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ABSTRACT 
Liver regeneration after partial hepatectomy (PH) is a complex process 
involving an inflammatory response that is followed by the proliferation of both 
parenchymal and nonparenchymal liver cells to restore the lost liver mass. The 
production of the proinflammatory cytokines TNF- and IL-6 is an essential 
component of hepatocyte priming. There is evidence that LPS plays a role in 
the initiation of liver regeneration, but the mechanism remains to be elucidated.  

The LPS hyporesponsive C3H/HeJ mouse, which has a mutation in the LPS 
receptor, TLR4, shows delayed liver regeneration. In addition to signaling via 
TLR4, LPS also activates the Complement pathway. There is evidence that 
modulation of the Complement pathway can also affect liver regeneration. LPS 
signaling via either TLR4 or activation of the Complement pathway results in 
the production of IL-6 and TNF-. 

The aim of this study was to clarify the mechanism of LPS signaling in liver 
regeneration after PH through the use of mice lacking functional TLR4 
(C3H/HeJ), inhibition of the Complement pathway via the blockade of receptors 
for key Complement components (C3a and C5a), the blockade of TLR4 and via 
the depletion of LPS in the gut using antibiotics. Furthermore, examined the 
liver transcriptome before and after PH to identify expression patterns that may 
contribute to the delayed regeneration seen in C3H/HeJ mice.  

We measured liver weight/body weight ratio (LW/BW), hepatocyte proliferation 
(mitotic index and Ki67 immunohistochemistry), plasma cytokines (TNF- and 
IL-6), Complement activation products (C3a and C5a) and expression of 
downstream signaling components (STAT3 and Cyclin D1) following PH in wild-
type mice (C3H/HeN), LPS hyporesponsive mice (C3H/HeJ mice) and mice of 
both strains treated with C3a and/or C5a receptor blockers. Liver regeneration 
was delayed in C3H/HeJ mice compared to mice with functional TLR4 
(C3H/HeN), indicated by a reduced LW/BW at all time-points until 28 days, and 
reduced proliferation, this delay was accompanied by reduced TNF- and IL-6 
levels and reduced STAT3 and Cyclin D1 expression. The use of C3a and/or 
C5a receptor antagonists delayed liver regeneration in both C3H/HeJ and 
C3H/HeN mice, and reduced cytokine levels compared to their untreated 
counterparts accompanied this delay. There was almost complete suppression 
of regeneration in the C3H/HeJ mice treated with both C3a and C5a receptor 
antagonists, and this group of mice had no detectable expression of STAT3 or 
Cyclin D1 at 3 days post-PH. However, we demonstrated Complement 
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activation, assessed by plasma levels of C3a and C5a for the first time the, was 
unchanged by either a lack of a functional TLR4 or by C3a and/or C5a receptor 
blockade. 

We then further investigated the role of the LPS/TLR4 pathway in liver 
regeneration through the use of a monoclonal anti-TLR4 mAb (MTS-510) or the 
depletion of gut-derived LPS via antibiotic treatment in C3H/HeN (wild-type) 
mice. We found that markers of hepatocyte proliferation (PCNA and mitotic 
figures) were reduced in the MTS-510 treated mice to levels similar to those 
seen in C3H/HeJ mice, and plasma levels of IL-6 and TNF- were also 
significantly lower than in the untreated C3H/HeN mice. Similarly, liver 
regeneration was reduced in antibiotic-treated C3H/HeN mice, with significantly 
reduced LW/BW and proliferation markers, indicating that gut-derived LPS is 
required for normal liver regeneration after PH.  

Finally, we used RNA-seq for the first time to assess differences in the 
transcriptome between C3H/HeN and C3H/HeJ mice at baseline, and also in 
both the early phase (6-hour) and late phase (48-hour) after PH in an attempt 
to identify possible contributors to the delayed proliferative response to PH seen 
in C3H/HeJ mice. In this analysis, we found that C3H/HeJ mice livers have 
distinct gene expression signature when compared to C3H/HeN mice. However 
post-PH, significantly more number of genes in liver transcriptome were active 
in were active at 6- hours in C3H/HeN while more number of genes were active 
at 48-hours in C3H/HeJ mice. This shows the delayed onset of gene expression 
in C3H/HeJ mice. In addition to this, many genes in functional groups implicated 
in liver regeneration like TNF, TGF, IL6/STAT3, cell cycle, wound healing, etc. 
were highly upregulated at 48-hours in C3H/HeJ, but not in C3H/HeN. This 
pattern explains the delayed regenerative response in C3H/HeJ mice.  

In conclusion, this study has demonstrated that both the Complement pathway 
and the LPS/TLR4 pathways contribute to liver regeneration following PH. In 
the absence of either pathway, liver regeneration is delayed but the lost mass 
is eventually restored. However, if both pathways are impaired, and therefore 
LPS cannot activate either signaling mechanism, then the regenerative 
response is almost completely suppressed. 
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1.1  Liver physiology and anatomy 

The liver is the largest internal organ in mammals, weighs an average of 2.5% 

of total body weight and receives its blood supply from the portal vein and 

the hepatic artery. As seen in figure 1.1, It is located in the upper right-hand 

portion of the abdominal cavity, beneath the diaphragm. It takes up most of 

the space in right hypochondrium and epigastrium. Although not uncommon, 

it is also known to extend towards left hypochondrium. A thin double-layered 

membrane called peritoneum makes a covering around the liver. 

 

 

 

 

 

  

                                                                                                             

 

 

  

Figure 1.1 Anatomy of the liver. View from front of abdomen, showing surface 
markings of the liver, stomach and great intestines. Bartleby.com; Anatomy of the 
Human Body (Henry Gray- 1821-1865) 
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The portal vein (PV) carries largely deoxygenated blood from the spleen, 

pancreas, stomach, small intestine and large intestine, and supplies 

approximately 75% of the total hepatic blood flow. The hepatic artery (HA) 

carries oxygenated blood from the aorta and supplies about 25% of the hepatic 

blood flow (Kumar and Clark 2012). 

The liver occupies the anterior third of the abdominal cavity and comprises 

four main lobes which are joined dorsally. These are: the large median lobe, 

subdivided into left and right portions by a deep fissure; the undivided left 

lateral lobe; the right lateral lobe, divided horizontally into anterior and 

posterior portions; and a caudal lobe consisting of two leaf-shaped lobes 

dorsal and ventral to the esophagus at the lesser curvature of the stomach.  

Figure 1.2 illustrates different lobes of mouse liver. Numerous terminologies 

for this pattern of lobulation have been proposed, though the one given above 

is the one most frequently used. Blood is supplied to the liver via interlobular 

branches of the hepatic artery and the hepatic portal vein which open into the 

sinusoids. The latter mainly communicate with the central veins which in turn 

are the tributaries of the hepatic vein. The gall bladder is located at the base 

of the deep bifurcation of the median lobe near the point of origin of the 

falciform ligament. Both the hepatic duct from the liver and the cystic duct from 

the gall bladder unite to form the common bile duct. 
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Figure 1.2 Lobes of the liver in mouse (Cook 1965). 

 

1.2  Structure of the liver 

The liver is made up of lobules. The lobules are sorrounded by a very thin, 

incomplete layer of connective tissue. The branches of the portal vein, 

hepatic ducts, hepatic artery, hepatic veins, lymphatics and nerves extend 

into lobules. The lobules (lobuli hepatis) constitute the chief mass of the 

hepatic structure. Each lobule consists of hepatic cells, arranged in irregular 

radiating columns, between which run the blood channels (sinusoids) and 
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minute bile capillaries called canaliculi. Each lobule measures approximately 

1 to 2.5 mm in diameter. Several models of the organization of the liver into 

structural or functional units have been proposed, none of which are mutually 

exclusive. These include the classic lobule, the acinus, and the portal lobule. 

The hepatic acinus acinus consists of an irregular shaped, roughly ellipsoidal 

mass of hepatocytes aligned around the hepatic arterioles and portal venules 

just as they anastomose into sinusoids. At present, the concept of subunits 

of the classic lobule forming functional units is widely accepted with the 

supporting literature (Matsumoto and Kawakami 1982; Ekataksin and Wake 

1997; Ekataksin et al 1997; Ekataksin and Kaneda 1999). In this type, each 

“classic” lobule is made of many “primary lobules”. Each primary lobule is 

cone‐shaped, having its convex surface at the periphery of the classic lobule 

supplied by terminal branches of portal venules and hepatic arterioles, and 

its apex at the center of the classic lobule drained by a central (terminal 

hepatic) venule. Later, “hepatic microvascular subunits (HMS)” was the name 

given to these primary lobules. These composed of a group of sinusoids with 

a single inlet venule and the ending of a branch of the hepatic arteriole from 

the portal space next to it. HMS concept was also confirmed by the studies 

done on development in neonatal livers (McCuskey et al., 2003). HMS also 

have hepatic parenchymal cells and the associated cholangioles and 

canaliculi.  

The hepatic parenchyma is divided into units consisting of a hexagonal 

arrangement of hepatocytes with a hepatic vein in the centre (as seen in figure 

1.3). The portal triads are located at the vertices of the lobules, with each 

containing a bile duct, a hepatic artery and a portal vein. The blood flows 
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directly from the portal triad towards the central vein, while in between the 

portal triads and the central vein, rows of hepatocytes are arranged in single 

lines with a sinusoid on one side, and a bile canaliculi on the other. Bile is 

emptied from the hepatocytes into the bile canaliculi and flows in the opposite 

direction of the blood, i.e. towards the portal bile duct for drainage (Fausto and 

Campbell 2003). In between the lobules, the hexagons are divided by a fine, 

incomplete delicate lining of connective-tissue. 

 

Figure 1.3 Hepatic lobules illustrating the interconnecting network of 
sinusoids derived from two portal venules (PV). Central venule (CV), which 
forms the axis of the classic lobule. Hepatic arterioles (HA) supply blood to 
sinusoids near the periphery of the lobule, usually by terminating in inlet 
venules or terminal portal venules. As a result, three zones (1, 2, 3) of 
differing oxygenation and metabolism have been postulated to compose a 
hepatic acinus, with its axis being the portal tract (lower left). Several acini 
would compose the portal lobule (lower right). Each classic lobule contains 
several cone‐shaped subunits having convex surfaces fed by portal and 
arterial blood at the periphery and its apex at the central venule (upper left). 
A, B, and C represent hemodynamically equipotential lines in a “primary 
lobule.” A modification further subdivides lobules into conical hepatic 
microcirculatory subunits (HMS), each being supplied by a single inlet venule 
(Adapted with permission from McCuskey, 2008). 
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1.3 Cell populations of liver 

The majority of liver cells are hepatocytes, which are also known as 

parenchymal cells of the liver. The remaining cells in the liver are sinusoidal 

lining cells, comprising sinusoidal endothelial cells, Kupffer cells, hepatic 

stellate cells (HSC) and pit cells, which together are known as non-

parenchymal liver cells. Sinusoidal lining cells constitute only a relative small 

proportion of the liver volume, about 6.3%, and about 30-40% of the total cell 

number of the liver (Kuntz and Kuntz 2006). A schematic of the liver cell 

populations is illustrated in figure 1.4. 

 

 

Figure 1.4 Liver architecture. The liver mainly consists of hepatocytes, which are 
highly polarized epithelial cells, stacked next to each other with sinusoid capillaries. 
Hepatocytes secrete bile acids to bile canalicus that is linked to bile duct via canals 
of Herring. The other major cell types in the liver include hepatic sinusoidal 
endothelial cells, blood-resident macrophages (Kuppfer cells), and hepatic stellate 
cells. (Source: Japanese Biochemical Society: The Journal of Biochemistry 
(Tanaka, Itoh, Tanimizu, and Miyajima, 2011)).  

Removed – Copyright protected material 
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1.3.1 Hepatocytes 

About 70% of cells in the liver are hepatocytes. These parenchymal cells 

account for almost 80% of the hepatic volume. At birth, hepatocytes are 

arranged in two-cell-thick plates, which are then converted into one-cell-thick 

plates after the age of five (Bort and Zaret, 2001). Hepatocytes lie adjacent to 

each other and are in direct contact with the biliary space and the space of 

Disse (Qin and Crawford 2012) (Figure 1.4). Each hepatocyte is flanked by 

sinusoids at both sides of each plate. Thus, the one-cell-thick plate 

arrangement of hepatocytes renders maximal contact between hepatocytes 

and blood. Hepatocytes are primarily responsible for many metabolic functions 

of the liver as well as carrying out excretory and synthetic functions. As 

metabolically highly active cells, it is not surprising that hepatocytes are 

equipped with a large number and variety of organelles. About 15% of 

hepatocyte volume is occupied by endoplasmic reticulum and each 

hepatocyte contains over 1000 mitochondria, about 300 lysosomes, equal 

numbers of peroxisomes, some 50 Golgi complexes per cell and a typically 

organised cytoskeleton (Arias et al. 2011). 

Furthermore, the hepatocyte plasma membrane itself plays an important role 

in mediating the metabolic functions of hepatocytes. The sinusoidal domain of 

hepatocyte membrane has numerous microvilli that lie in the space of Disse, 

resulting in increased surface area and therefore increased absorptive and 

secretory function of hepatocytes (Heath and Wissig 1966). Some of these 

microvilli protrude through the fenestrae into the sinusoids, thereby 

establishing direct contact with the blood (Protzer et al. 2012). In addition, the 

outer hepatocyte membrane comprises the canalicular surface, which is the 
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secretory pole of the cell (Treyer and Müsch 2013). The intercellular domain, 

on the other hand, is composed of tight junctions, intermediate junctions, 

desmosomes and gap junctions, which are specialised in intercellular 

adhesion and intercellular communication (Qin and Crawford 2012). 

Hepatocytes are vigorously involved in the immune response. In response to 

endotoxin or any other inflammatory mediator, hepatocytes can amend their 

metabolic functions, thereby facilitating the process of cellular repair. 

Furthermore, it has been reported that hepatocytes express major 

histocompatibility complex (MHC) class 1 molecules and intercellular adhesion 

molecule (ICAM)-1 that are upregulated following inflammation (Markiewski et 

al. 2006).  

1.3.2   Sinusoidal endothelial cells 

Liver sinusoidal endothelial cells are the second largest population of liver cells 

after hepatocytes. They account for 15-20% of the total cell number, albeit 

making up only 2.8% of the liver volume (Kuntz and Kuntz 2006). Constituting 

the major proportion of the sinusoidal lining cells, the endothelial sinusoidal 

cells reside along the sinusoids on a fine layer of extracellular matrix (Figure 

1.5). The sinusoidal endothelial cells (SECs) lack basement membranes, 

creating direct contact between the sinusoidal lumen and the space of Disse. 

In addition, the sinusoidal endothelium is interspersed with abundant 

fenestrae.  

The size of the fenestrae varies between 105nm to 110nm in diameter 

depending on their location in hepatic lobule. The bigger fenestrae were 

observed in periportal area while the smaller ones in centrolobular area (Wisse 
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et al. 1985) as seen by the electron microscope (figure 1.5). The fenestrae are 

essential for the process of filtering the components of blood as they filter 

fluids, solutes and particles that are exchanged between the sinusoids and the 

hepatocytes. The SECs also express an array of scavenger receptors and 

constitute the most powerful scavenger system in the body, which has the 

potential to eliminate a variety of macromolecules from the blood by receptor-

mediated endocytosis (Markiewski et al. 2006). Furthermore, they are known 

to produce and secrete several cytokines, matrix components, growth factors 

and several other vasoactive substances in response to inflammatory 

mediators (Poisson et al. 2017). 

 

Figure 1.5 A representative electron microscope image published by Wisse et al 
(1985) showing size differences in fenestrae based on their location. Pc = 
parenchymal cell; fsc = fat storing cells; SD = space of Disse. Micropinocytotic 
vesicles are represented by arrows.  
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1.3.3   Kupffer cells 

Kupffer cells in the liver were first identified by K.W. von Kupffer in 1876. About 

25% of the sinusoidal lining cells are Kupffer cells and they make up around 

8-12% of the total liver cells and 2.1% of the liver volume (Kuntz and Kuntz 

2006). Kupffer cells are the resident macrophages of the hepatic sinusoid and 

are part of mononuclear phagocytosis system. They constitute approximately 

80% of the body’s macrophages. They are responsible for the elimination of 

foreign proteins and toxic substances from the blood and provide a defence 

against bacteria and/or endotoxins from entering the systemic circulation by 

phagocytosis (Markiewski et al. 2006).  

Kupffer cells mostly are star-shaped and are present throughout the liver, but 

large Kupffer cells are predominantly located in the periportal region of liver 

acinus (Bilzer et al. 2006). Periportal Kupffer cells also have higher lysosomal 

enzyme activities, a greater phagocytic capacity and display highest 

production of inflammatory mediators including TNF-α and IL-1 compared to 

midzonal and pericentral regions (Bilzer et al. 2006). These characteristics are 

appropriate as Kupffer cells in the periportal regions are the first point of 

contact for incoming pathogen-laden blood (Bilzer et al. 2006). The bacterial 

products, the lipopolysaccharides (LPS, endotoxin) derived from the cell wall 

of intestinal Gram-negative bacteria, can activate the Kupffer cells. Circulating 

LPS binds to its high-affinity carrier, the LPS binding protein (LBP) attaches to 

the CD14 (endotoxin) receptor expressed on Kupffer cells and this elicits a 

signaling cascade via the toll-like receptors and NF-κB resulting in the release 

of proinflammatory mediators .This facilitates the removal of toxic pathogens 

and initiates the healing process (Kielian and Blecha 1995).  
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In addition to producing cytokines, activated Kupffer cells are the major source 

of reactive oxygen species (ROS) in the liver (Wheeler 2003). ROS such as 

superoxide, hydrogen peroxide, and hydroxyl radicals have been implicated in 

the development of liver damage that can lead to detrimental effects to the 

cell. In spite of these, Kupffer cells are able to limit the extent of the systemic 

inflammatory response, as they are also potent scavengers of systemic and 

gut-derived inflammatory mediators, immune complexes, toxic products and 

cytokines (Markiewski et al. 2006). 

1.3.4   Hepatic stellate cells (HSC) 

Hepatic stellate cells (HSC), which are also known as Ito cells, account for 

approximately 15% of the total cell number in the liver (Kholodenko and 

Yarygin 2017). They contain numerous cytoplasmic fat droplets as well as an 

abundance of vitamin A and hence also known as fat-storing or vitamin-A 

storing cells. HSC can be found in the space of Disse, between hepatocytes 

and sinusoidal endothelial cells. HSC have long cytoplasmic processes, which 

together with their localisation could help to promote their interactions with 

parenchymal cells and endothelial cells. HSC are largely involved in hepatic 

extracellular matrix (ECM) remodeling (Senoo et al. 2017).  

HSC appear in two phenotypes, ‘quiescent’ state and ‘activated’ or 

‘transdifferentiated’ state (Tsuchida and Friedman 2017). Quiescent HSC 

contain high amounts of cytoplasmic lipid droplets containing retinyl esters and 

display long cytoplasmic processes, none of these features appear in 

activated HSC. Conversely, activated HSC display proliferative and fibrogenic 

myofibloblast-like phenotype, normally accompanied by changes in gene 
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expression and phenotype and an increase in cytokine expression and 

responsiveness (Tsuchida and Friedman 2017). Furthermore, activated HSC 

can induce the production of matrix proteinases including MMP (matrix 

metalloproteases) and TIMP (tissue inhibitors of metalloproteinases) that play 

an essential role in remodelling of the ECM particularly during liver injury and 

regeneration (Duarte et al. 2015).  

1.3.5 Pit cells 

Pit cells adhere to luminal surface of the endothelial lining and present in a 

very small proportion in the liver. The proportion of Pit cells to Kupffer cells is 

1:5 (Kuntz and Kuntz 2006). Pit cells are also known as natural killer cells. Pit 

cells can proliferate locally when stimulated with IL-2, and can aid in the 

destruction of the tumour cells or foreign cells acting alongside Kupffer cells 

(Wisse et al. 1997). 

1.4 Liver regeneration after partial hepatectomy 

The liver has remarkable regenerative ability in response to injury. Liver 

regeneration after partial hepatectomy (PH) offers a unique experimental 

model to study liver response to injury (Higgins 1931). In this model, two-

thirds of the liver is surgically removed, and then the remaining liver 

proliferates until the the ratio of liver weight to body weight is fully restored. 

In the normal adult liver, merely 0.005% of hepatocytes are in cell cycle and 

the rest of them are usually in a quiescent G0 cell cycle state (Irwin et al. 

2009) (Mangnall et al. 2003). After PH, the hepatocytes, which form 

approximately 70% of liver cells, take a leading role in the proliferative 

process by re-entering the cell cycle in a synchronized wave for 1-2 rounds 
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of mitosis. 90% of the remaining hepatocytes  engage in the first round, 

whereas only a third undergo the second round of cell cycle (Michalopoulos 

1990; Mead and Fausto 1989). During this proliferation period, hepatocytes 

secrete growth factors in a paracrine manner to trigger the non-parenchymal 

liver cells to proliferate in the  following sequential order: biliary ductular cells, 

Kuppfer cells and hepatic stellate cells, and sinusoidal endothelial cells to 

restore the liver index within approximately 1 week (Michalopoulos 2010; 

Michalopoulos and DeFrances 1997; Grisham 1962). The liver regeneration 

terminates when newly proliferating cells are sufficient to meet the metabolic 

demands of the body. In this light, the regenerative response after PH is 

governed mainly by hepatocytes. 

In contrast to hepatocytes dividing to restore the liver index, oval cells, 

sometimes called liver precursor “stem” cells, are the main source of new 

hepatocytes in the liver regeneration process after toxic injury. In these cases, 

an oval cell compartment, consisting of various kinds of liver precursor cell 

populations that have the ability to differentiate into both hepatocytes and 

biliary ductular cells, is activated and differentiates into hepatocytes that then 

regenerate the liver (Fausto 2000). The transformation process of 

hepatocytes from oval cells is still controversial and may be associated with 

transformation of liver cells (Fausto 2004; Fausto et al. 2006). 

