study of sunitinib in patients with advanced hepatocellular
carcinoma. J Clin Oncol, 25(20 Suppl), 213S.
Zhu, J., Wu, J., Frizell, E., Liu, S.-L., Bashey, R., Rubin, R., . . . Zern, M. A. (1999).
Rapamycin inhibits hepatic stellate cell proliferation in vitro and limits fibrogenesis
in an in vivo model of liver fibrosis. Gastroenterology, 117(5), 1198-1204.
Zollner, G., Fickert, P., Silbert, D., Fuchsbichler, A., Marschall, H.-U., Zatloukal, K., . . .
Trauner, M. (2003). Adaptive changes in hepatobiliary transporter expression in
primary biliary cirrhosis. Journal of hepatology, 38(6), 717-727.
Zollner, G., Wagner, M., Fickert, P., Silbert, D., Fuchsbichler, A., Zatloukal, K., ... &
Trauner, M. (2005). Hepatobiliary transporter expression in human hepatocellular
carcinoma. Liver International, 25(2), 367-379.
Zollner, G., Wagner, M., & Trauner, M. (2010). Nuclear receptors as drug targets in
cholestasis and drug-induced hepatotoxicity. Pharmacology & therapeutics,
126(3), 228-243.
Zoncu, R., Efeyan, A., & Sabatini, D. M. (2011). mTOR: from growth signal integration to
cancer, diabetes and ageing. Nature reviews Molecular cell biology, 12(1), 21-35.

171

Zwacka, R. M., Zhou, W., Zhang, Y., Darby, C. J., Dudus, L., Halldorson, J., . . .
Engelhardt, J. F. (1998). Redox gene therapy for ischemia/reperfusion injury of the
liver reduces AP1 and NF-κB activation. Nature medicine, 4(6), 698-704.

172