The term liver regeneration is inaccurate, in that the response is actually a 

controlled tissue hyperplasia (Campbell et al. 2006). Growth will not occur 

at the site of the insult, but rather the remaining tissue will undergo a 

controlled proliferation until the original weight of the liver is restored 
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(Campbell et al. 2006). While it is true that alpha fetoprotein (AFP) is 

produced during liver regeneration, which is commonly used as a marker of 

hepatocarcinogenesis (Jin et al. 1998) this is not due to proliferation of 

undifferentiated cells in an embryonic developmental pattern (Otu et al. 

2007). In fact Karp’s group showed, using a global transcription factor 

analysis, that the regenerating liver follows a scheme of hepatocyte 

proliferation rather than one of embryonic differentiation and growth (Otu et 

al. 2007). 

Another commonly used method for studying liver regeneration is by 

administering carbon tetrachloride (CCl4), which results in hepatocellular 

death mediated by reactive radical species. However this method, in 

contrast to PH, involves necrosis of hepatocytes and acute inflammation in 

response to the toxic insult (Fausto 2001). Therefore, the effects seen in a 

study using CCl4, may be due to stimulation of liver regeneration, as with 

PH, but might also be complicated by inflammatory responses 

(Michalopoulos 2010; Fausto et al. 2006).  

1.4.1 Kinetics of liver regeneration 

The liver must maintain all of its metabolic and homeostatic functions during 

regeneration. After a damaging insult, such as when tissue is cut during PH, 

95% of the remaining hepatocytes will participate in the liver regeneration 

response by each undergoing 1-2 rounds of mitosis until the liver weight is 

reestablished to its original weight. The human liver may take 8-14 days to 

regenerate (Michalopoulos 2007; Nagasue et al. 1987), However, it is 

important to note that human patients undergoing liver resection, or liver  
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transplantation  often  take  a  myriad of immunosuppressive medications 

(Michalopoulos, personal communication). Also, because human patients 

often have a background of liver disease, which can impede liver 

regeneration, the time required to complete regeneration may vary greatly 

(Nagasue et al. 1987).  

The main peak of hepatocyte S phase occurs at about 36-42 hours post PH 

in the mouse, and 24 hours post PH in the rat, followed by a less- 

synchronized second wave of S phase in which 66% of hepatocytes will 

participate (Weglarz and Sandgren 2000). Other liver cells such as Kuppfer 

cells and stellate cells will proliferate starting one to two days after 

hepatocyte proliferation (Michalopoulos 2007). Interestingly, the onset of 

hepatocyte S phase is an established property of hepatocytes such that 

when Sandgren’s group performed partial hepatectomy on a chimeric 

mouse liver containing rat hepatocytes, the rat hepatocytes replicated at a 

characteristically earlier time point than the mouse hepatocytes did (Weglarz 

and Sandgren 2000). 

1.4.2 Phases of liver regeneration 

A surgical resection allows for a precise estimate of the timing of the initial 

liver damage and does not lead to any toxic or mechanical damage to the 

remaining portion of the liver, thus removing the effects of cell necrosis, 

neutrophil infiltration, etc. Following resection in lab animals, the liver 

initiates a coordinated response of multiple cell types to replace liver mass. 

This response can be loosely categorized into five phases of liver 

regeneration based on the events occurring over predictable time ranges: 
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immediate response, priming, hepatocyte replication, non-parenchymal cell 

3 replication, and termination. Table 1.1 shows a summary of the 

approximate timing of each phase and the events occurring within for 

rodents. 

The process of liver regeneration occurs through intricate, overlapping 

networks, and these can be divided into those controlling three main 

processes: priming, progression, and termination. Priming occurs first and 

is governed through signaling pathways involving cytokines and upstream 

components involved in innate immunity (Fausto et al. 2006).   Priming 

allows resting hepatocytes to enter the cell cycle (Fausto et al. 2006). Once 

primed, the hepatocytes can respond to growth factors and progress 

through the cell cycle (Fausto et al. 2006). There appears to be adjustment 

of liver weight via a small wave of apoptosis that occurs at the end of liver 

regeneration (Michalopoulos 2010). The control of termination of the liver 

regeneration response may be due to a hepatostat that senses the 

metabolic requirements of the organism and nutrient environment and 

precisely calibrates liver regeneration accordingly (Fausto et al. 2006). The 

termination of liver regeneration has been explained in detail in section 1.4.5 

of this chapter.  



18 
 

Table 1.1 Events occurring at different phases of liver regeneration 
(Cook 2016). 

Regenerative phase       Mechanistic events 

 

Immediate early phase 

Immediate early genes activated 

Hepatocytes release ATP  

Calcium signaling occurs  
 

Priming phase 

LPS levels increase in the liver  

Non-parenchymal cells produce cytokines and chemokines  

NF-kB activated in hepatocytes and non-parenchymal cells 

 JAK-STAT signaling pathway activated in hepatocytes  

Hepatocytes begin to show signs of G0 to G1 transition 
 

Replication / Mitotic 
phase 

Non-parenchymal cells produce MMPs, cleaving matrix  

Growth factors (HGF, EGF, FGF, etc) are liberated from cleaved 
matrix  

Additional growth factors are synthesized by nonparenchymal 
cells  

New, basement-membrane matrix is deposited to facilitate 
proliferation  

Hepatocytes synchronously enter the cell cycle 
 

Non-parenchymal cell 
replication phase 

VEGF signaling increases  

Angiogenesis occurs  

Non-parenchymal cells enter the cell cycle 
 

Termination phase 

Matrix accumulates back to baseline levels  

Non-parenchymal cell activation decreases  

Hepatocytes exit the cell cycle and return to G0  

Liver mass may cross baseline, followed by a wave of 
hepatocyte apoptosis 
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1.4.3 Gene expression changes during PH-induced liver regeneration 

Profiling of gene expression alterations during PH-induced liver regeneration 

sheds light on the molecular mechanisms regulating this process. Rodent 

liver regeneration consists of mainly two phases: the priming phase and the 

progression phase (the phase of cell progression) (Fausto 2000). In the 

priming phase, which lasts approximately 4 hours after partial hepatectomy 

in mice, post-mitotic hepatocytes and non-parenchymal liver cells exit from 

their G0 state and re-enter into the cell cycle (G0-G1 transition). Although 

hepatocytes are stimulated by various mitogens to proliferate in culture, 

several studies suggested that hepatocytes must initially undergo the priming 

phase in order to respond to growth factors during liver regeneration (Webber 

et al. 1998; Webber et al. 1994).  

The priming phase in liver regeneration after PH exhibits rapid gene 

expression alterations in a coordinated fashion. This phase is initiated by the 

immediate activation of transcription factors and their binding on DNA leads 

to transactivation of a wide variety of genes. Examples of the early genes 

include proto-oncogenes encoding c-Fos and c-Jun (Haber et al. 1993; 

Beckerman and Prives 2010). Global gene expression profiling by high-

density oligonucleotide arrays revealed that 185 genes have altered 

expression levels including other transcription factors such as the gene 

encoding early growth response protein 1 (EGR1) (Su et al. 2002; Arai et al. 

2003). Mice with deletion of immediate-early genes such as Egr1 

demonstrated impaired liver regeneration due to deranged cellular 

proliferation (Liao et al. 2004). 
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Cytokines secreted by Kupffer cells act upstream of transcription factors NF-

κB, STAT3, AP-1 and C/EBPβ. Binding of IL6 secreted by Kuppfer cells to its 

receptor, Interleukin 6 receptor (IL6R), on hepatocytes leads to rapid activation 

of both STAT3 and mitogen-activated protein kinase (MAPK) signaling (Taub 

2004). Mice deficient for IL-6 exhibit a delay in liver regeneration, accompanied 

with a loss of STAT3 activation and impaired mitogenesis (Cressman et al. 

1996). TNF-α, a cytokine secreted from Kuppfer cells, binds the receptors 

tumor necrosis factor receptor 1 and 2 (TNFR1, TNFR2) on hepatocytes to 

induce their replication (Taub 1996). It was also hypothesized that TNFα is an 

upstream regulator of IL6 with the finding that TNFR1 knockout mice restored 

liver regeneration deficit by the induction of IL6 (Taub 1996; Yamada et al. 

1997). 

Later, during the responsive phase of liver regeneration, cell cycle genes are 

activated. Cell cycle genes promote hepatocytes to undergo the G1-S 

transition in cell cycle. Included in genes participating in cell cycle regulation, 

cell cycle stimulators, cyclins and cyclin dependent kinases (CDKs) have 

elevated expression levels. Cyclin D1/CDK4 and Cyclin E/CDK2 complexes 

phosphorylate the retinoblastoma protein (Rb), thereby diminishing its 

inhibitory effect on E2F proteins. This allows E2F proteins to induce their 

target genes involved in the promotion of S phase (Resnitzky and Reed 

1995). 

In addition to cell cycle stimulators, cell cycle inhibitors such as p53 and p21 

are induced during liver regeneration (Fausto 1986; Kren and Steer 1996). 

This is extremely surprising, based on the prevailing knowledge, since it is 
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known that their activity must be attenuated in order to allow cells to exit from 

cell cycle arrest and proceed to cell proliferation. For instance, p21 gene 

expression levels are quite low in quiescent liver and become markedly 

augmented, due to mRNA stability, during G1 and S phases of cell cycle after 

PH in mice and rat (Albrecht et al. 1997). The use of genetic manipulations 

revealed that p21-null mice exhibited accelerated entry into S phase by an 

earlier induction of cyclin D1 compared to wild type (WT) mice (Albrecht et al. 

1999). On the other hand, p21 overexpression prevents hepatocyte 

replication (Wu et al. 1996). Taken together, these studies all suggest that 

p21 must be maintained at a certain level, thus allowing liver regeneration to 

proceed in a timely and coordinated fashion. 

1.4.4 Growth factors 

Growth factors mediate progression through the cell-cycle. Once primed, 

resting hepatocytes can enter the G1 phase of the cell cycle, and it is by the 

signaling provided by growth factors that the cells can progress through the 

cell cycle. Hepatocyte Growth Factor (HGF) and the ligands of the epidermal 

growth factor (EGF) receptor are key players in mediating cell cycle 

progression. Although it is well established that hepatocytes express a 

variety of growth factor receptors, these two classes of ligands are the only 

direct mitogens, meaning that they are able to induce a significant growth 

response in isolated hepatocytes (Michalopoulos 2007). Some noteworthy 

accessory signaling molecules that have been shown to contribute to growth 

factor signaling are norepinephrine, bile acids, serotonin, insulin, fibroblast 

growth factors (FGF), vasoendothelial derived growth factor (VEGF), and 

platelet derived growth factor (PDGF) (Michalopoulos 2007). These 
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accessory signaling molecules most likely perform their roles by modulating 

the effects of HGF and EGF receptor family ligands (Michalopoulos 2007). 

HGF signals through its receptor c-met, and Transforming Growth Factor 

alpha (TGF-α), amphiregulin (AR), heparin-binding EGF-like protein (HB-

EGF), as well as EGF, all signal through the EGF receptor. HGF/c-met 

signaling has been proven to have a role in liver regeneration (Borowiak et 

al. 2004; Mead and Fausto 1989), as well as many of the above mentioned 

ligands of the EGF receptor, individually, despite the multiplicity of ligands 

for this receptor (Mead and Fausto 1989; Kiso et al. 2003). The EGF 

receptor and c-met are receptor tyrosine kinases which initiate intracellular 

signaling cascades leading to the activation of many downstream 

components essential for liver regeneration including those involved in the 

initiation of protein translation and growth (Fausto et al. 2006). 

 

1.4.5 Termination of liver regeneration 

Remarkably, the liver reaches its original weight with relatively great 

accuracy at the completion of liver regeneration. Unlike the priming   and 

progression stages of liver regeneration, the control mechanisms governing 

termination of liver regeneration are not well understood. This is especially 

relevant because some of the mitogenic signal transduction pathways, such 

as the Ras-Raf-MEK cascade, that are activated during liver regeneration 

are dysregulated in many cancers. The control mechanism may involve the 

presence of a hepatostat, a growth regulator that senses and integrates 

complex stimuli relating to energy needs, nutrients and hormone 
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environment, and calibrates liver weight according to these factors.  

External factors relating to metabolic demand appear to be important in 

calibrating growth, and studies have shown that when small-for-size 

transplantations were done from a donor animal that had a smaller liver than 

the recipient, such as was done from baboon to human, the liver came to a 

weight appropriately proportioned to the weight of the recipient 

(Michalopoulos 2010). Protein deprivation inhibits liver regeneration after 

PH in rats (Fausto et al. 2006).  When cultured hepatocytes were deprived 

of a set of nonessential amino acids, this resulted in cell cycle arrest that 

was overcome by transfection with cyclin D1, suggesting that cyclin D1 may 

regulate hepatocyte proliferation based on amino acid context (Nelsen et al. 

2003). Endogenous protein translation is important for liver regeneration 

after PH, and when the 40S ribosomal protein S6 was conditionally knocked 

out, the hepatocytes were specifically unable to replicate their DNA after PH 

(Volarevic et al. 2000). 

A master molecule that may be key to the functioning of a hepatostat is the 

mammalian target of rapamycin (mTOR) and the administration of 

rapamycin to inhibit mTOR results in inhibition of DNA replication after PH 

(Fausto et al. 2006). The initiation of protein translation is governed by 

mTOR, which is part of a complex that regulates cell growth by integrating 

important factors such as nutrient environment, hormone and growth factor 

status, metabolic requirements, and energy availability (Kim and Sabatini 

2004). 

Studies have shed light on individual factors that are hypothesized to have 
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a role in termination of liver regeneration. Mito-inhibitory molecule, 

transducer of ErbB2.1 (Tob1), is down-regulated starting early (6-12 hours) 

in liver regeneration and directly modulates cyclin-dependent kinase 1 (cdk 

1) and the transcription of cell cycle proteins (Ho et al. 2010). Tob 1 may be 

an important inhibitory signal constitutively regulating cell cycle progression 

during liver regeneration (Ho et al. 2010). Transforming growth factor β 

(TGF-β)  in conjunction  with  activin,  have  been   hypothesized to have a 

role in termination of liver regeneration, and may together form a constitutive 

antagonist of growth factor signaling. TGF  increases in the serum early 

after PH and remains at high levels throughout liver regeneration (Braun et 

al. 1988), and it has been known to cause inhibition of cultured hepatocytes 

in vitro (Nakamura et al. 1985).  

The remodeling of extracellular matrix (ECM) and ECM signaling is 

important forliver regeneration. A liver specific KO mouse that had 

hepatocytes deficient in integrin linked kinase showed an impairment of 

termination of liver regeneration after PH (Apte et al. 2009a). They found 

that the liver weight of the KO was 158% of the original weight, while in the 

control it was at the expected 100% of the original weight 14 days after PH 

(Apte et al. 2009a). This was the first published account that clearly shows 

impairment in the termination of liver regeneration resulting in an aberrant 

surplus of liver weight after surgery (Apte et al. 2009a).   

Michalopoulos’s  group  also investigated the role of a matrix proteoglycan, 

glypican 3 (GPC 3) in liver regeneration by using a knock down approach 

with specialized oligonnucleotides in cultured hepatocytes (Liu et al. 2009), 
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and by studying liver regeneration after PH in transgenic mice over  

expressing GPC 3 (Liu et al. 2010). They noticed that during the normal 

course of liver regeneration, there is an induction of GPC 3 at the end of 

liver regeneration and that GPC 3 interacts with a growth regulator protein, 

CD81 (Liu et al. 2009). Additionally, they found that blocking of GPC 3 

promotes the growth of hepatocytes in vitro (Liu et al. 2009). After two-thirds 

PH in  transgenic mice over expressing GPC 3, hepatocyte proliferation was 

suppressed, and the liver weight only reached approximately 40% of the 

original weight six days after PH, compared to approximately 75% of the 

original weight in the control (Liu et al. 2010). Collectively this suggests that 

GPC 3 may have a role in the termination of liver regeneration.   In a broad 

sense, the mechanisms leading to controlled growth of the liver and precise 

termination of liver regeneration still remain elusive and more research is 

needed to understand these key mechanisms. 
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1.4.6 Structural changes in the regenerating liver 

In the regenerating liver, histological and morphological changes occur in an 

orderly fashion and can be observed at 2-7 days following 70% partial 

hepatectomy (Michalopoulos 2007).  The exact timing of the events varies 

based on the age of the animal and the extent of the reaction depends on the 

magnitude of the resection (Mangnall et al. 2003). Restoration of liver mass 

takes 7-10 days following PH in the rats and the hepatic cellular architecture 

eventually appears normal (Mangnall et al. 2003). 

The different liver cell types do not proliferate together during liver 

regeneration. The first cells to proliferate are hepatocytes (Michalopoulos and 

DeFrances 1997). This is followed by proliferation of non-parenchymal liver 

cells: firstly, the biliary ductular cells and then sequentially by the Kupffer cells 

and hepatic stellate cells and finally endothelial cells (Michalopoulos and 

DeFrances 1997). These cells proliferate to regrow and restructure the lost 

hepatic tissue. Following proliferation of both parenchymal and non-

parenchymal liver cells, the mass and structure of the regenerating liver is 

restored. This eventually leads to the restoration of normal metabolic functions 

of the liver.  

The different cell populations enter the mitotic cycle upon priming, moving from 

G0 to the G1/S checkpoint. Later, DNA synthesis and proliferation happens in 

hepatocytes, which peaks at 24 hr for the rat and approximately 36 hr for the 

mouse (Michalopoulos 2007). Proliferation starts in the periportal zone and 

extends to the pericentral area by 36-48 hr (Zimmermann 2004). Proliferation 

of non-parenchymal cells however occurs later, with the delay amounting to 
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24-48 hr or even later (Zimmermann 2004). Electron microscopic examination 

of rat liver at 24 hr post-hepatectomy shows that there was a widening of the 

intercellular spaces between hepatocytes throughout the entire lobule 

associated with almost complete loss of the normal radiating pattern of cell 

plates and sinusoids (Morsiani et al. 1998). Each hepatocyte contains a typical 

intracellular lipid accumulation in the form of electrodense droplets and 

damage of endothelial cell membrane was evident at this stage (Budny et al. 

2007). 

At 48 hr post hepatectomy, replication of hepatocytes causes further narrowing 

of the sinusoidal lumen disrupting the normal radiating pattern of sinusoids. 

Furthermore, at this stage of regenerative process, hepatic cell plates were 

more than a single cell in width (Morsiani et al. 1998). Mitotic figures are 

abundant in both hepatocytes and non-parenchymal cells (Budny et al. 2007). 

There is also no cell-to-cell contact between hepatocytes and hepatic stellate 

cells at this stage of regenerating process.    

During liver regeneration after PH, a change in sinusoids of hepatic lobules 

takes place. Even though the SECs enter into DNA synthesis between 72 and 

96 h after PH, changes in the sinusoidal structure are observed within 5 min 

after the operation. Fenestration diameter and porosity in the periportal region 

of the lobule increase (Wack et al. 2001), which is seen until 24 hours. The 

diameter of fenestration decreases thereafter and is lowest at 72 hours. The 

gaps increase in number along the SEC lining in both periportal and pericentral 

areas, but expressed differently quantitatively between these regions, at 5 min 

post-PH which is maintained until day 7 and returns to normal by day 10 after 
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PH (Braet et al. 2004). These rapid sinusoidal modifications are probably 

resulting from events that occur immediately after PH, such as increased portal 

pressure and shear stress, ECM degradation or the effect of soluble factors 

secreted after the operation (Wack et al. 2001). The creation of new sinusoids 

is an angiogenic process that requires several growth factors, such as VEGF. 

The percentage of VEGF-expressing hepatocytes increases progressively 

after PH and reaches maximal levels in both the periportal and pericentral 

areas at 48–72 hours after PH, but VEGF-positive hepatocytes are 

significantly more in the periportal compared to the pericentral region of the 

liver lobule (Taniguchi et al. 2001).  

 

Figure 1.6 Structural differences between periportal and pericentral regions of the 
lobules during liver regeneration after PH. Pink and light blue colors denote the 
differences in SECs and hepatocytes between the 2 regions respectively. PS = Portal 
space, PP = periportal, PC = Pericentral, CV = Central vein. 
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As the mitotic activity continues, histological findings at day 3 post-

hepatectomy showed the formation of hepatocyte clusters comprising of 10-

14 hepatocytes arranged around immature or disintegrating sinusoidal 

channels (Martinez-Hernandez et al. 1991). Indeed, cluster formation resulted 

in the eradication of normal sinusoidal network of the liver, accompanied by at 

least a partial loss of a typical space of Disse and a degradation of extracellular 

matrix (ECM) through metalloproteinases (Zimmermann 2004). Hepatocyte 

clusters also contain fewer mature hepatic stellate cells. Amazingly Mabuchi  

et al. (2004) reported on the existence of hepatocytes and HSC interaction at 

the early phase after PH in rats. The group found that more than 20% of cells 

in the parenchymal cell fraction of freshly isolated liver cells were activated 

HSCs at day 3 after PH (Taniguchi et al. 2001; Mabuchi et al. 2004). Therefore, 

they concluded that there is a possibility that hepatocyte-HSC interaction in 

the early stages after PH is closely involved in the regenerative process 

(Mabuchi et al. 2004).  

It has been reported that by day 4 after PH, hepatic stellate cells started to 

produce several types of laminin and these cells extend delicate cell 

processes, prying in between hepatocytes and into the cluster (Martinez-

Hernandez et al. 1991). Following hepatic stellate cells are endothelial cells, 

invading the clusters separating the hepatocytes into cell plates, with vascular 

spaces on at least two surfaces (Martinez-Hernandez et al. 1991). As a result, 

the normal lobular vascular structure of hepatocytes is restored associated 

with resynthesis of ECM proteins, the reconstitution of space of Disse and the 

repopulation of this space with regenerating hepatic stellate cells 

(Zimmermann 2004).  
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By day 7, hepatic lobules are enlarged so that each lobule and hepatocyte 

plate are larger in size compared to before regeneration. It has been reported 

that the liver grew by the enlargement of the preexisting liver lobules and not 

their numbers following PH (Papp et al. 2009). Furthermore, the shape of the 

lobules became more variable and polygonal. In association with this, the 

central vein appeared to be more elongated and frequently divided. There was 

also an increase number of portal branches around the central veins (Papp et 

al. 2009). At the end of regeneration, slow lobular reorganisation and 

remodeling of the liver occur.  By day 14 after PH, normal liver architecture is 

reestablished.  

1.4.7 Liver regeneration occurs through multiple overlapping networks 

The fact that the liver has the ability to regenerate reflects how important the 

liver is for maintenance of an organism’s life processes. The liver’s 

regenerative capacity is exceptional, and it was able to regenerate even 

after 12 sequential hepatectomies performed in rats (Michalopoulos and 

DeFrances 1997). Liver regeneration is a highly complex phenomenon, 

occurring through multiple overlapping gene networks with connections 

conferring a high degree of redundancy so that the liver can still eventually 

regenerate even if one pathway is blocked (Michalopoulos 2010). In fact, 

studies using genetic models in which a single gene is deleted, an 

impairment of liver regeneration is indicated by a delay in DNA synthesis or 

in the timing of cell cycle events, an inability to reestablish the original liver 

weight, or mortality in a subset of experimental animals (Fausto et al. 2006). 

A delay in liver regeneration is highly important even though the liver may 

completely regenerate, however, because it means that the liver cannot 
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function at its optimal efficiency. This can have serious consequences for 

the animal in situations where acute liver failure is likely (Michalopoulos 

2010). 

Despite the safety margin provided by redundancy in liver regeneration 

pathways, in some cases, regeneration may occur through a contribution of 

oval cells. Oval cells are a unique group of cells with a pluripotent capacity 

(Fausto and Campbell 2003). While not embryonic stem cells, they function 

like “adult stem cells,” and are derived from hepatoblasts during embryonic 

development (Fausto and Campbell 2003). They have lineage markers of 

both hepatocytes and biliary epithelium cells (Fausto and Campbell 2003). 

Normally, they make up a very minor proportion of the cells in the liver, but 

in times of significant injury to either hepatocytes or bile ducts, they can 

proliferate to expand the populations of either of these two types of cells 

(Fausto and Campbell 2003). It is important to note that under normal 

circumstances, oval cells will not participate in liver regeneration after PH 

and instead serve as a last resort for replenishing hepatocytes (Fausto and 

Campbell 2003). 
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1.5 Complement System 

The Complement system is a set of biological pathways that removes 

pathogen components from an organism as part of the innate and acquired 

immunity of the host (Qin and Gao 2006). It was first identified as a heat-

sensitive factor in serum that ‘Complemented’ the effects of specific antibodies 

in the lysis of bacteria and red blood cells (Bordet and Gengou 1901). Hosea 

et al (1980) further defined the importance of the Complement system as an 

effector of humoral immunity with observations of opsonisation and 

participation in cellular immunity thus making the Complement system a chief 

component of innate immunity and host protection (Carroll 2004).  

The Complement system consists of about 30 soluble and membrane bound 

proteins, which function as either enzymes or as binding proteins. It 

contributes to the release of inflammatory mediators, promoting tissue injury 

at sites of inflammation, and has also been implicated in the pathogenesis of 

some autoimmune, ischemic and vascular diseases (Volanakis 1998). Carroll, 

(2004) established that Complement serves as a vital link between innate and 

acquired immunity by providing essential signals that augment the humoral 

response and enhance B-cell and T-cell activation.   

The liver is responsible for biosynthesis of 90% of plasma Complement 

components and the proteins that regulate them.  Many other types of cells 

including immune cells and endothelial cells also synthesize these 

components.  Complement components are always activated at a low rate in 

plasma (Qin and Gao 2006). The constant activation in vivo is a threat to host 
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cells, therefore host cells express several plasma and membrane proteins 

inhibit Complement self-activation and prevent self-damage.  

Three distinct pathways activate Complement: classical, mannose-binding 

lectin (MBL) and alternative. Activation is dependent on different molecules for 

their initiation (Qin and Gao 2006). The classical pathway is triggered by 

antigen-bound antibody molecules and is initiated by the specific binding of a 

specific part of the antibody molecule (Fc) to the C1 component (Morgan 

1999). The alternative pathway does not require antibody for its activation. It 

is a humoral component of the immune system’s natural defences against 

infection and is activated by the cleavage of C3 and C5 (Figure 1.11). The 

alternative pathway is always activated due to its spontaneous reaction of its 

major component, C3, with water (Müller-Eberhard 1988). The mannose-

binding lectin (MBL) pathway is initiated when plasma MBL proteins form a 

complex with the MBL-associated proteases 1 and 2. The complex then binds 

to arrays of mannose groups on the surface of bacterial cells (Walport 2001). 

As seen in figure 1.7, all three activation pathways converge at the level of C3, 

where C3 is cleaved and the fragment C3b is deposited on the surface of 

foreign particles. Opsonisation of foreign surfaces by the covalently attached 

C3b fulfils three major functions: cell clearance by phagocytosis; amplification 

of Complement activation for the formation of a surface bound C3 convertase; 

and assembly of C5 convertases. Cleavage of C5 induces the formation of a 

multi-protein pore complex, Membrane Attack Complex (MAC).  
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Figure 1.7 Three different pathways of Complement activation. Complement cascade 
eventually produces components C3a and C5a which bind to their respective 
receptors to perform inflammatory functions. (Source: Dubois' Lupus Erythematosus 
and Related Syndromes, 8th Edition). C5b-9 MAC =, membrane attack complex for 
C5b through C9; iC3* = hydrolized C3; MASP = mannose-binding protein–associated 
serine protease; MBL, mannose-binding lectin 

 

  

The alternative pathway is able to distinguish between self and non-self by the 

deposition of C3b. Only on particles recognised as foreign will amplification of 

C3b deposition occur and membrane attack be initiated. Membrane attack 

consequently is caused by the proteolytic cleavage of C5 into C5a and C5b 

(Müller-Eberhard 1988). Terminal Complement activation is induced by C5b, 

followed by a cascade of reactions of C6 to form C5b6, and then C7, C8, and 

C9 to form the membrane attack complex (MAC) (Qin and Gao 2006). MAC is 

considered to the “killer molecule” that causes cell injury as a consequence of 

activation of either of the aforementioned pathways after receptor binding. 

Removed – Copyright protected material 



35 
 

MAC formation concludes once C9 has polymerized to C5b-8 complex and 

forms a lytic pore in target lipid bilayer membranes. This allows the free 

movement of solutes and water across the membrane and destroys 

membrane integrity, followed by the killing of foreign pathogens and cells (Qin 

and Gao 2006). 

Both the classical and alternative pathways contain an initial enzyme that 

catalyses the formation of the target cell-bound C3 convertase which in turn 

generates the C5 convertase.  

1.5.1 Complement activation products C3a and C5a 

C3, the third component in the Complement system, has a central role in the 

organisation and function of the Complement cascade. It is the precursor of 

biologically active fragments that function by associating with other 

Complement proteins or by binding receptors on the surface of cells (Müller-

Eberhard 1988). Loss of C3 function not only eliminates C3-mediated and C3 

activation product-mediated functions but also prevents the downstream 

activation of other Complement proteins and consequently prevents them from 

complete their functions (Markiewski et al. 2004). C3 has at least 10 distinct 

binding sites, which allows binding to immune complexes and has a serum 

concentration of 1000-1600μg/ml in humans (Müller-Eberhard 1988). Human 

C3 is composed of two chains, the ~110-kd α chain and the ~75-kd β chain. 

C5 consists of two disulfide-linked chains, α (~115-kd) and β (~75-kd) (Tack 

et al. 1979).  

The cleavage or proteolytic activation of C3 and C5 by their respective 

convertases gives rise to anaphylatoxins C3a and C5a. Anaphylatoxins 
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enhance inflammation, either by directly binding to their receptors on target 

cells or by acting indirectly through interactions with other factors that add to 

the inflammatory response. Both C3a and C5a are hormone like messengers 

that bind to specific receptors to induce proinflammatory responses.  

C5a is a potent inflammatory mediator that induces chemotaxis of immune and 

inflammatory cells (neutrophils, monocytes and astrocytes), releases of 

oxygen species, lysozomal enzymes and inflammatory cytokines at the sites 

of inflammation (Proctor et al. 2009). It has also be reported that administration 

of C5a to a number of species can cause a rapid and transient neutropenia 

and systemic hypotension (Short et al. 1999).  

C3a has been proposed to have a more specialised role in inflammation and 

immune processes. It is a potent chemoattractant that produces local 

inflammatory responses such as mast cell degranulation with the release of 

histamine and other mediators that increase vascular permeability and induce 

smooth muscle contraction (Steinberg et al. 1993). C3a can suppress or 

enhance cytokine production from primed monocytes depending on whether 

the cells are suspended or adherent respectively (Takabayashi et al. 1996). 

These studies have led to the speculation that C3a may be responsible for 

production of secondary cytokine release and, therefore, inflammatory and 

immune effects at local sites of inflammation, when undesirable systemic 

activation is limited (Takabayashi et al. 1996). 

1.5.2 Complement Receptors in the Liver 

Many Complement receptors have been detected in the liver and contribute to 

a variety of functions. Koleava  et al. (2002) reported the expression of C5aR 
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on the surface of hepatocytes, however this was induced after LPS challenge 

or after partial hepatectomy via an IL-6 dependent mechanism (Koleva et al. 

2002). The functions of de novo expression of C5aR on hepatocytes through 

interaction with C5a include: 1) stimulation of glucose release (Schieferdecker 

et al. 2001); 2) induction of acute phase protein synthesis (Buchner et al. 

1995); and 3) hepatocyte proliferation (Daveau et al. 2004).  

Kupffer cells express receptors for both C3a and C5a at high levels 

(Schieferdecker et al. 1997). There have been three types of receptors (CR1, 

CR3 and CR4) detected on the surface of Kupffer cells. They contribute 

towards the clearance of C3-opsonized immune complex and IgM-opsonized 

E and β-glucans (Yan et al. 2000). Helmy  et al. (2006) has identified a novel 

Complement receptor, CRIg, on Kupffer cells that is required for efficient 

binding and phagocytosis of Complement C3-opsonized particles through 

binding to Complement fragments (Helmy et al. 2006). Activation of C5aR by 

C5a is able to stimulate Kupffer cells to produces prostanoid and synthesize 

proinflammatory cytokines (Schieferdecker et al. 2001) and also participates 

in the clearance of red blood cells (Kumar et al. 2006).  

HSC also express high levels of C5aR that are known to play a role in the 

induction of liver fibrosis. Activation of C5aR by C5a has been shown to up 

regulate fibronectin expression and induces prostanoid release in HSC, which 

may contribute to the involvement of C5a in liver fibrosis (Schlaf et al. 2004). 

Sinusoidal endothelial cells also express C5aR at low levels, and the function 

of C5aR appears to be minor (Schieferdecker et al. 1998). 
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1.6 Toll-Like Receptors  

When microbes were first recognized as the cause of infectious diseases, it 

was immediately clear that multicellular organisms must be capable of 

recognizing them when infected, and hence, capable of recognizing molecules 

unique to microbes. Toll-like receptors (TLR) are an essential component of 

signaling receptors expressed on the surface of cells; then distinguish 

pathogen-associated molecular patterns (PAMPs) produced by 

microorganisms from intact self-molecules (Seki et al. 2005). Individual TLRs 

recognise different classes of PAMPs. 

Toll-like receptors are named for their similarity to Toll, a receptor first 

identified in the fruit fly Drosophila. Hoffmann and colleagues identified Toll 

has an essential role in the fly's immunity to fungal infection in 1996.  This 

study concluded by stating that the immune system, particularly the innate 

immune system, has a skilful means of detecting invasion by microorganisms. 

Toll was first discovered in Drosophila or the fruit fly during their embryonic 

development. It was later found that Toll is required for the adult flies as a 

mediator to combat fungal infections (Lemaitre et al. 1996). Earlier it was found 

that cytoplasmic domain of Drosophila Toll protein was similar to human 

interleukin-1 receptor (IL-1R), a protein with a clear immune function in 

mammals (Gay and Keith 1991). In 1994, the first human Toll-like receptor 

was reported and described by Nomura and colleagues. This is now known as 

TLR1 (Nomura et al. 1994). In 1997, TLR4 was discovered (Medzhitov et al. 

1997). A year later, it was established that TLR4 function as an LPS sensing 

receptor, as mice that could not respond to LPS had been found to have 



39 
 

mutations in tlr4 gene (Poltorak et al. 1998b). Since then, a total of 14 TLRs 

have been discovered to date (as see in Table 1.2), TLR1 to TLR14. Most of 

these TLRs are found in mammals and each seems to have a discrete function 

in pathogen recognition (Akashi-Takamura and Miyake, 2006).  

Table 1.2 A list of different TLRs and their ligands. 

TLR 1:     Bacterial lipoprotein and peptidoglycans 

TLR 2:      Bacterial peptidoglycans 

TLR 3:      Double-stranded RNA 

TLR 4:      Lipopolysaccharides 

TLR 5:      Bacterial flagella 

TLR 6:      Bacterial lipoprotein 

TLR 7:      Single-stranded RNA, bacterial and viral 

TLR 8:  Single-stranded RNA, bacterial and viral, phagocytized bacterial RNA 

TLR 9:     CpG DNA 

TLR 10:    Unknown 

TLR11:  Profilin from Toxoplasma gondii, also possibly uropathogenic      bacteria 
TLR 12:    Profilin from Toxoplasma gondii 

TLR 13:    Bacterial ribosomal RNA 

TLR 14:    Act as inhibitor of bacterial cell wall 

 

Functional analysis of mammalian TLRs has revealed that they recognize 

specific patterns of microbial components that are conserved among 

pathogens, but are not found in mammals (Schwabe et al. 2006). Many genetic 

studies have been conducted to analyze the function of TLRs, and have been 

shown that each TLR recognize specific components of pathogen, thus 
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demonstrating that the immune system in mammals detects pathogens via the 

recognition of microbial components by TLRs (Seki et al. 2005). 

TLRs are highly conserved, transmembrane proteins that comprise of an 

extracellular leucine-rich repeat (LRR) domain. The intracellular component is 

similar to that of IL-1 receptor family and hence is called as Toll/IL-1 receptor 

(TIR) domain. TLRs are able to detect a variety of pathogen-associated 

molecular patterns (PAMPs) including LPS (TLR4), lipoproteins (TLR2/TLR1 

and TLR2/TLR6 heterodimers), ds-RNA (TLR3), ss-RNA (TLR7 and TLR8), 

flagellin (TLR5), and unmethylated CpG-containing DNA (TLR9). TLR1, TLR2, 

TLR4, TLR5 and TLR6 are situated on the cell surface as they serve mainly to 

sense bacterial lipopolysaccharides and the lipoproteins. On the other hand, 

TLR3, TLR7, TLR8 and TLR9 are confined to intracellular compartment as 

they mainly recognise viral RNA and bacterial DNA. The diversity of TLR 

functions and their capability to recognise many different infectious pathogens 

indicate that TLRs are important constituents in the innate immune system. 

Indeed, TLRs are considered as the most fundamental and essential immune 

receptors, to the extent that innate immune mechanisms precede and 

empower the adaptive immune response (Beutler, 2004).  

Janeway and Medzhitov (1997) showed that a Toll-like receptor, now known 

as TLR4 could, when artificially ligated using antibodies, induce the activation 

of certain genes necessary for initiating an adaptive immune response, 

however true function of the TLRs was discovered by Beutler and colleagues 

in 1998 (Poltorak et al. 1998b). These researchers used positional cloning to 

prove that mice that could not respond to LPS had mutations that abolished 
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the function of TLR4. This identified TLR4 as a key component of the receptor 

for LPS, and strongly suggested that other Toll-like receptors might detect 

other signature molecules of microbes. TLR4 has consequently been 

researched and unraveled to show an induction the expression of genes 

involved in inflammatory responses (Akira 2000).  

The activation of TLR signaling pathways originates from the cytoplasmic TIR 

domains (Figure 1.8). In this signaling pathway downstream of the TIR domain, 

a TIR domain-containing adaptor, MyD88, is common to all TLRs, and a 

MyD88-independent pathway that is peculiar to the TLR3- signaling pathway 

(Akira 2000). When activated, TLRs recruit adaptor molecules within the 

cytoplasm of cells in order to propagate a signal. Four adapter molecules are 

known to be involved in signaling are known as MyD88, Tirap, Trif, and Tram 

(Akira and Takeda 2004). The adapters activate other molecules within the 

cell that amplify the signal, and ultimately lead to the induction or suppression 

of genes that conduct inflammatory responses. Thousands of genes are 

activated by TLR signaling, and collectively, the TLRs constitute one of the 

most powerful and important gateways for gene modulation (Akira and Takeda 

2004). 
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Figure 1.8 A schematic of Toll like receptor signaling. 

LRR = Leucine-rich repeat domain; TIR = Toll—interleukin receptor; MyD88 = Myeloid 
differentiation factor 88; TIRAP = toll-interleukin 1 receptor (TIR) domain containing 
adaptor protein; TRIF = TIR-domain-containing adapter-inducing interferon-β; MD2 = 
Lymphocyte antigen 96; TRAM = TRIF-related adaptor molecule; IRAK = Interleukin-
1 receptor-associated kinase; TRAF6 = TNF receptor associated factor 6; TAK1 = 
Transforming growth factor beta-activated kinase 1; NF-kB = Nuclear factor kappa B; 
IRF3 = Interferon regulatory transcription factor 3; IFN = Interferon (Source: Adapted 
from Nasu, K., and Narahara, H. (2010). Pattern recognition via the toll-like receptor 
system in the human female genital tract. Mediators Inflamm.) 

  

Removed – Copyrighted material 
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1.6.1 MyD88-Dependent TLR4 Pathway 

MyD88 possesses the TIR domain in the C-terminal portion, and a death 

domain in the N-terminal portion. MyD88 associates with the TIR domain of 

most TLRs (as seen in figure 1.7 on the previous page). Upon stimulation, 

MyD88 recruits IL-1 receptor-associated kinase (IRAK) to TLRs through 

interaction of the death domains of both molecules (Takeda and Akira 2005). 

IRAK is activated by phosphorylation and then associates with other important 

adaptor molecules, leading to the activation of two distinct signaling pathways, 

and finally induces the activation of the transcription factors such as NF-κB 

(Takeda and Akira 2005). 

1.6.2 LPS as an initator of TLR4 mechanism 

More than 100 years ago, Richard Pfeiffer, created the term "endotoxin" to 

describe a substance produced by Gram-negative bacteria that could provoke 

fever and shock in experimental animals (Beutler 2004). In the decades that 

followed, endotoxin was chemically characterized and identified as a 

lipopolysaccharide (LPS). LPS is a major constituent of outer membrane of 

Gram-negative bacteria, which is probably the most powerful microbial 

stimulant of innate immune responses.  

LPS-induced activation of monocytes and macrophages leads to the secretion 

of a number of proinflammatory cytokines such as IL-6 and TNF-α (Arango 

Duque and Descoteaux 2014; van der Bruggen et al. 1999). Although, 

normally up-regulation of these cytokines is important defensive mechanism 

to eliminate bacterial infection, excessive production may results in fatal septic 

shock (Ulevitch and Tobias 1995). LPS is absorbed from the gut and 
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transported in the portal vein to the liver, where it is rapidly cleared by Kupffer 

cells (Fox et al. 1987).  

LPS possesses a broad range of biological activities (Beutler 2004). It is known 

to stimulate cell-specific activity in a diverse range of cell types, including 

platelets, leukocytes, lymphocytes, fibroblasts and macrophages (Beutler 

2004). Recognition of LPS by these various cell types leads to pleiotropic 

cellular activation and elimination of pathogens.  

The potent stimulatory properties of LPS are due to Lipid A, the innermost and 

most highly conserved domain of the molecule (Steimle et al. 2016). The basic 

postulated mechanism of how the effect of LPS is mediated has been shown 

to be as follows. LPS activates macrophages to produce proinflammatory 

cytokines that support the immune response. The most prominent is TNF, 

which acts on cells of the host to provoke the release of terminal mediators of 

shock (Parameswaran and Patial 2010).  

TLR4 plays a fundamental role in pathogen recognition and activation of innate 

immunity abovementioned and has been implicated in signal transduction of 

events induced by LPS. Mutations in this gene have been reported to be 

associated with differences in LPS responsiveness. Poltorak  et al. (1998a) 

identified TLR4 as the sole gene in the Lps critical region and along with further 

studies from Medhitov  et al. (1997) and Williams  et al. (2003) it has appeared 

that the mammalian TLR4 molecule has been retained expressly for the 

purpose of sensing LPS (Medzhitov et al. 1997).  
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Results observed from gene knockout studies have revealed that the molecule 

CD14 acts as the principal LPS binding protein on the surface of mononuclear 

cells. It has been postulated that that CD14–LPS complexes on the cell 

surface bind directly to TLR4, which in turn transduces the LPS signal leading 

to the LPS-mediated NF-κB activation and transcription of immune response 

genes (figure 1.9).  Qureshi et al. (1999) supported this hypothesis that a 

proteolytic system is installed between CD14 and TLR4, where a polypeptide 

signal is generated in response to the engagement of LPS by CD14, and acts 

to stimulate a response via TLR4. 

 

Figure 1.9 (A) A schematic representing the binding of TLR4–MD2–LPS complex. 
The LPS is moved to MD2 (i) binding of LPS–MD2 with TLR4 (ii) then leads to 
dimerization of TLR4–MD2, and formation of TLR4–MD2–LPS complex (iii). (B) After 
the recognition of ligand and assembly of TLR4-complex, co-receptors: TIRAP, 
MYD88, TRAM and TRIF, are recruited at the intracellular level for activation of TLR4-
signalling resulting into antigen-specific immune responses. 

(Source: (Awasthi 2014), Toll-like receptor-4 modulation for cancer 
immunotherapy) 
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1.7 C3H/HeJ: A mouse with naturally occurring TLR4 mutation 

The underlying genetic basis for the multiple responses of LPS was initially 

defined with the discovery of the C3H/HeJ mutant mouse strain in the late 

1960’s by Sultzer and colleagues. They were first to prove that the C3H/HeJ 

strain exhibits natural tolerance to lethal doses of LPS, as well as an altered 

inflammatory response to experimental challenge (Sultzer 1968) .  

C3H/HeJ mice, along with the control C3H/HeN substrain are an inbred strain 

that were derived from the progenitor strain, C3H/He, in 1947 (Silvia and 

Urosevic 1999). Neither C3H/He nor C3H/HeN mice have the LPS tolerance 

phenotype characteristic of C3H/HeJ. The mutations responsible for LPS 

hypo-responsiveness of the C3H/HeJ mice has been determined to occur in 

the Toll-like receptor-4 gene and cause the synthesis of mutated mRNA 

therefore leading to the high tolerance of LPS (Poltorak et al. 1998a; Qureshi 

et al. 1999). The tlr4 gene has been mapped to a region on mouse 

chromosome 4 (Hoshino et al. 1999; Qureshi et al. 1999) where a single 

genetic locus, Lps, which exists in two allelic forms, Lpsn (responsive) and Lpsd 

(hyporesponsive) (Watson et al. 1977). Furthermore, it has been shown that 

the targeted disruption of this gene in mice normally responding to LPS leads 

to a similar LPS unresponsiveness as observed in C3H/HeJ mice (Hoshino et 

al. 1999). 

Studies completed by Glode and Rosentriech, in 1976, looked at 11 closely 

related C3H mouse strains using a B-cell proliferation assay and demonstrated 

that there are three levels of LPS responsiveness. The study believed that 

these three levels were the end results of two distinct mutations. Subsequent 
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breeding experiments with selected C3H strains led to the conclusion that 

there were three autosomal genes: St, He and J. J is expressed co dominantly 

with St and He, whereas St is dominant over He substrain (Glode and 

Rosenstreich 1976). 

Several receptors for LPS were identified from a variety of studies (Sultzer et 

al. 2000). However, none of these have been shown to be deficient in C3H/HeJ 

mice. Many reports of TLR4 indicate that tlr4 may have a direct relationship to 

the lps gene locus and the C3H/HeJ defect. Multiple groups have also found 

that C3H/HeJ mice have a point mutation within the coding region of the tlr4 

gene, resulting in substitution of a proline with histidine at position 712. This 

result support the hypothesis that altered TLR4 function results in defective 

LPS signaling in these hypo-responsive mice and that these mutations are 

responsible for endotoxin resistance (Poltorak et al. 1998a). Both results from 

Qureshi et al., (1999) and Poltarak et al. (1999) also demonstrated, by using 

genetic and physical mapping, that the tlr4 gene is located at the Lps locus.  

In the tlr4 mutation in C3H/HeJ mice, the amino acid substitution causing the 

mutation involves a highly conserved proline within the cytoplasmic domain. 

The structural integrity of this domain appears to be essential for LPS-induced 

signaling by TLRs (Yang et al. 1998). The point mutation observed in the 

C3H/HeJ strain is not predicted to alter transcription of TLR4; however, the 

resulting substitution of a proline residue by a basic residue, histidine, alters 

the topology of TLR4 signaling domain and potentially disrupts protein-protein 

interactions with downstream molecules.  
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Hoshino et al. (1999) generated TLR4 knockout mice (tlr4-/-) and demonstrated 

that their macrophages had an impaired ability to produce TNF-α in response 

to LPS. Furthermore, the splenic B cells of these mice did not proliferate in 

response to LPS; both results paralleled the hypo-responsive cells of C3H/HeJ 

mice strain (Hoshino et al. 1999). Several cell types derived from the C3H/HeJ 

are hypo-responsive to LPS in vitro (Qureshi et al. 1999). Macrophages failed 

to activate or die when exposed to high concentrations of LPS; B-lymphocytes 

did not respond to the mitogenic or immunological properties of LPS, and 

fibroblasts failed to undergo metabolic activation upon LPS exposure (Qureshi 

et al. 1999). In 2004, Su et al. also confirmed C3H/HeJ mice were insensitive 

to endotoxin as determined by suppression of TNF-α production. 

The availability of the C3H/HeJ mouse strain creates an opportunity for 

scientists to further investigate the role of TLR4 and its signal transduction in 

other pathological conditions. The C3H/HeJ model has been employed for 

comparative purposes and as a means to define the mechanisms for LPS 

responsiveness, cell activation and cytokine production to understand the 

multitude of signaling and endocrine pathways that are amazingly coordinated 

to reconstitute liver mass during liver regeneration. In liver regeneration 

particularly, scientists have used C3H/HeJ to investigate the mechanisms for 

LPS responsiveness, cell activation and cytokine production during this 

process. Cornell et al., (1990) and Shiratori  et al., (1995) both reported that 

normal liver regeneration requires TLR4 signaling as C3H/HeJ mice displayed 

impairment in regenerative capacity compared to wild type animals (C3H/HeN 

mice). Su et al utilised tlr4-mutant C3H/HeJ mice to examine the role of TLR4 

in toxin induced liver injury (CCl4 model) and hepatic regeneration. 
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C3H/HeJ was employed in other liver studies as well. Chen and colleagues 

(2007) reported the involvement of TLR4 during acute endotoxaemia, as liver 

macrophages and endothelial cells from C3H/HeJ mice failed to exert any 

cellular responses following LPS stimulation (Chen et al. 2004). Furthermore, 

TLR4 signaling has been implicated in early-alcohol induced liver injury 

(Uesugi et al. 2001), hepatic injury following haemorrhagic shock (Levy et al. 

2006) as well as following bilateral femur fracture (Prince et al. 2006), as 

C3H/HeJ mice experienced reduced systemic and hepatic inflammatory 

response in these pathological conditions. In the hepatic 

ischaemia/reperfusion (I/R) injury model, Wu et al. (2004) and Tsung et al. 

(2005) used C3H/HeJ mice to prove that TLR4 is involved in hepatic I/R injury, 

as C3H/HeJ mice appear to have only mild hepatic injury compared to the wild-

type animals.  

C3H/HeJ mouse model has also been widely to study other conditions related 

to inflammation. One such example is otitis. MacArrthur et al (2006) used the 

C3H/HeJ mice to study chronic inflammation of middle ear (otitis) because of 

this strain’s inability to clear Gram-negative bacterial infections.  Another area 

where C3H/HeJ mice is widely studied is Alopecia areata (AA). It is a cell-

mediated autoimmune disease that targets actively growing hair follicles in 

mammals, including humans and mice.  C3H/HeJ mice have shown to develop 

spontaneous AA. This is because hair proteins from clinically normal, young, 

C3H/HeJ mice were more distinct from other inbred strains but not as different 

than those with mutations causing structural defects in the hair shafts (Rice  et 

al., 2012). The findings from Rice et al., (2012) suggest that C3H/HeJ mice 

may have inherent abnormalities or protein differences that predispose them 
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to developing AA later in life, either as novel target proteins for the immune 

system or structural weaknesses that might exacerbate the effects of the cell-

mediated autoimmune response. Development of the C3H/HeJ spontaneous 

mouse model AA provided a much-needed tool to test the hypotheses and 

ultimately serve as a preclinical model for drug testing. Discoveries in both 

human AA patients and the mouse model supported each other and lead to 

discoveries on the incredibly complex genetic basis of this disease. 

The use of the C3H/HeJ mutant mouse in investigations of LPS receptors and 

signal transductions systems has been applied in studies where multiple 

factors are involved. Of particular interest is the process of liver regeneration 

where research has been done extensively.  
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1.8 Complement and Liver Regeneration 

The ability to regenerate complex structures and reconstruct entire body parts 

for damaged tissues is a trait widely encountered among invertebrates and in 

lower vertebrates such as amphibians (Brockes 1997). In urodele amphibians, 

the process of regeneration is particularly prominent in the limb and tail 

(Brockes 1997). Limb regeneration entails the activation of a number of 

complex developmental pathways that act in accordance to promote 

dedifferentiation, proliferation and redifferentiation of mesenchymal cells into 

the specific cell types that comprise the various tissues of the regenerating 

limb (Mastellos and Lambris 2002). Del Rio-Tsonis and colleagues in 1998, 

was the first study to present a surprising link between Complement and tissue 

regeneration. They showed the C3 is specifically expressed in the blastema 

cell layer of regenerating limb in urodeles. The blastema cell layer is said to 

be the morphogenetic hallmark of limb regeneration as it consists of 

dedifferentiated epithelial cells that are received from the local 

microenvironment, re-enter the cells cycle and undergo differentiation into 

various cell types (Tsonis et al. 2000). C5 has been also been implicated in 

the regeneration of lens and limb in the newt (Mastellos et al. 2005), further 

implicating the Complement system further as an important mediator of 

regeneration.  

This potential involvement of Complement activation in the regeneration 

process had provided the interesting hypothesis that Complement in addition 

to its role in immunity, may also participate in the regulation of the regenerative 

response in more evolved species. Therefore, a vast interest has been placed 



52 
 

in the novel interaction of Complement components and the only organ in 

mammals that can regenerate, the liver. 

Markiewski et al. (2004) demonstrated that the Complement system is 

involved in the regulation of liver regeneration after partial hepatectomy and 

CCl4-mediated injury. C3 cleavage fragments appeared in the serum of 

animals in the first few hours after injury, while a second, more pronounced 

wave was seen between 24 and 60 hours after injection of CCl4.  This time 

frame for primary activation correlates with the priming phase of liver 

regeneration, when cytokine signaling activates transcription factors (NF-kB, 

STAT3). It was also shown that peaks of Complement activation in serum were 

associated with deposition of Complement proteins in liver tissue and the 

authors concluded that activation might act as a response to stimuli that trigger 

regeneration. Mice deficient in C3 showed a decrease in BrdU incorporation 

(marker of hepatocyte proliferation) and a delayed peak of hepatocyte 

proliferation, thus impaired liver regeneration. Reconstitution of C3-/- mice with 

C3a completely restored hepatocyte DNA synthesis in wild-type mice, leading 

to the conclusion that C3 activation is critical for the normal recovery of liver 

mass after injury.  

C5 was shown to play an integral role in liver restoration after PH (Mastellos 

et al. 2001). Mice deficient in C5 show impaired regeneration by a delay of 

approximately 36 hours in the entry if their hepatocytes in the S-phase 

(replication). The defect in hepatocyte proliferation was corrected and normal 

liver growth restored in these mice after reconstitution with C5 (Mastellos et al. 

2001). Murine C5 restored proliferation up to 70% of peak wild type levels, 48 
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hours after injury. Receptor blockade of C5aR also demonstrated a diminished 

hepatocyte proliferation. Therefore, results suggesting C5 exerts its function 

on hepatocytes through its activated C5a fragment (Mastellos et al. 2001) also 

stated that the downstream stimulation of C5aR signaling pathways that act 

either locally, or extrahepatically by promoting the release of priming factors 

such as cytokines. 

C5a receptors are upregulated in liver regeneration (Daveau et al. 2004). 

There is a three-fold increase in C5aR mRNA 6 hours after 80% partial 

hepatectomy. Binding by a C5a receptor agonist to its C5aR early in the 

regeneration response also caused a transient up regulation of HGF mRNA; 

the most potent mitogenic factor in the liver. This study was first to conclude 

that C5a through its specific interaction with its receptor is involved in 

proliferation and may elicit a growth response. These results provided a novel 

role for C5aR implicating the Complement system in the proliferative pathways 

concerned with recovering liver mass (Daveau et al. 2004).  

Mice deficient in C3 or C5 had diminished liver regeneration and fatal liver 

failure after partial hepatectomy. However, interestingly upon simultaneous 

reconstitution with C3a and/or C5a in C3 and C5 knock out mice, severely 

impaired regeneration was restored. Furthermore, Strey et al. (2003) 

demonstrated C5aR stimulation was required for intrahepatic upregulation of 

TNF-α and IL-6 as mRNA expression of these respective cytokines was 

decreased following PH in C5a receptor antagonist treated animals. Also, C5a 

receptor engagement caused NF-κB and STAT-3 dependent pathways to be 

stimulated in the regeneration process. Similar results regarding the activity of 
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transcription factors were found with C3 and its consequent activation of the 

STAT-3/NF-κB activation pathway for normal regeneration. 

Both Mastellos et al. (2001) and Strey et al. (2003) concluded their respective 

studies by stating that Complement activation occurs simultaneously with 

initiation of liver regeneration and leads to the generation of potent 

inflammatory mediators, C3a and C5a. These anaphylatoxins may contribute 

to the to the early priming stages of hepatocyte proliferation and therefore 

regulation of cytokine release and/or production, and consequent induction of 

transcription factors require for regeneration by acting on their respective 

receptors expressed on liver cells. 

As mentioned earlier, several factors are implicated in the initiation of liver 

regeneration with IL-6 and TNF-α considered to be among the most important 

that regulates early liver regeneration. The activation of cytokine dependent 

pathways with the Complement system has become increasingly evident that 

these two signaling pathways are crucial in the early growth response of liver 

regeneration.   

Furthermore, the findings by Markiewski  et al. (2009) presented evidence that 

Complement activation is associated with liver regeneration.  They claimed 

that these anaphylatoxins are essential for the survival of liver cells during 

regeneration by regulating the cytokine milieu (Markiewski et al. 2009). Mice 

deficient in C3 negatively altered the induction of the amounts of IL-6 and TNF, 

which correlated with the impairment of liver cell survival after partial 

hepatectomy (Markiewski et al. 2009).  
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All the aforementioned studies point to a consequential link between 

Complement deficiency and alterations in cytokine signaling pathways thus 

suggesting that Complement effectors act as an upstream regulator of the 

cytokine network. The Complement systems may have novel and profound 

influences that allow it to act as an important modulatory component of liver 

regeneration. 

1.9 TLR4 and Liver Regeneration 

Recent research has shown that components of the innate immune system, in 

particular LPS and its ability to stimulate mediators of liver regeneration, as a 

logical candidate to be a master upstream molecule associated with liver 

regeneration. Therefore, this bacterial endotoxin and its receptor, TLR4, have 

been implicated as the trigger and stimulating pathway for the proinflammatory 

response occurring at the start of the regenerative process. 

Takayashiki et al. (2004) reported an upregulation of TLR4 expression and 

function plays an important role after hepatectomy. Firstly, results showed an 

increased expression of TLR4 significantly 6-72 hours after hepatectomy with 

a similar rise in hepatic NF-κB, mRNA and serum levels of TNF-α compared 

to controls. Secondly, a low dose of LPS, activating the TLR4 pathway 

stimulated liver proliferation in LPS-sensitive mice (normal control mice) back 

to normal levels (Takayashiki et al. 2004). 

 Moreover, Seki et al. (2005) demonstrated the important contribution of TLR 

and myeloid differentiation factor 88 (MyD88) signaling to murine liver 

regeneration. Suppression of the important adaptor molecule for signaling 

mediated by TLR4 using MyD88 -/- mice impaired liver regeneration, observed 
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by a significant decrease in liver weight / body weight ratio. NF-κB activation 

levels were greatly reduced and the study suggested that nuclear translocation 

of NF-κB in non-parenchymal cells could possibly account for the early 

increase in NF-κB DNA binding activity after PH.  

A 600x greater increase in IL-6 was observed 3 hours after hepatectomy in 

wild type mice compared to MyD88 -/- mice. This study produced results that 

highlighted the importance of various proinflammatory cytokines in initiating 

the inflammatory response, but downplayed the importance of TLR/MyD88 in 

regeneration of the liver after PH by stating its minor role in the late-phase 

(Seki et al. 2005). Cornell et al. (1990) used C3H/heJ mice to prove that the 

TLR4 pathway and subsequent cytokine activation to be an important factor in 

regeneration based on their findings on tlr4-mutant C3H/HeJ with a delay in 

liver regeneration after partial hepatectomy. Liver regeneration quantified by 

[3H] thymidine incorporation into hepatic DNA, was delayed at least 12 hours 

in C3H/HeJ mice compared to its normal substrain C3H/HeN. In addition, 

pretreatment of C3H/HeN mice with 100 ng/ml of LPS significantly enhanced 

replication to 487% of the control values, while in endotoxin resistant C3H/HeJ 

mice there was no stimulation of DNA synthesis in response to LPS. Cornell  

et al. (1990) conclude that inability to release cytokines in response LPS may 

explain the significant delay of liver regeneration (Cornell et al. 1990). 

Similarly, Su et al. (2004) demonstrated TLR4 mutant mice show impaired 

hepatocyte regeneration after carbon tetrachloride (CCl4) induced liver injury. 

Hepatocyte proliferation induced by CCl4 was suppressed in C3H/HeJ mice. 

Additionally, decreased intra-hepatic IL-6 and TNF-α levels were also detected 



57 
 

in LPS resistant mice (C3H/HeJ) compared to the control mice.  This data 

supports the hypothesis that TLR4 possibly mediates liver regeneration 

through its modulation of cytokines (Su et al. 2004). 

In contrast to the aforementioned studies, Campbell et al. (2006) stated that 

TLR4 does not play a role in regulating cytokine production or DNA replication 

after partial hepatectomy. There were no significant differences after analysis 

of hepatocyte proliferation and IL-6 activation in tlr4 knockout (tlr4-/-) mice 

compared to wild type strains. Findings from the study suggested that a point 

mutation in tlr4 has more profound effects on liver regeneration that the loss 

of the entire receptor. 

A number of possible mechanisms have been postulated why TLR4 may not 

be involved in the initiation of liver regeneration. However, this data indicates 

and suggests that at least one other non-TLR4 pathway with LPS receptors 

must be involved in early liver regeneration and responsible for the delayed 

liver regeneration seen in C3H/HeJ mice. Growing evidence from other 

immune responses, in particular the Complement system that can be activated 

by LPS, can attest to this hypothesis.  

1.10 Innate immunity: A crucial factor in liver regeneration 

Innate immunity is an important part of immune system that comprises the 

cells and mechanisms that defend the host from infection by other organism. 

Innate immunity usually works by recruiting immune cells to sites of 

infection, through the production of chemical factors, including specialized 

chemical mediators, called cytokines. Another important aspect of innate 

immunity is the activation of the Complement cascade to identify bacteria, 
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activate cells, and promote clearance of antibody complexes or dead cells. 

TLR4 and Complement system are two crucial components of innate 

immunity that can be proinflammatory, thus aiding in the liver regeneration 

process that acts upon these proinflammatory signals.  

Adult hepatocytes are in G0, the resting phase of the cell cycle, under 

normal conditions. They need to be primed in order to enter the cell cycle 

and replicate. Priming involves components of innate immunity, and the liver 

regeneration response after PH has been described as a modified wound 

healing response (Michalopoulos 2007).  

The very first trigger of the liver regeneration response after PH has not yet 

been identified, but a likely molecule for this is lipopolysaccharide (LPS), a 

component of Gram-negative bacteria which is produced by the breakdown 

of intestinal bacteria (Fausto et al. 2006; Seki et al. 2005). LPS is recognized 

by toll-like receptors (TLR) and a knockout (KO) mouse model of MyD88, 

an adaptor for TLR intracellular signaling, exhibited impaired priming (Seki 

et al. 2005; Campbell et al. 2006). Curiously, KO mice with a single or 

combined loss of important TLRs did not exhibit impaired priming, 

suggesting that the MyD88 requirement for liver regeneration acts 

independently of these factors (Seki et al. 2005). The innate immune 

components of Complement system, C3a and C5a, referred to as 

anaphylatoxins, are also essential for priming, and mice deficient in these 

factors display impaired liver regeneration after PH (Strey et al. 2003).  

Once initial upstream events have occurred to trigger the response to the 

injury stimulus, Kupffer cells produce two key cytokines mediated by the 
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activation of the transcription factor nuclear factor-kappa B (NF-κB). The 

production of these cytokines, IL-6 and TNF-α, and subsequent downstream 

events mediated by activation of the transcription factor, signal transducer 

and activator of transcription 3 (STAT 3) in hepatocytes are widely accepted 

to be significant in liver regeneration (Fausto et al. 2006).  

The basic mechanism for priming is described as follows. NF-κB activation 

and its translocation to the nucleus occur in Kupffer cells through TNF 

binding to its receptor, leading to transcription of early genes including those 

of cytokines TNF and IL6. The IL6 receptor on hepatocytes is activated by 

IL6 binding, and its intracellular component is a Janus-associated kinase 

(JAK) which phosphorylates and thereby activates the transcription factor 

STAT 3, allowing for a homodimer of STAT 3 to relocate to the nucleus and 

activate the transcription of many genes involved in priming, including 

suppressor of cytokine signaling 3 (SOCS 3) (Fausto et al. 2006). SOCS 3 

is an important negative feedback regulator that serves to inactivate IL6 

signaling (Riehle et al. 2008).  

While these key signaling pathways are activated during the early stages of 

liver regeneration, they are by no means the only early events that take 

place. In fact, within just 30 minutes after PH, a whole host of cellular events 

occur, demonstrating the complexity of liver regeneration (Michalopoulos 

2007). For example, just 5 minutes after PH, urokinase plasminogen 

activator activity is induced, which allows for release of hepatocyte growth 

factor (HGF) from extracellular matrix stores (Michalopoulos 2007). 

Additionally, β-catenin and Notch signaling, which are part of programs 
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important in growth and development, are activated within 5-15 min after PH 

(Michalopoulos 2007). Additionally, studies showed that following PH, HGF 

differentially regulates IL-6 production in hepatocytes (induces) versus 

immune cells (suppresses), signifying disparate regulation of the cell 

sources involved in IL-6 production is a biologically relevant mechanism 

(Norris et al. 2014). Matrix remodeling is very important in liver regeneration 

as it allows for the accommodation of new cells during proliferation and the 

exposing of regulatory factors, including growth factors that are involved in 

activating gene programs. 
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1.11 RNA sequencing and its applications in biological research 

Transcriptome is a collection of whole RNA molecules in the cell, including 

mRNA, tRNA, rRNA and non-coding RNA (Wang et al. 2009). Since 

transcriptome variation exists between different individuals, studying the 

transcriptome differences between individuals can provide more insights into 

the biological mechanisms behind different phenotypes (Frith et al. 2005). 

RNA-seq, also called whole transcriptome sequencing, is an advanced 

technique developed based on the next-generation sequencing (NGS) 

technology. NGS is a high-throughput DNA sequencing technology that 

identifies the bases of a small fragment of DNA from signals emitted from the 

re-synthesized complementary bases in a massively parallel fashion. It has 

provided unprecedented scope and resolution for transcriptome profiling and 

analysis. RNA-seq can not only characterize multiple functional elements of a 

genome, such as exons, introns and the transcription start sites, but also can 

identify the splice variants and quantify the expression levels of a gene 

(Nagalakshmi et al. 2010). 

Transcriptomic strategies have seen broad application across diverse areas 

of biomedical research, including disease diagnosis and profiling (Wang  et al. 

2009). RNA-Seq approaches have allowed for the large-scale identification of 

transcriptional start sites, uncovered alternative promoter usage and novel 

splicing alterations. These regulatory elements are important in human 

disease, and therefore, defining such variants is crucial to the interpretation of 

disease-association studies (Costa et al. 2013). RNA-Seq can also identify 

disease-associated single nucleotide polymorphisms (SNP), allele-specific 
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expression and gene fusions contributing to our understanding of disease 

causal variants (Khurana et al. 2016). 

Retrotransposons are transposable elements which proliferate within 

eukaryotic genomes through a process involving reverse transcription. RNA-

Seq can provide information about the transcription of endogenous 

retrotransposons that may influence the transcription of neighboring genes by 

various epigenetic mechanisms that lead to disease (Slotkin and Martienssen 

2007). Similarly, the potential for using RNA-Seq to understand immune-

related disease is expanding rapidly due to the ability to dissect immune cell 

populations and to sequence T cell and B cell receptor repertoires from 

patients (Proserpio and Mahata 2016; Byron et al. 2016). 

RNA-Seq of human pathogens has become an established method for 

quantifying gene expression changes, identifying novel virulence factors, 

predicting antibiotic resistance and unveiling host-pathogen immune 

interactions (Wu et al. 2008; Suzuki et al. 2014). A primary aim of this 

technology is to develop optimised infection control measures and targeted 

individualised treatment (Byron et al. 2016) 

Transcriptomic analysis has predominantly focused on either the host or the 

pathogen. Dual RNA-Seq has recently been applied to simultaneously profile 

RNA expression in both the pathogen and host throughout the infection 

process. This technique enables the study of the dynamic response and 

interspecies gene regulatory networks in both interaction partners from initial 

contact through to invasion and the final persistence of the pathogen or 
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clearance by the host immune system (Westermann et al. 2012; Durmuş et al. 

2015). 

All transcriptomic techniques have been particularly useful in identifying the 

functions of genes and identifying those responsible for particular phenotypes. 

Transcriptomics of Arabidopsis ecotypes that hyperaccumulate metals 

correlated genes involved in metal uptake, tolerance and homeostasis with the 

phenotype (Verbruggen et al. 2009). Integration of RNA-Seq datasets across 

different tissues has been used to improve annotation of gene functions in 

commercially important organisms (e.g. cucumber) (Li et al. 2011) or 

threatened species (e.g. koala) (Hobbs et al. 2014). 

Assembly of RNA-Seq reads is not dependent on a reference genome 

(Grabherr et al. 2011)  and so ideal for gene expression studies of non-model 

organisms with non-existing or poorly developed genomic resources. For 

example, a database of SNPs used in Douglas firbreeding programs was 

created by de novo transcriptome analysis, in the absence of a sequenced 

genome (Howe et al. 2013). Similarly, genes that function in the development 

of cardiac, muscle and nervous tissue in lobster were identified by comparing 

the transcriptomes of the various tissue types, without use of a genome 

sequence (McGrath et al. 2016). RNA-Seq can also be used to identify 

previously unknown protein coding regions in existing sequenced genomes. 

Transcriptomics is most commonly applied to the mRNA content of the cell. 

However, the same techniques are equally applicable to non-coding RNAs 

that are not translated into a protein, but instead, have direct functions (e.g. 

roles in protein translation, DNA replication, RNA splicing and Transcriptional 
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regulation) (Noller 1991; Kishore and Stamm 2006; Hüttenhofer et al. 2005). 

Many of these ncRNAs affect disease states, including cancer, cardiovascular 

and neurological diseases (Esteller 2011). 

Transcriptomics allows identification of genes and pathways that respond to 

and counteract biotic and abiotic environmental stresses. The non-targeted 

nature of transcriptomics allows the identification of novel transcriptional 

networks in complex systems. For example, comparative analysis of a range 

of chickpea lines at different developmental stages identified distinct 

transcriptional profiles associated with drought and salinity stresses, including 

identifying the role of transcript isoforms of AP2-EREBP (Garg et al. 2016). 

Investigation of gene expression during biofilm formation by the fungal 

pathogen Candida albicans revealed a co-regulated set of genes critical for 

biofilm establishment and maintenance (García-Sánchez et al. 2004). 

Transcriptomic profiling also provides crucial information on mechanisms of 

drug resistance. Analysis of over 1000 Plasmodium falciparum isolates 

identified that upregulation of the unfolded protein response and slower 

progression through the early stages of the asexual intraerythrocytic 

developmental cycle were associated with artemisinin resistance in isolates 

from Southeast Asia (Mok et al. 2015). 

As RNA-Seq is clearly emerging and will likely be extensively employed in the 

future, recent publications with this technique demonstrate the variety of 

different experimental opportunities made available. Most frequently, RNA-

Seq demonstrates isoform specialization and identifies novel splicing 

dynamics in alternate splice forms, unannotated transcripts and changes in 
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gene expression (Mortazavi et al. 2008; Trapnell et al. 2010). Other studies 

using RNA-Seq show that it can be used instead of whole genome sequencing 

to identify coding variants of a gene and find relevant mutations (Cirulli et al. 

2010). Another use is to find the targets of a particular miRNA: overexpression 

of a miRNA of interest caused changes in gene expression that could be 

identified through RNA-Seq (Cibois et al. 2010). Additionally, software has 

been developed to use RNA-Seq data to find the primary origin of a cancer 

and determine the heterogeneity of the site (Quon and Morris 2009), which will 

likely have significant clinical applications in all cancer types. It is almost 

certain that these sequence-based methods for transcript and gene 

expression changes and gene discovery will ensure continued popularity of 

RNA-Seq. 

1.11.1 Transcriptomic analysis in liver research 

Many studies on transcriptomic analysis of liver regeneration have employed 

either  microarrays or RNA-sequencing of liver injury and  regeneration These 

studies have concentrated on circulating markers (Wetmore et al. 2010), the 

involvement of gut micriobiota (Liu et al. 2016), cell size (Miettinen et al. 2014), 

ageing (White et al. 2015), and circadian clocks (Atwood et al. 2011) have 

generated interesting findings.  

In a study by Meittenin et al (2014), RNA-seq analysis of hepatocyte cell and 

nuclear size after PH revealed that the connectivity of the genes correlates 

with cell size by using a protein-association network database. The positively 

correlating network contained DNA replication genes, ribosomal protein-

coding genes, Rho GTPase-related genes, cytoskeleton and cell-adhesion-
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related genes, E2F-related, and Hippo pathway genes all of which are likely to 

be involved in liver growth. The negatively correlating network contained a 

large cluster of mitochondrial genes and smaller clusters containing 

cholesterol biosynthesis genes, apolipoprotein and serine protease inhibitors 

(serpin), and genes involved in glutathione, phenylalanine and tyrosine, and 

one-carbon metabolism. These networks had 2.3 and 8.1 times more 

connections per gene, respectively, than similarly sized random networks, 

indicating functional interactions (Miettinen et al. 2014). 

In another RNA-seq analysis study by Yan et al (2016) on circulating 

extracellular markers after PH concluded that miRNA expression is altered 

during the priming phase of liver regeneration, and several genes and proteins 

are known to have altered expression during this phase. They identified 

alterations in the hepatic expression of 30 miRNA genes within the first 90 

minutes after PH. The alterations in expression of virtually all of these miRNA 

were transient, consistent with a high degree of regulation and temporal trends 

in the expression of several factors, such as priming factors at the onset of the 

regenerative process. The very rapid alterations in circulating extracellular 

miRNAs observed after PH supports their involvement in systemic responses 

during this early priming phase of the regenerative process (Yan et al. 2016). 

RNA sequencing has also helped in understanding the transcriptomics 

changes during liver development. To exemplify this, a study conducted by 

Gunewardena et al (2015) used RNA-Seq to interrogate the developmental 

dynamics of the liver transcriptome in mice at 12 ages from late embryonic 

stage (2-days before birth) to maturity (60-days after birth). Among 21,889 
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unique national Centre for Biotechnology Information (NCBI) RefSeq-

annotated genes, 9,641 were significantly expressed in at least one age, 7,289 

were differentially regulated with age, and 859 had multiple RNA splicing-

variants. Statistical factor analysis methods have previously been used to 

remove noise components from high-dimensional data prior to genetic 

association mapping and, in a guided fashion, to summarize biologically 

relevant sources of variation. Factor analysis showed that the dynamics of 

hepatic gene expression fall into six distinct groups based on their temporal 

expression. The average expression of (i) cytokines, (ii) ion channels, (iii) 

kinases, (iv) phosphatases, (v) transcription regulators and (vi) translation 

regulators decreased with age, whereas the average expression of (i) 

peptidase enzymes and (ii) transmembrane receptors increased with age. The 

average expression of growth factors peak between Day-3 and Day-10 after 

the start of suckling, and decreased thereafter. They also identified critical 

biological functions related to protein synthesis, cell function and maintenance, 

tissue development; upstream regulators responsible for liver development, 

and putative transcription modules that seem to govern age-specific gene 

expression. In conclusion, the hepatic ontogeny of the transcriptome ontogeny 

has unveiled critical networks and up-stream regulators that orchestrate age-

specific biological functions in liver, and suggest that age contributes to the 

complexity of the alternative splicing landscape of the hepatic transcriptome 

(Gunewardena et al. 2015). 

Ageing is another area which could have implications on liver regeneration. 

Reports suggest that aging compromises the liver's regenerative capacity, 

both in the rate and extent to which the organ's original volume is restored. 
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There has been modest definitive information as to which cellular and 

molecular mechanisms regulating hepatic regeneration are affected by aging. 

However, Next-generation sequencing technology has opened up the 

possibility to study the molecular basis of aging in a great detail. In a study of 

mouse liver, a total of 1102 protein-coding transcripts were differentially 

expressed between livers of young and old mice. In addition,  an additional 

105 differentially expressed isoforms and 162 differentially expressed non-

coding RNAs (White et al. 2015). White et al (2015) also uncovered three main 

sets of interacting networks: inflammation and cancer, proliferative 

homeostasis, and lipid metabolism. The most prominent one, inflammatory 

response, was also supported by multiple non-coding RNAs novel to liver 

aging in the interferon-gamma (IFNG) mediated pro-inflammatory response. 

This study highlights the complexity of transcriptome changes in aging 

mammals. Indeed, such complexity is likely higher still when possible strain 

differences and variation across multiple age levels will be taken into account. 

However, such unprecedented detail in visualizing the aging transcriptome 

allows us not only to uncover the major gene networks of phenotypic change 

with age, but also to test some very basic hypotheses about loss of 

transcriptional fidelity as a possible ultimate cause of aging. 
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1.12 Hypotheses of the study 

Chapter 2: Liver mass restoration and hepatocyte proliferation after partial 

hepatectomy in LPS-sensitive and –insensitive mice, with and without 

Complement receptor blocking by C3a and C5a receptor antagonists. 

As previously mentioned, LPS/TLR4 signaling and Complement pathways is 

important for normal liver regeneration. Therefore, we would like to find out 

whether liver mass restoration and hepatocyte proliferation after partial 

hepatectomy are altered when the mice have a compromised TLR4 signaling 

and Complement signaling 

 Hypothesis: TLR4 and Complement pathways are crucial for liver 

regeneration after partial hepatectomy. 

Chapter 3: Effect of lack of functional TLR4 and acutely blocked Complement 

pathway on important sigmals leading to regeneration  

Both TLR4 pathway and Complement pathway can be activated after partial 

hepatectomy through their common ligand LPS. This results in the production 

and activation of pro-inflammatory cytokines including TNF- and IL-6. 

Therefore, we investigated whether delayed liver regeneration in tlr4-mutant 

C3H/HeJ mice is associated with delayed cytokine response of TNF- and IL-

6. We also analysed the effect of Complement system on this signaling. We 

investigated the Cell cyclin D1 and STAT3 gene expression changes. 
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 Hypothesis: In C3H/HeJ, TNF-, IL-6 responses are attenuated 

following PH. Blocking Complement components will lead to lower 

expression of these cytokines. 

 Hypothesis: Cyclin D1 and STAT3 expression is attenuated after PH in 

C3H/HeJ mice 

Chapter 4: Involvement of LPS and TLR4 in Liver regeneration 

LPS is the signaling molecule that activates TLR4 pathway. We wanted to 

see what happens if LPS by gram negative bacteria is eliminated by treating 

the mice with antibiotics. We also wanted to ascertain the role of TLR4 by 

studying the effect of treatment of anti-TLR4 antibody MTS-510 on 

regeneration. We also measured injury market ALT levels. 

 Hypothesis: LPS triggers liver regeneration after partial hepatectomy 

via the TLR4 signaling pathway. 

 Hypothesis: Pro-inflammatory cytokine levels are attenuated upon 

antibiotic treatment and anti-TLR4 antibody treatment. 

Chapter 5: Transcriptomic analysis of pathways implicated in Liver 

regeneration using RNA-sequencing 

The process of liver regeneration involves multiple critical steps, including 

priming phase, proliferation and cell-cycle progression as well as tissue 

remodelling and restoration of the normal liver architecture. Therefore, we 

would like to investigate how the gene expression patterns across several 

important signaling pathways and functional groups change between 

C3H/HeN and C3H/HeJ mice at early and late-phase time-points. 
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 Hypothesis: Delayed regeneration in C3H/HeJ strongly correlates with 

the gene expression in liver transcriptome following partial 

hepatectomy. 
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CHAPTER 2 
LIVER GROWTH AND 

PROLIFERATION AFTER PARTIAL 
HEPATECTOMY 
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2.1 INTRODUCTION 

 

2.1.1 Liver is exposed to gut derived endotoxin 

In the mammalian body, the liver sits next to and has a very close link to the 

bowel. It is constantly exposed to gut-derived bacterial products. The liver has 

an important task of removing toxic elements from the blood and helps as an 

effective primary defensive system. Hence, it is crucial for the liver to have 

functional and efficient machinery for detecting any pathogens, and for helping 

the body eliminate them by recruiting the necessary immune components. The 

hepatic macrophages or Kupffer cells are known to clear LPS from the blood. 

This was demonstrated by the fact that most of the LPS is taken up by Kupffer 

cells immediately following its intravenous infusion (Mathison and Ulevitch 

1979; Van Bossuyt et al. 1988). Additionally, these resident liver macrophages 

play an important role in the clearing systemic bacterial infections through 

phagocytosis (Schwabe et al. 2006). The liver maintains its homeostasis 

without showing signs of inflammation despite the continuous exposure to low-

levels of gut-derived bacterial products. 

2.1.2 LPS/TLR4 pathway in liver regeneration 

First identified in Drosophila during their embryonal development, Toll was 

later found to act as an important component in fighting fungal infections 

carried by fruit flies (Lemaitre et al. 1996). The cytoplasmic domain of 

Drosophila Toll protein was found to be similar to human interleukin-1 receptor 

(IL-1R), a protein with a clear immune function in mammals (Poltorak et al. 

1998b). The first human Toll-like receptor, now known as TLR1, was first 

identified and described by Nomura et al in 1994 (Nomura et al. 1994). Later, 
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in 1997, TLR4 was discovered. The TLR4 receptor, upon activation, could 

activate a number of genes necessary for priming an adaptive immune 

response (Medzhitov, 1997). A year after TLR4 was identified (Poltorak et al. 

1998), its function as a receptor to LPS was confirmed, as a mutation in the 

tlr4 gene was found in LPS-hyporesponsive C3H/HeJ mice (Visintin et al. 

2003). To date, at least 13 members of the TLR family have been identified in 

mammals, and every receptor appears to possess a distinct function in 

pathogen recognition (Lim and Staudt 2013). Based on their localisation, TLRs 

are can categorised into two subfamilies:  cell surface TLRs and intracellular 

TLRs. Cell surface TLRs include TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10, 

whereas intracellular TLRs are localized in the endosome and include TLR3, 

TLR7, TLR8, TLR9, TLR11, TLR12, and TLR13 (Kawasaki and Kawai 2014). 

LPS is a glycolipid that is present on the outer membrane of Gram-negative 

bacteria (Wong et al. 1999). LPS is a very effective toxin that is comprised of 

a lipid moiety (Lipid A) and a polysaccharide section. Lipid A is the responsible 

agent for the toxic effects of LPS. Upon a bacterial infection, pro-inflammatory 

cytokines, such as TNF-, IL-6 and IL-1 are released as a result of the 

interaction of the lipid A moiety of LPS with macrophages or monocytes 

(Takushi et al. 2006). However, excessive pro-inflammatory cytokine 

production in certain conditions can cause septic shock syndrome, and will be 

detrimental to the host animal (Chaudhry et al. 2013).  

Even though immune system activation by LPS is a widely accepted fact, the 

mechanisms that underlie LPS recognition are complex and poorly understood 

(Maitra et al. 2012). The process of binding of LPS monomers to CD14 and 
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thereby enhancing the sensitivity of cells to LPS is facilitated by 

lipopolysaccharide binding protein (LBP) (Netea et al. 2002). LBP is equipped 

for transmitting LPS to lipoproteins therefore dampening the LPS activation 

(Wurfel et al. 1994). Hence, during endotoxaemia, LBP carries LPS to CD14 

bringing about cell activation, but the subsequent transfer of LPS to HDL (high-

density lipoproteins) by LBP dampens the prior activation, bringing in a 

balance to the system (Levels et al. 2005). 

The liver expresses toll-like receptors on its cellular population. The healthy 

liver contains low mRNA levels of TLRs including tlr1, tlr2, tlr4, tlr6, tlr7, tlr8, 

and tlr10 and signaling molecules md2 and myd88 (Yang et al. 1999). For 

instance, Kupffer cells and hepatocytes both have been reported to express 

TLR4 and TLR2, although their expression in hepatocytes is reasonably weak 

(Yang et al. 1999). Activated hepatic stellate cells and sinusoidal endothelial 

cells also express TLR4, and show increase in NF-κB activation as well as 

pro-inflammatory cytokine response following LPS stimulation (Yang et al. 

1999). Biliary epithelial cells in mice express TLR2, TLR3, TLR4 and TLR5 

and display NF-κB activation and TNF- after LPS stimulation in vitro 

(Schwabe et al. 2006). 

The liver is a unique organ with a capability to regenerate following injury and 

at the same time is able to maintain its function and metabolic homeostasis. 

Liver regeneration is a very complex process. It involves many cellular 

responses and processes, including proliferation of liver cells, remodeling of 

the extracellular matrix and restoration of liver architecture, which are all 

completed within 7-14 days following the injury (Okada et al. 2004).  
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The components of the innate immune system are closely associated with liver 

regeneration, including LPS, TNF- and IL-6 (Enomoto et al. 2000). Cornell et 

al demonstrated that increased LPS levels were found in rats following 70% 

PH (Cornell et al. 1990). There were about 20 and 40-fold increase in LPS 

after PH in portal and systemic venous blood samples compared to sham-

operated group. Furthermore, administration of exogenous LPS, 24 hours 

before PH, accelerated hepatic replication in these animals (Ding et al. 2005). 

In a separate study by the same group established that restriction of gut-

derived LPS resulted in impairment of DNA synthesis after PH (Enomoto et al. 

2000). Of particular note, Cornell and his colleagues demonstrated that liver 

regeneration is delayed in C3H/HeJ mice (Cornell et al. 1990), a mouse strain 

that is hypo-responsive to LPS due to a point mutation in tlr4 gene (Visintin et 

al. 2003). These studies collectively indicate that LPS, and indirectly its 

receptor TLR4 possibly act as a major mediator in liver regeneration. 

Similarly, another group of investigators reported that hepatocyte proliferation 

was blunted in C3H/HeJ mice after a carbon tetrachloride (CCl4) injection 

compared to wild type animals (Su et al. 2004). This defect in regenerative 

response was associated with decreased intrahepatic expression of TNF- 

and IL-6 indicating that TLR4-mediated signaling is not only essential for liver 

regeneration after PH but also for hepatic proliferation following toxin-induced 

liver injury (Su et al. 2004). Similar to the regenerative response after PH, 

TLR4 possibly mediates hepatic regenerative response after toxic-injury by 

regulating interaction of LPS with Kupffer cells and production of pro-

proliferative cytokines IL-6 and TNF-α that are critical for this process (Su et 

al. 2004). Furthermore, Takayashiki and co-workers reported that there was a 
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significant increase in hepatic TLR4 expression after PH, which seemed to 

enhance Kupffer cell activation in response to LPS administration in mice. The 

upregulation of TLR4 expression also coincided with profound NF-κB 

activation and TNF- production (Takayashiki et al. 2004).  

More evidence of the possible involvement of TLR4 signaling in liver 

regeneration was published by Seki and co-workers (2005). Using MyD88-/- 

mice, in which downstream signal of the TLR4 pathway has been targeted. 

This group established the important contribution of MyD88 and TLR signaling 

to murine liver regeneration. In this study, they reported that liver regeneration 

was impaired in MyD88-deficient mice indicated by a significant decline in liver 

weight/body weight ratio, DNA synthesis and mitotic activity following PH in 

these mice compared to wild type animals. In addition, MyD88-deficient mice 

displayed a remarkable reduction in DNA binding activity of NF-κB in the liver 

following PH, featuring a diminished nuclear translocation of NF-κB in non-

parenchymal liver cells. This group also demonstrated the requirement of 

MyD88 signaling for the induction of TNF- and IL-6 during the hepatic 

regenerative process as MyD88-deficient mice exhibited poor TNF- and IL-6 

production following PH compared to wild type mice. They then postulated that 

impaired hepatic regeneration in MyD88-deficient mice was due to failure of 

the mice to activate NF-κB and subsequently the induction of cytokine 

response, which are considered as important mediators for normal liver 

regeneration (Seki et al. 2005). 

Bearing in mind that many other TLRs signal through MyD88, this study using 

MyD88-deficient mice (Seki et al. 2005) however was not conclusive with 
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regard to the importance of LPS/TLR4 in liver regeneration. In fact, to further 

attest the involvement of TLRs, this group performed PH in tlr2-, tlr4- and tlr9-

deficient mice. To their surprise, these TLRs-deficient mice displayed neither 

delay in DNA synthesis nor blunted DNA binding activity of NF-κB after PH.  

IL-6 induction in these mice after PH was also comparable to their respective 

wild type animals. They further speculated that although TLR5 and TLR7 

signal via MyD88, their involvement in liver regeneration is unlikely since TLR5 

recognizes flagellin and not the LPS component of bacteria, whilst TLR7 

recognizes viral ssRNA. On the other hand, TLR3 does not signal via MyD88. 

Therefore, it is surprising from this study that MyD88 seemed to be involved in 

liver regeneration but none of the TLRs is. Another possibility is that multiple 

TLRs may initiate liver regeneration (Seki et al. 2005). 

In 2006, another group of investigators also reported that TLR4 did not appear 

to be involved in the initiation of liver regeneration. Campbell and co-workers 

reported that there were no significant differences in cytokine production or 

DNA synthesis after PH in tlr4-deficient mice compared to wild type strains. 

These findings signify that a point mutation in TLR4 has more profound effects 

on liver regeneration than the loss of entire receptor (Campbell et al. 2006). 

More surprisingly, this group demonstrated that MyD88-deficient mice have 

normal hepatocyte proliferation after PH despite greatly reduced IL-6 and TNF-

 production as well as NF-κB and STAT3 activation (Campbell et al. 2006).  

Therefore, based on the findings by Campbell et al. (2006), which are 

contradictory to what Seki et al. (2005) have previously reported, it is 

reasonable to postulate that the proposed involvement of MyD88 in liver 
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regeneration is still unresolved.  

2.1.3 Complement and liver Regeneration 

Complement system has been shown to be involved in liver regeneration. LPS 

has been long known to activate Complement system by classic and alternate 

pathways (Fine 1974). The components C3 and C5 of activated Complement 

system exert their effects on hepatocyte proliferation by activation of the 

bioactive peptides C3a and C5a with the stimulation of LPS (Marshall et al. 

2014). C3 is needed for normal liver regeneration but how C3 activation 

participates in this process is unclear. When C4-dependent Complement 

pathway (classical and lectin cascades), factor B dependent Complement 

pathway (alternative signaling), or all three were disturbed, liver regeneration 

was not impaired (Clark et al. 2008).   

The Complement effector proteins, C3a and C5a, which not only are central 

to Complement-mediated inflammation (Köhl 2006; Klos et al. 2013), but also 

bind to the nearby Kupffer cells to release TNF-α , which subsequently binds 

to receptors on hepatocytes to initiate the MAPK pathway and its downstream 

immediate early genes (DeAngelis et al. 2006).  C3a not only mediates signals 

to the downstream C5a but also affects hepatocyte proliferation in a C5-

independent fashion (Mastellos et al. 2001). Mice deficient of either C3 or C5 

showed impaired liver regeneration (Strey et al. 2003).  

A Complement inhibitor, CR2-CD59, targeting the site of Complement 

activation and specially inhibiting the membrane attack complex (MAC), was 

used to study the Complement-dependent balance between liver damage and 

regeneration and the results showed that CR2-CD59 not only has no effect on 
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the production of C3a and C5a but enhances liver regeneration and 

remarkably improves the long-term survival, partly because of the increased 

level of hepatic TNF-α and IL-6 via STAT3 and Akt activation (Marshall et al. 

2014). 

A deterioration in hepatic regenerative response was also observed in C5-

deficient mice treated with CCl4. Compared to wild-type mice, C5-deficient 

mice had more serious hepatic necrosis, apoptosis, and more lipids after CCl4 

injection. C5-deficient mice treated with murine C5 or C5a had less injury than 

wild-type mice after CCl4 injection and regenerative responses were restored 

(Mastellos et al. 2001). The authors Mastellos D  et al. confirmed that hepatic 

regeneration was abated in wild type mice when C5aR was blocked with an 

antagonist, suggesting that the interaction between C5a and C5aR was 

implicated in stimulating liver regeneration (Mastellos et al. 2001). 

Another report revealed that C5a receptors were present on regenerating 

hepatocytes and C5a receptor expression was increased after liver resection. 

C5a/C5aR interaction up-regulated hepatocyte growth factor (HGF) and the 

HGF receptor c-MET mRNA (Clark et al. 2008), which are involved in mitosis 

and hepatic regeneration (Michalopoulos and DeFrances 1997). C3 and C5 

are individually needed for liver regeneration and together they may have a 

synergistic effect on hepatocyte proliferation. More severe hepatic injury was 

observed in double-deficient C3 and C5 mice compared to single-deficient C3 

or C5 mice (Strey et al. 2003). The importance of C3a and C5a in liver 

regeneration has been confirmed with single (C3 or C5) or double (C3 and C5) 

restoration in double-deficient C3 and C5 mice after hepatectomy. Hepatic 
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regenerative ability was partly but not completely restored after a single 

treatment of C3a or C5a; but when C3a and C5a were both reconstituted, liver 

regeneration in C3/C5-/- mice were rescued (Strey et al. 2003).  

Several studies confirmed that C3a and C5a are involved in early signaling 

and the transcriptional network of hepatocyte proliferation mediated by Kupffer 

cells (Clark et al. 2008; Daveau et al. 2004; Püschel et al. 1993). Binding of 

C3a or C5a to their individual receptors located on Kupffer cells and TLR4 

signaling stimulate Kupffer cells to release TNF-α and IL-6, as well as activate 

NF-κB and STAT3 signaling in hepatocytes. This induces immediate-early 

genes involved in hepatocyte regeneration (Markiewski et al. 2009; Cressman 

et al. 1996; Levy and Lee 2002). So, it can be hypothesized that both TLR and 

the Complement system are needed for significant proliferation of hepatocytes 

after PH (as summarised in Figure 2.1) 
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Figure 2.1 A figure showing the Complement and TLR4 activation by LPS leading to 
Complement peptides C3a, C5a and cytokines TNF-αand IL-6 respectively. This 
activation process ultimately helps the hepatocyte proliferation. 
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2.1.4 Objectives and hypothesis of the study 

Liver regeneration is delayed in C3H/HeJ mice possibly due to its tlr4 mutation. 

LPS also signals through Complement components C3a and C5a. These 

components have been shown to be involved in liver regeneration. Liver 

regeneration was diminished in C3-KO mice and also when the C3a receptor 

was blocked. In the light of these findings, we hypothesise that disrupting the 

signaling C3a and C5a contributes to delayed regeneration in tlr4 mutant 

C3H/HeJ mice. 

It is not known that if disruption to the LPS/C3a/C5a pathways contribute to 

the delayed liver regeneration or indeed if the LPS/TLR4 and LPS/C3a+C5a 

pathways operate separately. Therefore, in this part of study, we sought to 

confirm this by performing direct comparison of liver regeneration in C3H/HeN 

and tlr4-deficient C3H/HeJ mice. Furthermore, using the C3a and C5a 

receptor antagonists, we would like to find out whether liver regeneration is 

affected in mice when Complement signaling pathway is blocked. The use of 

C3a and C5a receptor antagonists on tlr4 mutant, C3H/HeJ mice in particular 

has a potential to reveal the individual roles of LPS/TLR4 and LPS/C3a/C5a 

pathway on liver regeneration after PH. 

We hypothesized that TLR4 signaling pathway and Complement pathway both 

contribute to the inflammatory and proliferative response. The specific 

objectives of this study are: 

 To investigate the time course of liver mass restoration and hepatocyte 

proliferation following 70% PH, using normal, LPS-sensitive mice 

(C3H/HeN) and tlr4-mutant (C3H/HeJ) mice 
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 To assess the impact of LPS/TLR4 signaling on liver regeneration, 

using tlr4-mutant mice (C3H/HeJ) 

 To compare the effect of Complement component C3a receptor 

blocking on liver regeneration in C3H/HeN and tlr4-mutant C3H/HeJ 

mice. 

 To compare the effect of Complement component C5a receptor 
blocking on liver regeneration in C3H/HeN and tlr4-mutant C3H/HeJ 
mice.  
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2.2 METHODS 

 

2.2.1 Animals 

Male C3H/HeN (Charles River, UK) and C3H/HeJ (Jackson Labs, USA) mice 

8-10 weeks old, weighing 25-30 grams were caged in group of 3-4, in a 

temperature- and humidity-controlled room, under 12 hour light-dark cycle 

(lights on from 6 a.m. to 6 p.m.). The animals were maintained on standard 

mouse diet with free access to water. All experiments were approved by the 

Animal Care Research Ethics Committee (ACREC), NUI Galway, and the 

Department of Health, under the Cruelty to Animals Act, 1876. 

2.2.2 Complement receptor antagonist treatment 

We hypothesized that Complement components C3a and C5a are another 

important factor in liver regeneration. In order to test this hypothesis, we 

treated both strains of mice with an i.p injection of either C3a receptor 

antagonist, SB 290157 (Sigma-Aldrich Co, Arklow, Ireland) (1mg/kg body 

weight), or C5a receptor antagonist, PMX53 (Tocris Biosciences, Bristol, UK) 

(1mg/kg body weight), or a combination of both at 1 mg/kg body weight.  

2.2.3 Surgical procedures 

2.2.3.1 Pre-operative preparation and anaesthesia 

The surgical procedures were performed under inhalation anaesthesia using 

isoflurane. Isoflurane was administered at an initial rate of 3% per 1L of O2/min 

and maintained at 1.5% per litre of O2 throughout the procedure. Following 

induction of anaesthesia, mice were placed in the supine position on top of a 

warming pad, to prevent hypothermia. The fur was clipped and the skin was 
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cleansed using 70% ethanol. A plastic drape, which was pre-soaked in 

ethanol, was used to cover the mouse, in order to minimize the chance of 

infection as much as possible throughout the procedure. All instruments were 

autoclaved prior to surgery. 

2.2.3.2 Partial hepatectomy (PH) 

As shown in figure 2.2, a 70% PH was performed using a modified version of 

the technique previously used by Greene and Puder (2003). All surgical 

procedures were performed under aseptic techniques. A mouse was 

subjected to a 1.5cm upper midline incision from the xyphoid inferiorly. The 

peritoneum was then lifted and incised with the microdissecting scissors to 

avoid injury to the underlying viscera. Using warmed, saline-soaked gauze to 

cover the upper- and lower-end of the incision, the upper abdomen was gently 

pushed until the three most anterior parts (right upper-, left upper- and left 

lower lobes), which made up about 70% of total liver weight, were projected 

outside the abdominal cavity. 

The 3 anterior liver lobes were then ligated and excised individually. Briefly, 

the lobe to be resected was gently lifted using moistened, sterile cotton-tipped 

applicators while 4-0 vicryl suture tie was placed underneath it using the 

forceps. The suture was placed as proximal to the origin of the lobe as 

possible. Sparing the gallbladder, the two ends of the suture were then tied 

twice. The ligated lobe was then excised, just distal to the suture. This process 

was repeated for the other two lobes. 

The abdomen was then irrigated with 1 ml sterile saline to ensure the removal 

of blood. Gentle pressure was placed on the abdomen with sterile gauze to 
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remove residual irrigation fluid. The peritoneum was then reapproximated, 

followed by skin closure with a running 4-0 vicryl suture. Finally, 1ml sterile 

saline was injected subcutaneously to replace fluid loss from intraoperative 

evaporative loss, bleeding and fluid shifts. 

2.2.3.3 0-hour control sham operation 

The 0-hour control mice underwent a sham operation. In this procedure, a 1.5 

cm upper midline incision was made from the xyphoid, inferiorly, and the 

anterior lobes were exteriorised. The liver lobes were kept outside the 

abdominal cavity, covered by saline-soaked gauzes for approximately 10 min 

and thereafter were pushed back into the peritoneum. The peritoneum was 

reapproximated, followed by skin closure, both using 4-0 vicryl suture. This 

was immediately followed by terminal euthanasia followed by blood collection 

and liver tissue harvesting.  

   Table 2.1 A list of number of animals used in each group of experiments. 

Strain Treatment type Time-points Numer of 
animals per 
time-point  

Total 
number 

C3H/HeN Untreated 
0-hour, 1-hr, 3-hr, 6-hr, 
1-day, 2-day, 3-day, 7-

day, 28-day 
6 54 

C3H/HeJ Untreated Same as above 6 54 

C3H/HeN C3aR-A treatment 0-hr, 3-hr, 2-day, 3-day, 
7-day 6 30 

C3H/HeJ C3aR-A treatment Same as above 6 30 

C3H/HeN C5aR-A treatment Same as above 6 30 

C3H/HeJ C5aR-A treatment Same as above 6 30 

C3H/HeN C3aR-A  + C5aR-
A treatment 0-hr, 3-day 6 12 

C3H/HeJ C3aR-A  + C5aR-
A treatment Same as above 6 12 
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Figure 2.2 Sample images of partial hepatectomy in a mouse. A: Abdomen 
area of the mouse was shaved. B: Mouse was cleaned with alcohol swab 
and transferred on to heating pad C: A midline-laparotomy was made 1-1.5 
cm below xyphoid process. D: Three most anterior lobes of the liver were 
exteriorized. E, F: Ligation and incision of lobes was performed individually. 
G, H:  Abdominal wall and skin closure by sutures. I: Different surgical 
instruments used in the surgery 
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2.2.3.4 Post-operative management 

Post-operatively, mice were placed under warming lights while recovering 

from anaesthesia. The mouse’s breathing pattern was closely monitored. Pain 

(vocalization, hunched posture), signs of dehydration, food and water intake 

and the condition of the operation site (bleeding, discharges, sutures) were 

also monitored regularly for the next 48 hours. The observation was recorded 

on animal welfare score sheets, provided by the Animal Care Research Ethics 

Committee, NUI Galway. 

2.2.3.5 Sampling of Material 

Blood was withdrawn by cardiac puncture under anesthesia and 

approximately 0.5-0.8 mL of blood was collected to a sterile EDTA coated 

tube. The blood was then transferred into a sterile tube and centrifuged for 7 

min at 5600 rpm. The plasma was then pipetted into another sterile tube and 

the remaining packed blood cells were discarded. The plasma was subjected 

to second centrifugation (5600 rpm) for 7 min to ensure collection of pure and 

non-contaminated supernatant. The resulting supernatant was then stored at 

-80C until used. 

The remaining liver lobes (right middle and right lower lobes) were excised 

from the euthanised mice and fixed in 4% formalin as a preparation for 

immunohistological examination. Some of the tissue was snap-frozen in liquid 

nitrogen and stored at -80C for later analysis. 
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2.2.4 Assessment of liver regeneration 

Liver regeneration was estimated by the liver weight/body weight ratio of 

regenerating liver as well as by hepatocyte proliferation assessed by 

immunostaining against Ki67. In addition, mitotic activity of regenerating liver 

was also determined using Haematoxylin & Eosin (H&E) staining.  

2.2.4.1 Liver weight/body weight ratio after PH 

To determine the weight of regenerating liver, the mice were sacrificed at 

specific time points (0, 3, 6 hour and 1, 2, 3, 7 and 28 day) after PH for 

untreated animal groups and at time points (2, 3, 7 days) for the Complement 

receptor antagonist treatment groups. The regenerating liver was removed en 

bloc. The liver weight was measured and the liver weight/body weight ratio 

was calculated as follows: 

liver weight: body weight ratio as % = 100  (regenerating liver weight/body 

weight).  

2.2.4.2 Hepatocyte proliferation assay: Anti-Ki67 immunostaining 

The expression of the Ki67 protein is strictly associated with cell proliferation 

(Scholzen and Gerdes 2000). During interphase, the antigen can be 

exclusively detected within the nucleus, whereas in mitosis most of the protein 

is relocated to the surface of the chromosomes. The fact that the Ki67 protein 

is present during all active phases of the cell cycle (G1, S, G2, and mitosis), 

but is absent from resting cells (G0), makes it an excellent marker for 

determining the so-called growth fraction of a given cell population (Scholzen 

and Gerdes 2000). 
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In this present work, we assessed hepatocyte proliferation by 

immunohistochemical detection of Ki67. Immunohistochemistry for Ki67 was 

performed using the avidin-biotin complex (ABC) method. Briefly, after 

deparaffinizing of tissue sections, the masking of antigenic sites was 

accomplished by heating tissue sections in a microwave oven (600 watts, 3 

cycles of 5 min each) in the presence of antigen retrieval solution, Tris-EDTA 

solution, which contains 10 mM Tris and 1 mM EDTA, pH 9.0. After rinsing 

and washing, the sections were immersed for 10 min in methanol containing 

0.3% hydrogen peroxide (H2O2) to block endogenous peroxidase activity.  

Thereafter, nonspecific proteins of tissues were blocked with 1% bovine serum 

albumin (BSA) in PBS for 20 min at room temperature, followed by primary 

antibody (monoclonal antibody for Ki67, DakoCytomation, Co. Ltd, Japan) 

incubation overnight at 4C at a dilution of 1:50. After serial washing, tissue 

sections were then incubated with biotinylated polyclonal goat anti-mouse 

antibody (DakoCytomation, Co. Ltd.) at 1:100 dilution as secondary antibody 

for 1 hour at room temperature. Subsequently, the chromogen staining using 

diaminobenzidine (DAB; 3’3-Diaminobenzidine tetrachloride) (Sigma, St. 

Louis, USA) hydrogen peroxide was employed, which result in dark-brown 

staining and haematoxylin was used for nuclear counterstain.  

The quantification of Ki67 positive nuclei was carried out using the software 

ImmunoRatio. This software developed by Tuomenin and co-workers, and this 

tool is described in detail elsewhere (Tuominen et al. 2010) et al, 2010). This 

software is specifically developed for automated image analysis Ki67 

immunostained tissue sections using diaminobenzidine. ImmunoRatio 

segments DAB and haematoxylin-stained nuclei regions from the user-
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submitted image. The software then calculates the percentage of DAB-stained 

nuclear area over total nuclear area (labelling index). It finally generates a 

pseudo-colored result image matching the area segmentation with percentage 

of DAB positive nuclei to total nuclei. This application was validated by Rajan 

et al (2014). The procedure followed in our analysis in based on the 

recommendations from another of this group’s publication (Sundara Rajan et 

al. 2014) et al, 2014). 

2.2.4.3 Haematoxylin and Eosin (H&E) staining for mitotic activity 

The staining method entails application of hematoxylin, which has basic 

properties, and eosin that has acidic properties. Hematoxylin colours 

basophilic structures with blue-purple and these structures normally contained 

nucleic acid, such as ribosomes and the chromatin-rich cell nucleus. On the 

other hand, eosin stains eosinophilic structures as bright pink and most of 

cytoplasms are eosinophilic in character. In this present experiment, the H&E 

staining was carried out using the standard protocol available. Briefly, the 

slides first were dried and deparaffinized at room temperature. They were 

placed in a rack and bathed in haematoxylin for 20 minutes. Rinsing with 

distilled water for 10 minutes to remove unbound haematoxylin followed this. 

Subsequently the rack was placed in a jar containing 70% ethanol 1% HCl for 

15 seconds, washed under running tap water for 10 minutes and in 80% 

ethanol for 10 minutes, before immersing into eosin jar for 10 minutes. After a 

final wash, the slides were dried, mounted and covered using glass slips. 

The stained liver sections were studied under light microscope. Mitotic figures, 

which comprised of condensed chromosomes, that indicates cells were 
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undergoing mitosis, were counted in 10-15 high-power (400X) field on each 

tissue section. The data were expressed as number of mitotic figures/high-

power field. Four tissue sections were examined for each time points and 

animal groups.  

2.2.5 Statistical analysis 

All results were expressed as mean values  standard error of the mean 

(SEM). For the comparison between untreated groups (for the two factors: 

mouse strain, time), data were analyzed using two-way analysis of variance 

(ANOVA) followed by Bonferroni’s post-hoc tests using Prism 7 (version 7.0a, 

Graphpad Software for windows, La Jolla, California, USA) for the comparison 

between untreated groups (for the two factors: mouse strain, time). Three-way 

ANOVA followed by Bonferroni’s post-hoc analysis was done for the groups 

involving Complement receptor antagonist treatment (For mouse strain, time 

and treatment). P<0.05 was considered significant. 
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2.3 RESULTS 

Histological changes in regenerating livers of C3H/HeN and C3H/HeJ 

mice 

2.3.1 Qualitative analysis of H&E staining after partial hepatectomy 

In the livers of C3H/HeN and C3H/HeJ mice without hepatectomy (Figure 2.3), 

hepatocytes appeared elliptical or oval and were arranged in plates. They 

radiated from central veins and extending to portal areas. Each hepatocyte 

plate was separated by sinusoids. The mouse liver had normal structure at 0-

hour in both groups. The presence of portal areas (contained hepatic triad; 

portal vein, hepatic artery and bile duct) and central veins in the sections were 

clearly visible. One nucleus or occasionally two were present in most 

hepatocytes. In these livers, hepatocytes were in quiescent state without any 

presence of mitotic figures. 

 

C3H/HeN liver: 

On day one after PH (Figure 2.3 1-day), our histological assessment in 

C3H/HeN mice livers showed the presence of vacuoles surrounding the 

hepatocyte nuclei at this time-point. Sinusoids were less apparent at day 1 

after PH, indicating that hepatocytes may have started to expand or swell at 

this time point of regenerative process.  

At day 2 after PH (Figure 2.3 2-day), numerous hepatocytes were undergoing 

mitosis, indicating cells were under a highly proliferative state. Hepatocytes 

seemed enlarged and swollen. Steatosis (fat droplets) was more marked in 
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most hepatocytes. Hepatocyte clusters were evident at this stage of 

proliferative process, causing elimination of the plate-like or radiating pattern 

of hepatocytes. At this time point also, we noticed the narrowing of the 

sinusoids was more prominent and the sinusoidal network became more 

irregular.  

At day 3 after PH (Figure 2.3 2-day), we noticed sinusoids between 

hepatocytes. The sinusoidal lumens were wider compared to day 2 post-PH. 

The irregularity of the sinusoidal network however persisted in the pericentral 

regions. Numerous hepatocytes were still undergoing mitosis and there were 

also hepatocyte clusters observed in the regions away from periportal areas, 

indicating the on-going proliferating process at this time point in the C3H/HeN 

mouse. Hepatocytes were still enlarged and swollen at as at day 2 post-PH 

and the shape of the cells seemed variable and heterogenous  

At day 7 postoperatively (Figure 2.3 7-day), newly formed sinusoids were more 

prominent and liver structure looked almost comparable to control livers. The 

plate-like pattern of hepatocytes started to reappear. Mitotic activities ceased 

and mitotic figures as well as steatosis were no longer visible at this stage of 

regenerating process. The size of each hepatocyte looked smaller than day 2 

and 3 post-PH. 
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C3H/HeJ liver: 

It was rather difficult to detect any obvious delay in the structural changes of 

liver morphology following PH in C3H/HeJ compared to C3H/HeN mice based 

on H&E staining. However, several possible differences were noted. Firstly, 

there was obvious lower mitotic activity occurred in C3H/HeJ mice particularly 

at day 2 after PH (see mitotic index  data presented in section 2.3.2 of thesis). 

Secondly, whereas hepatocytes clusters were apparent at day 2 after 

hepatectomy in C3H/HeN mice, they were only prominent at day 3 after PH in 

C3H/HeJ mice. Thirdly, sinusoidal capillaries seemed narrower in C3H/HeJ 

mice at day 7 post-hepatectomy compared to C3H/HeN, suggesting that 

resinusoidalisation still not completed at this stage of proliferation in C3H/HeJ 

mice. Furthermore, at day 7 post-hepatectomy, a  few mitotic figures were still 

visible in C3H/HeJ mice indicating that proliferation may be slower than 

C3H/HeN mice. 

However, similar to C3H/HeN mice, the sinusoids started to narrow down at 

day 1 post PH.  But, they appeared wide at day 2 and 3 after PH. There were 

more clusters of hepatocytes detected at day 2 and 3 after PH in C3H/HeJ 

mice. Steatosis was also noticed in C3H/HeJ mice at day 1 to day 3 after PH.  

In any of the treatment groups following PH, we could not see any apparent 

visual differences in the liver architecture when compared to the untreated 

controls at the respective time-points. However, the treated groups had lower 

mitotic nuclei than the untreated groups at their respective time-points. 
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Figure 2.3 Representative images of liver sections in C3H/HeN and C3H/HeJ mice 
by light microscopy following H&E staining at 0-hour, 1-day and 2-day post-PH. CV 
Central vein, PV= portal vein; Blue arrows indicate mitotic figures; Hepatocyte 
clusters are marked by black encirclement. 
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2.3.2 Liver regeneration after PH in C3H/HeN and C3H/HeJ mice 

The regenerated liver mass after PH was assessed using liver weight/body 

weight (LW/BW) ratio (Figure 2.5) at different time-points after surgery and 

tested for significance using two-way ANOVA with Bonferroni’s multiple 

comparison post-hoc analysis to compare groups of interest. There was a 

significant effect of time [F (8,80) = 727.7; p<0.001] among the groups. In 

control animals (0-hour sham), the average LW/BW ratio in the C3H/HeJ mice 

(4.850.14 %) was slightly lower than the average ratio in the wild type 

Figure 2.4. Representative images of liver sections in C3H/HeN and C3H/HeJ mice by light 
microscopy following H&E staining at 3-day and 7-day post-PH. CV = Central vein, PV= portal 
vein; Blue arrows indicate mitotic figures; Hepatocyte clusters are marked by black 
encirclement. 
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C3H/HeN mice (5.080.38 %). The difference between these groups however 

was not statistically significant. The LW/BW ratio increased steadily from day 

1 to day 7 after PH in C3H/HeN and C3H/HeJ mice. However, LW/BW ratio in 

C3H/HeJ micewas significantly lower (with mean LW/BW ratios 21.3% lower, 

27.7% lower and 25.1% lower than C3H/HeN mice at days 2, 3 and 7, 

respectively) compared to C3H/HeN mice at all time points.  At day 1 after PH, 

the LW/BW ratio in C3H/HeN and C3H/HeJ mice was 2.090.09 % and 

1.850.04 %, respectively (p<0.001). At day 2 after PH, LW/BW ratio further 

increased to 2.820.03 % in C3H/HeN mice, whilst 2.200.02% in C3H/HeJ 

mice (p<0.001). LW/BW ratio increased further to 3.970.10 % and 4.790.08 

% at day 3 and 7 after PH respectively in C3H/HeN mice. However, these were 

significantly higher than the increase in C3H/HeJ mice, 2.850.07 % and 

3.630.05 % (p<0.001; vs. C3H/HeN at day 3 and 7 after PH). By the day 28, 

the LW/BW ratios reached the levels of 0-hour control animals in both the 

strains of mice. 
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Figure 2.5 LW/BW ratio after PH in C3H/HeN and C3H/HeJ mice. All data are 
presented as mean ± SEM. n= 6 mice per group and time points.  **p<0.01  C3H/HeN 
vs. C3H/HeJ at any given time-point. Statistical analysis by two-way ANOVA and 
Bonferroni’s multiple comparison test. 

 

Mitotic activity 

We also measured hepatic mitotic activity following PH in C3H/HeN and 

C3H/HeJ mice. Cells undergoing mitosis are easy to recognize in the sections 

of regenerating liver. The chromosome may appear as a tangled, dark-stained 

thread. Mitotic figures may appear as bi-polar, tri-polar, or even multi-polar 

hepatocytes. In some cases the chromosomes may already be drawn apart 

into two separate groups (Gentric and Desdouets 2014).  

Analysis by two-way ANOVA revealed that there was significant effect of time 

[F (7,42) = 87.3; p<0.001]. We observed an increase of mitotic activity that 

peaked at 2 days after PH in both C3H/HeN and C3H/HeJ mice (Figure 2.6). 
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An average of 5.60.15 mitotic figures per HPF were evident in C3H/HeN mice 

at day 2 and the activity decreased to about 2.40.45 mitotic figures at day 3 

after PH. In contrast, mitotic activity in C3H/HeJ mice was significantly 

depressed at day 2 compared to C3H/HeN mice (p<0.001). An average of 

3.250.5 mitotic figures per field were seen in C3H/HeJ mice at this time point. 

Similarly, about 2.31 mitotic figures per field were observed in C3H/HeJ mice 

at day 3 after PH. Representative images of mitotic figures at day 1, day 2 and 

day 3 are shown in figure 2.7. 
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Figure 2.6 Mitotic nuclei after PH in C3H/HeN and C3H/HeJ mice. All data are 
presented as mean ± SEM of n= 6 mice per group and time points. *p<0.05 **p<0.01 
C3H/HeN vs. C3H/HeJ at any given time-point. Statistical analysis by two-way 
ANOVA and Bonferroni’s multiple comparison test. 
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Figure 2.7 Representative images of H&E staining of liver sections at 2 days post-
surgery. Arrows indicate mitotic nuclei. Scale bar = 20 µm. Colour differences in the 
staining is caused by sample variability, duration of staining and environmental 
factors. 
A.  C3H/HeN at 1 day        B. C3H/HeN at 2 days   C. C3H/HeN at 3 days       
D.  C3H/HeJ at 1 day         E. C3H/HeJ at 2 days    F. C3H/HeJ at 3 days       
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Hepatocyte proliferation 

Hepatocyte proliferation in livers from LPS-sensitive C3H/HeN and LPS-

insensitive, C3H/HeJ mice following PH was also measured (Figure 2.8). To 

achieve this, we calculated the number of Ki67-positive hepatocyte nuclei 

approximately 6000 cells (4 high-power fields of 200xmaginification) per 

animal and the data was presented as percentage (%) of Ki67-labelled cells.  

Analysis by two-way ANOVA revealed that there was significant effect of time 

[F (5, 30) = 176; p<0.001]. As seen in Figure 2.8, our data indicated that a 

minor increase of hepatocyte proliferation occurred at day 1 after PH in both 

C3H/HeN and C3H/HeJ mice (4.22 0.88 % and 4.120.68 % respectively). 

In both strains, hepatocyte proliferation peaked at 2 days after PH. However, 

the percentage of Ki67-labelled cells was significantly lower in C3H/HeJ 

(14.85 0.5 %) when compared to C3H/HeN (24.222.16%) mice (p<0.001). 

At day 3 after PH, hepatocyte proliferation reduced to 10.170.78% in 

C3H/HeN mice and 7.220.82% in C3H/HeJ mice (p<0.05). From day 7 

onwards, the Ki67 positive nuclei were negligible in both strains. 

Representative images of Ki67 immunohistochemistry at 1-day, 2-day and 3-

day are shown in Fig 2.9. 
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Figure 2.8 Percentage Ki67 positive nuclei after PH in C3H/HeN and C3H/HeJ 
mice. All data are presented as mean ± SEM of n= 6 mice per group and time 
points. *p<0.05 **p<0.01 C3H/HeN vs. C3H/HeJ at any given time-point. 
Statistical analysis by two-way ANOVA and Bonferroni’s multiple comparison 
test. 
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Figure 2.9 Representative images of Ki67 staining of liver sections  at 3 
hour, 2 day and 3 days post-PH. Scale bar = 50 µm; Percentage of PCNA 
positive cells is denoted on top left corner. Colour differences in the staining 
is caused by sample variability, duration of staining and environmental 
factors. 
 A.  C3H/HeN at 1 day         B. C3H/HeN at 2 days   C. C3H/HeN at 3 days       
 D.  C3H/HeJ at 1 day          E. C3H/HeJ at 2 days    F. C3H/HeJ at 3 days 
 G.  Negative control 
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2.3.3 Liver regeneration after PH in C3a-Receptor Antagonist (SB 
290157) treatment 

Following the C3a receptor blockade, we performed 70% partial hepatectomy 

on both the strains of mice and liver tissue was harvested at day 2, day 3 and 

day 7 after the operation. Analysis by Three-way ANOVA revealed that there 

was significant effect of time [F (3,80) = 859; p<0.001] and treatment [F (1,80) 

= 202; p<0.001]. 

The regenerative parameters were at their highest at day 2 after surgery in all 

their respective groups. The LW/BW ratio was significantly depressed in both 

the C3a receptor antagonist treated C3H/HeN and C3H/HeJ mice compared 

to non-treated groups (see Fig 2.10). The differences at day 2 were very small 

and non-significant. The bigger differences were observed at day 3 and day 7. 

The LW/BW ratio at day 3 after PH was 3.200.04 % in C3aRA treated 

C3H/HeN mice which is a 20.2% reduction when compared to their untreated 

C3H/HeN at the same timepoint. The treated C3H/HeJ group (2.430.02%) 

also was significantly lower ratio with 14% reduction against the non-treated 

C3H/HeJ mice (p<0.05). By day 7, the hepatectomised mouse liver usually 

regains most of its original mass (up to 90%), as was evident in the untreated 

C3H/HeN mice at day 7 timepoint. However, upon treatment with C3aRA, both 

the strains of mice had a strong and significant depression in regeneration with 

a more pronounced reduction in C3H/HeJ treated with C3aRA (30.6% 

reduction).  There was very little liver growth from day 3 to day 7 in C3H/HeJ 

(from 2.43% to 2.52% LW/BW). At day 7, C3H/HeJ treatment group had a 

significantly lower (30.6% reduction) LW/BW ratio than its C3H/HeN treatment 

counterpart.  
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Figure 2.10 LW/BW ratio after PH in C3H/HeN and C3H/HeJ mice after SB 290157 
treatment. All data are presented as mean ± SEM. n= 6 mice per group and time 
points. *p<0.05 **p<0.01 No-treatment vs. Treatment; #p<0.05 ##p<0.01 Treated 
C3H/HeN Vs. Treated C3H/HeJ mice. Statistical analysis by Three-way ANOVA and 
Bonferroni’s test for post-hoc analysis. 

 

Mitotic activity was slightly lower in C3a receptor antagonist treated C3H/HeN 

mice (4.5±0.4 mitotic figures) compared to untreated C3H/HeN mice (5.5±0.2 

mitotic figures) at day 2 after PH (Figure 2.11). The mitotic activity in the 

antagonist treated C3H/HeJ (2.60.2 mitotic figures) were also lower 

compared to untreated C3H/HeJ mice (3.250.6 mitotic figures) at day 2 after 

hepatectomy. Lower numbers of mitotic figures were observed at day 3 in all 

groups when compared to day 2, and the treatment groups at day 3 also had 

reduced number of mitotic figures when compared to their untreated groups 

(representative images can be seen in Fig 2.12). Analysis by Three-way 
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ANOVA revealed that there was significant effect of time [F (3.48) = 160; 

p<0.001] and strain [F (1,48) = 26.9; p<0.001]. 

 

 

 

Figure 2.11 Mitotic figures after PH in C3H/HeN and C3H/HeJ mice after SB290157 
treatment. All data are presented as mean ± SEM of n= 6 mice per group and time 
points. *p<0.05 **p<0.01 No-treatment vs. Treatment; #p<0.05 ##p<0.01 Treated 
C3H/HeN vs. Treated C3H/HeJ mice. Statistical analysis by Three-way ANOVA and 
Bonferroni’s test for post-hoc analysis. 
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C3H/HeN C3H/HeJ 

2-day 

3-day 

7-day 

Figure 2.12 Representative images of H&E staining of liver sections at 2, 3 and 7 
days post-PH. Arrows indicate mitotic nuclei. Scale bar = 20 µm. Colour differences 
in the staining is caused by sample variability, duration of staining and environmental 
factors. 

A. C3aRA treated C3H/HeN at 2 days          D. C3aRA treated C3H/HeJ at 2 days    

B. C3aRA treated C3H/HeN at 3 days           E. C3aRA treated C3H/HeJ 3 days        

C. C3aRA treated C3H/HeJ at 7 days            F. C3aRA treated C3H/HeJ 7 days       
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Hepatocyte proliferation, assessed by percentage of Ki67-labelled 

hepatocytes at day 2 post-hepatectomy was significantly affected in both the 

strains of mice following treatment with C3a receptor antagonist (Figure 2.13). 

Analysis by Three-way ANOVA revealed that there was significant effect of 

time [F (3,48) = 374; p<0.001] and treatment [F (1,48) = 81.5; p<0.001].  

SB290157 treatment caused a significant drop (55.7% reduction) in Ki67 

positive nuclei in C3H/HeN mice against their untreated counterparts at the 

same time-point. The same effect was seen in SB290157-treated C3H/HeJ 

mice, with a 50.5% reduction in the percentage of Ki67 positive nuclei against 

their untreated counterparts. However, the overall number of percentage of 

Ki67 positive nuclei at day 2 were significantly lower in the treated group of 

C3H/HeJ mice (7.3±0.6%) compared to the treatment group C3H/HeN mice 

(10.67±0.9%). A similar trend was observed at day 3 with significantly lower 

levels of percentage Ki67 positive nuclei upon treatment in both the strains 

when compared to their untreated groups.  SB290157 treatment in the 

C3H/HeN group (8.1±0.6%) caused a 20.6% reduction in percentage positive 

Ki67 nuclei when compared to the untreated C3H/HeN, while the treated 

C3H/HeJ group (4.57±0.25%) was reduced by 36%.  

Representative images of Ki67 immunohistochemistry for hepatocyte 

proliferation after SB290157 treatment can be seen in figure 2.14. 
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Figure 2.13 Percentage Ki67 positive nuclei after PH in C3H/HeN and C3H/HeJ mice 
after SB 290157 treatment. All data are presented as mean ± SEM. n= 6 mice per 
group and time points. *p<0.05 **p<0.01 ***p<0.005 No-treatment vs. Treatment; 
#p<0.05 Treated C3H/HeN vs. C3H/HeJ mice. Statistical analysis by Three-way 
ANOVA and Bonferroni’s test for post-hoc analysis. 
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Figure 2.14 Representative images of Ki67 staining at 2-day and 3-day post-PH. 
Scale bar = 50µm. Percentage of PCNA positive cells is denoted on top left corner. 

A. C3aRA treated C3H/HeN at 2-day   
  
B. C3aRA treated C3H/HeJ at 2-day 

 

C. C3aRA treated C3H/HeN at 3-day  
 
D. C3aRA treated C3H/HeJ at 3-day    

     
E.        Negative control  
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2.3.4 Liver regeneration after PH in C5a-Receptor antagonist treated 
mice 

LW / BW Ratio 

A 70% PH was performed on both the strains of mice after treating the mice 

(i.p) with an injection of C5a receptor antagonist PMX53 as described in the 

methods section (2.2.2). Liver tissue was harvested at hour 3, day 2, day 3 

and day 7 after the operation. Analysis by Three-way ANOVA revealed that 

there was significant effect of time [F (3,88) = 614; p<0.001] and treatment [F 

(1,80) = 222; p<0.001]. 

The LW/BW ratio was significantly depressed in both the C5a receptor 

antagonist treated C3H/HeN and C3H/HeJ mice compared to non-treated 

groups (Figure 2.15). The differences were evident from day 2 in both the 

groups with 14.2% reduction (p<0.05) and 29.3% reduction (p<0.01) in 

C3H/HeN and C3H/HeJ respectively. The bigger differences were observed 

at day 3 and day 7. The LW/BW ratio at day 3 after hepatectomy was 

3.170.12 % in C5aRA treated C3H/HeN mice which is a 20.2% reduction 

when compared to their untreated C3H/HeN at the same time-point. The 

treated C3H/HeJ group (2.460.02%) also was significantly lower ratio with 

21.9% reduction against the non-treated C3H/HeJ mice (p<0.001). The 

expected full regrowth at day 7 was suppressed with C5aRA treatment. In both 

the strains of mice with the antagonist treatment, a strong and significant 

depression in regeneration was observed, and was more pronounced in the 

antagonized C3H/HeJ (22.3% reduction).  The growth curve from day 3 to day 

7 in C3H/HeJ was much lower than the untreated controls (from 2.46% to 
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2.84%). 
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Figure 2.15 LW/BW ratio after PH in C3H/HeN and C3H/HeJ mice after PMX53 
treatment. All data are presented as mean ± SEM. n= 4-6 mice per group and time 
points. *p<0.05 **p<0.01 No-treatment vs. Treatment; #p<0.05 Treated C3H/HeN vs. 
Treated C3H/HeJ mice. Statistical analysis by Three-way ANOVA and Bonferroni’s 
test for post-hoc analysis. 

 

Mitotic activity 

A lower mitotic activity was observed in both the C5a receptor antagonist 

treated strains of mice compared to their untreated controls. The treated 

C3H/HeN mice (4.5±0.4 mitotic figures) had lower activity compared lower to 

untreated C3H/HeN mice (5.5±0.2 mitotic figures) at day 2 after hepatectomy 

(Figure 2.16). The mitotic activity in the antagonist treated C3H/HeJ (3.40.1 

mitotic figures) was also lower compared to untreated C3H/HeJ mice (5.60.1 
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mitotic figures) at day 2 after hepatectomy. Lower numbers of mitotic figures 

were observed at day 3 in all groups when compared to day 2, and the 

treatment groups at day 3 also had reduced number of mitotic figures when 

compared to their untreated groups (representative images in Fig 2.17). 

Analysis by Three-way ANOVA revealed that there was significant effect of 

time [F (3,48) = 179; p<0.001] and treatment [F (1,48) = 24.3; p<0.001]. 

 

 

 

Figure 2.16 Mitotic figures after PH in C3H/HeN and C3H/HeJ mice treated with 
PMX53. All data are presented as mean ± SEM. n= 6 mice per group and time points. 
*p<0.05 No-treatment vs. Treatment; **p<0.01 No-treatment vs.Treatment; #p<0.05 
Treated C3H/HeN Vs. Treated C3H/HeJ mice. Statistical analysis by Three-way 
ANOVA and Bonferroni’s test for post-hoc analysis. 
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C3H/HeN C3H/HeJ 

2-day 

3-day 

7-day 

Figure 2.17 Representative images of H&E staining of liver sections at 2 days post-
surgery. Arrows indicate mitotic nuclei. Scale bar = 20 µm. 

A. C5aRA treated C3H/HeN at 2 days       D. C5aRA treated C3H/HeJ 2 days    

B. C5aRA treated C3H/HeN 3 days           E. C5aRA treated C3H/HeJ 3 days        

C. C5aRA treated C3H/HeJ 7 days            F. C5aRA treated C3H/HeJ 7 days       
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Ki67 Immunohistochemistry 

In the treatment groups too, like in C3a receptor blockade, the regenerative 

parameters were at their highest at day 2 after surgery in all groups (Figure 

2.18). Our data showed that hepatocyte proliferation assessed by percentage 

of Ki67-labelled hepatocytes at day 2 post-hepatectomy was significantly 

affected in both the strains of mice following treatment with C5a receptor 

antagonist (Figure 2.18). PMX53 treated C3H/HeN mice showed a drop 

(14.7% reduction) in Ki67 positive nuclei against their untreated counterparts 

at the same time-point. The same effect was seen in PMX treated C3H/HeJ 

mice too, with a 52.5% reduction in the percentage of Ki67 positive nuclei 

against their untreated counterparts. However, the overall proportion of % Ki67 

positive nuclei at day 2 was significantly lower in the treated group of C3H/HeJ 

mice (7.0±0.1%) compared to the treatment group C3H/HeN mice (9.5±1.0%). 

A similar but more comprehensive reduction was observed at day 3 with 

significantly lower proportion of Ki67 positive nuclei upon treatment in both the 

strains when compared to their untreated groups.  PMX53 treated C3H/HeN 

mice (4.8±0.1%) had a 52.1% reduction in the proportion of positive Ki67 

nuclei when compared to the untreated C3H/HeN, while the treated C3H/HeJ 

group (4.57±0.25%) was lower by 37.4%. Representative images of Ki67 

immunohistochemistry for hepatocyte proliferation in PMX53 treated groups 

can be seen in figure 2.19. Analysis by Three-way ANOVA revealed that there 

was significant effect of time [F (3,48) = 374; p<0.001] and treatment [F (1,48) 

= 124; p<0.001]. 
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Figure 2.18 Percentage Ki67 positive nuclei after PH in C3H/HeN and C3H/HeJ mice 
treated with PMX53. All data are presented as mean ± SEM. n= 6 mice per group and 
time points. *p<0.05 No-treatment vs. Treatment; **p<0.01 No-treatment vs. 
Treatment; #p<0.05 Treated C3H/HeJ mice. Statistical analysis by Three-way 
ANOVA and Bonferroni’s test for post-hoc analysis. 

 

 

 

 



119 
 

 

 

 

 

Figure 2.19 Representative images of Ki67 staining staining of liver sections at 2 day 
and 3 day post-PH. Scale bar = 50 µm. Percentage of PCNA positive cells is denoted 
on top left corner. 

A.  C5aRA treated C3H/HeN at 2 day         C. C5aRA treated C3H/HeJ at 2 day         

B.  C5aRA treated C3H/HeN at 3 day         D. C5aRA treated C3H/HeJ at 3 day    

E. Negative control      
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2.3.5 Effect of combined C3a and C5a receptor antagonism on liver 
regeneration after PH 

Following simultaneous treatment with C3aR and C5aR antagonists for 3 days 

after PH, we analysed the effect of this treatment on liver weight body ratios 

post PH. As seen in Fig 2.20, in the dual antagonist treated C3H/HeN group, 

the LW/BW ratio was 32.7% lower than the untreated C3H/HeN at day 3, and 

in the dual antagonist treated C3H/HeJ group, the LW/BW ratio was 25.1% 

lower than the untreated C3H/HeN at the same timepoint. When the two 

strains of mice with dual antagonist treatment were compared at day 3, the 

liver weight body weight ratio in C3H/HeJ was lower, but without any statistical 

significance. Analysis by Three-way ANOVA revealed that there was 

significant effect of time [F (1,40) = 856; p<0.001] and treatment [F (1,40) = 

53.8; p<0.001].     

    

Figure 2.20 LW/BW ratio after PH in C3H/HeN and C3H/HeJ mice after   SB 290157 
treatment. All data are presented as mean ± SEM. n= 4-6 mice per group and time 
points. **p<0.01 No-treatment vs Treatment. Statistical analysis by Three-way 
ANOVA and Bonferroni’s test for post-hoc analysis.  
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When we compared the LW/BW ratios of dual-antagonist treated C3H/HeN 

and C3H/C3H/HeJ mice with their single antagonist treatment counterparts 

(Figure 2.21), we noticed that dual-blockade C3H/HeN mice had significantly 

low regeneration (p<0.05) against both the single-blockade mice of the same 

strain. However, C3H/HeJ mice had no significant difference between the 

treatment groups.  
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Figure 2.21 Comparing LW/BW ratios at 3-days after PH in C3H/HeN and C3H/HeJ 
mice treated with SB290157, PMX53 and both. All data are presented as mean ± 
SEM. n= 4-6 mice.  *p<0.05 C3aRA+C5aRA C3H/HeN mice vs. C3aRA C3H/HeN 
mice; #p<0.05 C3aRA+C5aRA C3H/HeN mice vs. C3H/HeJ mice 
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2.4 DISCUSSION 

 

2.4.1 Delayed hepatocyte proliferation and liver mass restoration in tlr4 
mutant C3H/HeJ compared to C3H/HeN mice 

The present study showed that hepatocyte proliferation and liver mass 

restoration after PH are delayed in LPS-insensitive, C3H/HeJ compared to 

LPS-sensitive, C3H/HeN mice as previously shown by others. In the normal 

C3H/HeN mice, the liver mass restoration occurred almost fully after 7 days. 

However, the extent of that regeneration was not matched in C3H/HeJ. 

Delayed hepatocyte proliferation after PH in the C3H/HeJ mice is suggested 

by significantly lower levels in percentage of Ki67-labelled hepatocytes (days 

2 and 3 after hepatectomy) as well as mitotic figures (day 2 after hepatectomy) 

compared to C3H/HeN mice. In addition, mitotic figures were also lower at 

these time points after hepatectomy in the C3H/HeJ compared to the 

C3H/HeN mice. Therefore, our data are in agreement with Cornell  et al. (1990) 

and Shiratori  et al. (1996) that hepatocyte proliferation and DNA synthesis 

during liver regeneration are delayed in C3H/HeJ mice, a mouse that has been 

shown to be hypo-responsive to LPS (Poltorak et al. 1998b) . It is reasonable 

to assume that a defective TLR4 system might be responsible for the delay in 

regeneration which proves the importance of TLR4 signaling in the 

inflammation induced regeneration process.  
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2.4.2 Complement signaling is necessary for liver regeneration 

This study reveals the importance of Complement activation and subsequent 

signaling necessary for the liver regeneration after PH. Both TLR4 pathway 

and Complement activation use LPS as the activator of their pathways.  In the 

wildtype C3H/HeN mice treated with either C3a or C5a receptor antagonist, 

the liver weight body weight ratios were lower than their untreated controls. 

The fact that liver regeneration parameters in C3aRA and C5aRA treated 

animals were lower than untreated controls indicates that C3 and its activation 

products might indeed serve as an important source as a parallel pathway to 

TLR4 based regeneration in mice. Our results are also supported by evidence 

from previous studies on C3 knockout mice and C5a receptor antagonized 

mice by Strey et al (2003) who showed impaired liver regeneration. In their 

study, mice deficient in C3 or C5 had diminished liver regeneration and fatal 

liver failure after PH. However, interestingly upon simultaneous reconstitution 

with C3a and/or C5a peptides, the severely impaired regeneration was 

restored in the C3 and C5 knockout mice. Furthermore, they also 

demonstrated C5aR stimulation was required for hepatic TNF-α and IL-6 

release as mRNA for these respective cytokines were decreased. Also, C5a 

receptor engagement caused NF-κB and STAT-3 dependent pathways to be 

stimulated in the regeneration process. Similar results regarding the activity of 

transcription factors were found with C3 and its consequent activation of the 

STAT-3/NF-κB activation pathway for normal regeneration. Our results were 

mostly in line with results from this study. The C3a and C5a receptor 

antagonised mice showed lower levels of regeneration and hepatocyte 

proliferation proving that the Complement peptides and their receptors engage 
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positively in restoring the liver mass by aiding pro-inflammatory pathways. It is 

also worth noting that Strey et al (2003) showed the presence necrosis and 

hepatocyte degeneration in C3−/− mice that correlated with lower proliferation 

of hepatocytes after PH and with reduced liver weight recovery in the surviving 

C3−/− mice.  

Previous studies show that that both C3a and C5a assist in early signaling and 

transcriptional network initiating the hepatocyte proliferation process. It is 

accepted that LPS is one of the first priming signals for liver regeneration 

(Cornell et al. 1990). IL-6 production from Kupffer cells can be possible by C5a 

upon activation with LPS, thereby channeling the expression of acute-phase 

genes in cultured hepatocytes (Mäck et al. 2001). So, a synergistic interaction 

of Complement receptors and LPS-mediated pathways in nonparenchymal 

liver cells seems possible, ultimately modulating early responses of 

hepatocytes during liver regeneration. Hepatocytes could also serve as direct 

targets for C5a-dependent activation during liver regeneration. It was shown 

that C5aR expression can be induced de novo in hepatocytes after LPS or IL-

6 dose in rats (Schieferdecker et al. 2000). Thus, it is fair to hypothesize that 

IL-6 or LPS release might affect the reactivity of various liver cell types to C5a 

stimulation, because of a higher C5aR expression during liver regeneration. 
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2.4.3 Effect of C3a, C5a and C3a/C5a antagonists on liver regeneration 
in C3H/HeJ mouse 

The results of our study involving C3a and C5a receptor antagonists are very 

novel in their methodology. There are no previous studies comparing the 

effects of C3a receptor blockade to C5a receptor blockade and the 

combination receptor blockade. The novelty also exists in testing the role of 

combination of TLR4 and Complement by employing tlr4-mutant C3H/HeJ and 

Complement receptor blockade. Liver regeneration was already reduced 

reduced in C3H/HeJ mouse when compared to their wildtype controls, and 

treating C3H/HeJ mice with C3a or C5a or C3a/C5a receptor blockers almost 

completely blocks regeneration in these mice. Results indicate that the 

LPS/TLR4 and the LPS/C3a/C5a signaling pathways may account for most of 

the post-PH hepatocyte proliferation at least in the C3H mouse. 

2.4.4 Summary  

In summary, this chapter re-establishes that liver regeneration in C3H/HeJ 

mice is delayed. The studies reveal that TLR4 signaling is important for 

hepatocyte proliferation and mitosis during liver regeneration, as when the 

TLR4 signaling is malfunctional, hepatocyte proliferation and mitosis is 

significantly attenuated. Similarly, it is clear that if Complement signaling is 

disrupted, a similar decrease in regeneration was noted. When both these 

signals were disrupted, as in the case of C3H/HeJ mice with Complement 

receptors blocked, the effect is much more prounounced leading to very little 

regeneration.  
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CHAPTER 3 
 

ANALYSIS OF PRO-INFLAMMATORY 
CYTOKINES AND CELL CYCLE 

COMPONENTS NECESSARY FOR 
LIVER REGENERATION 
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3.1 Introduction 

To date, two cytokines, tumour necrosis factor (TNF)- and interleukin (IL)-6, 

are believed to mediate hepatic regenerative response following partial 

hepatectomy. Both TNF- and IL-6 are thought to act as priming agents during 

the initiation or priming phase of the regenerative response. Priming by these 

cytokines enables hepatocytes to enter the cell cycle and respond to the 

mitogenic effect of growth factors. In mice, the priming phase lasts for 20 hours 

after partial hepatectomy (Shimizu et al. 2009).  

 

3.1.1 Complement activation products C3a and C5a in liver 
regeneration  

The Complement system is part of the innate immune system that has recently 

been introduced as one of the key regulators of liver regeneration (DeAngelis 

et al. 2006; DeAngelis et al. 2012; Mastellos et al. 2001; Strey et al. 2003). In 

prior studies, Complement-knockout mice were used to demonstrate the 

importance of the Complement effector proteins, C3a and C5a, in mediating 

successful liver regeneration in mice (Strey et al. 2003; Mastellos et al. 2001). 

For example, mice deficient in Complement component 3 (C3) and 

Complement component 5 (C5) genes exhibited severe damage to 

parenchyma, increased necrosis and hepatocyte degeneration, and higher 

mortality rate than the wild-type during liver regeneration (Mastellos et al. 

2001; Strey et al. 2003) Various cytokines and phosphoproteins also showed 

significant differences between the knockout and the wild-type mice, 

especially during the first few hours after PH (Strey et al. 2003). Based on 
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these studies, an overall mechanism of the Complement-induced liver 

regeneration with a focus on intercellular signaling has been proposed 

(DeAngelis et al. 2006).  

The C3a and C5a peptides are not only important to Complement-mediated 

inflammation (Köhl 2006; Klos et al. 2013), but also interact with the Kupffer 

cells to release TNF-α, which leads to TNF- α receptor activation on 

hepatocytes to initiate the MAPK pathway and its downstream immediate early 

genes (DeAngelis et al. 2006).  It is known that C3a mediates the downstream 

signaling of C5a and affects the proliferation of liver cells in a C5-independent 

fashion (Mastellos et al. 2001). Mice deficient of either C3 or C5 showed 

impaired liver regeneration (Strey et al. 2003). A detailed description on the 

involvement of Complement and its activation products in liver regeneration 

has been given in chapter 1 of this thesis. 

3.1.2 Cytokine IL-6 and liver regeneration 

Many studies have emphasised the importance of IL-6 during liver 

regeneration. Several groups have shown that IL-6 mRNA, as well as serum 

protein levels are elevated during the first few hours following PH (Akerman et 

al. 1992; Higashitsuji et al. 1995; Iwai et al. 2001). More recently, the IL-6 gene 

expression has been shown to be upregulated at 10 days post-PH, indicating 

the possible role of IL-6 at the late phase of the regenerative response 

(Pachówka et al. 2008). In addition, the delivery of high concentrations of IL-6 

over several weeks resulted in massive hepatocyte proliferation in mice 

(Zimmers et al. 2003), suggesting that IL-6 may have a direct mitogenic effect 

in the liver. 
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It has been demonstrated that hepatocyte proliferation following partial 

hepatectomy was retarded in IL-6 knockout (IL-6KO) mice, which was 

associated with increased incidence of liver necrosis and liver failure in these 

mice (Cressman et al. 1996). Discrete abnormalities of the G1 phase of the 

cell cycle were also evident in IL-6KO mice, consisting of a blunted STAT3 

activation, and AP-1, c-myc and cyclin D expression (Cressman et al. 1996). 

Furthermore, increased morbidity and mortality were found in IL-6KO mice 

following PH (Blindenbacher et al. 2003). However, pretreatment of IL-6KO 

mice with recombinant IL-6 successfully improved the survival and protected 

the liver after partial hepatectomy and consequently reduced mortality in these 

mice (Blindenbacher et al. 2003; Cressman et al. 1996). Since some of these 

IL-6KO mice that survived surgery showed a comparable regenerative 

capacity to the C57BL/6 WT control group, it was concluded that the role of IL-

6 during liver regeneration is more related to survival of hepatocytes rather 

than proliferation (Blindenbacher et al. 2003). In addition, in gp130KO mice 

(common cytokine receptor chain), DNA synthesis was only moderately 

impaired and original liver mass was eventually restored, despite a delayed 

IL-6 secretion and a blunted STAT3 activation after partial hepatectomy 

(Wuestefeld et al. 2003). Taken together, these indicate that IL-6 is not only 

crucial for the proliferative response, but can also protect and promote the 

survival of the liver during the regenerative process.  

3.1.3 Role of cytokine TNF-a in liver regeneration 

A growing body of evidence suggests that TNF- is required for normal liver 

regeneration. By blocking the effect of TNF- using anti-TNF- antibody 

(Akerman et al. 1992) and TNF- production inhibitor (E3330) (Kimura et al. 
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1997) in rats, DNA synthesis in both parenchymal and non-parenchymal cells 

following partial hepatectomy was attenuated and was associated with a 

significant reduction in circulating IL-6. Furthermore, the E3330 treatment 

resulted in reduced TNF- protein expression in liver tissue, suggesting that 

TNF- produced by non-parenchymal liver cells may regulate liver 

regeneration after partial hepatectomy (Kimura et al. 1997). In addition, rats 

injected with TNF- and infused with both hepatocyte growth factor (HGF) and 

transforming growth factor- (TGF-) had a very high hepatocyte proliferative 

activity compared to rats given the growth factors alone (Webber et al. 1998). 

This indicates that TNF- is a potent priming agent for liver regeneration, 

which is essential for the growth factors to exhibit their mitogenic effects during 

this event.  

Yamada  et al., (1997) reported that hepatocyte replication was impaired in 

TNF receptor type 1 (TNFR1) deficient mice in the early phase after partial 

hepatectomy. This defect however was corrected by a single IL-6 injection. 

Furthermore, Yamada  et al., (1998) established that the effects of TNF during 

liver regeneration are mediated through TNFR1, and not TNFR2, as 

hepatocyte proliferation following partial hepatectomy in TNFR2 deficient mice 

was found to be normal. Taken together, this group showed that TNF- 

signaling via TNFR1 is required for normal liver regeneration. Moreover, the 

fact that a single injection of IL-6 was able to correct the defect of hepatocyte 

proliferation indicated that the primary function of TNF- in the regenerative 

process might be to release IL-6. 



131 
 

TNF- is also believed to be involved in the correction of excessive growth of 

hepatocytes through apoptosis, which is required for hepatic tissue 

remodelling during the regenerative process (Zimmermann, 2004). TNF- 

mediates apoptosis via the activation of reactive oxygen species (ROS). 

Following partial hepatectomy, TNF- stimulates the production of ROS by 

Kupffer cells and hepatocytes (Ueno et al. 2006). However, during the 

proliferative phase, the increased production of ROS is directed towards NF-

κB activation and uncoupling protein-2 (UCP-2; a mitochondrial membrane 

protein that works as an anti-oxidant) production (Ueno et al. 2006).  

Whereas many have established that TNF- plays an important role in liver 

regeneration, others have also reported that TNF- is not required during this 

phenomenon. Firstly, it has been demonstrated that hepatocyte proliferation 

following a treatment with a primary mitogen, TCPOBOP (a halogenated 

hydrocarbon) in TNFR1 deficient mice was similar to the wild-type animals 

(Ledda-Columbano et al. 1998). This suggests that the proliferative response 

of hepatocytes to this mitogen does not depend on the TNF signaling pathway. 

Secondly, using TNF knockout mice, (Fujita et al. 2001) demonstrated that the 

regenerative response, as well as the recuperation of liver function following 

partial hepatectomy were not compromised in these animals. Thirdly, (Hayashi 

et al. 2005) demonstrated that hepatocyte proliferation was similarly 

stimulated in both C57BL/6 WT and TNF- deficient mice following partial 

hepatectomy. The latter group also demonstrated that serum IL-6 after partial 

hepatectomy was increased in both C57BL/6 WT and TNF- deficient mice, 
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signifying that IL-6 production following partial hepatectomy may not purely 

depend on TNF- (Hayashi et al. 2005)  

3.1.4 Role of STAT3 in Liver Regeneration 

Rapid activation of STAT3 has been well-documented during liver 

regeneration after PH or liver injury (Wang et al. 2010; Campbell et al. 2001; 

Li et al. 2002; Sakuda et al. 2002). After PH, activation of STAT3 was first 

detected in Kupffer cells and in sinusoidal endothelial cells and later detected 

in hepatocytes localized in the periportal zones of hepatic lobules in rats. As 

global disruption of the STAT3 gene leads to early embryonic death, tissue-

specific STAT3 knockout mice were generated to investigate the biological 

impact of STAT3 in liver regeneration. Studies from different groups showed 

that deletion of STAT3 in hepatocytes only moderately reduced liver 

regeneration without induction of hepatocyte apoptosis after PH (Wang et al. 

2010; Li et al. 2002; Moh et al. 2007). Several STAT3 targeted genes have 

been identified; these include cyclin D and c-myc, which induce the cell-cycle 

transition from the G1 to the S phase, and bcl-2, bcl-xl, mcl-1, and c-Flip, which 

protect against hepatocyte apoptosis (Li et al. 2002). STAT3 in immune cells 

was also markedly activated by PH, and conditional deletion of STAT3 in 

myeloid linage cells resulted in enhanced inflammatory response and 

increased liver regeneration (Wang et al. 2010). Combined conditional 

ablation of STAT3 in both hepatocytes and myeloid cells resulted in a dramatic 

reduction in survival with elevated activation of STAT1 and hepatocyte 

apoptosis after PH, as compared to wild-type or single knockout animals 

(Wang et al. 2010). These findings suggest that the interplay of STAT3 in 

myeloid cells and hepatocytes plays an important role in ensuring normal liver 
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regeneration via tempering systemic and hepatic innate inflammatory 

responses (Wang et al. 2010). Activation of STAT3 also induces expression 

of SOCS3, which in turn terminates STAT3 signaling and negatively regulates 

liver regeneration (Riehle et al. 2008). Interestingly, studies from the Ozaki 

group suggest that PDK1/Akt signaling also contributes to liver regeneration 

by regulating cell size (Haga et al. 2009; Haga et al. 2005). 

3.1.5 Cell cyclin D1 and hepatocyte proliferation 

Cyclin D1 is the most important marker for the progression of the cell cycle in 

the hepatocytes (G1 phase). Cyclin D1 has two peaks that coincide with the 

two waves of DNA replication after PH in rats, and its expression probably 

establishes the stage where replication becomes autonomous. The 

expression of cyclin D1 signals the G1/S point, where the cells progress to 

replication independent of growth factors. 

A key role in the control of the cell cycle is played by a complex formation 

between cyclins and cyclin-dependent kinases (cdks). Activation through 

phosphorylation of cyclin–cdk complexes leads to progression into the cell 

cycle (Morgan 1997; Graña and Reddy 1995). With its cdk partner, each cyclin 

acts at a different step of the cell cycle, the D-type cyclins in association with 

cdk4 or cdk6 being important in the early G1 phase, and cyclin E, in 

association with cdk2, acting in the late phase of G1 (Pines 1995; Martin-

Castellanos and Moreno 1997). The ultimate substrate in this pathway is pRb, 

which is the major target of the cyclin D1/cdk4 complex (Herwig and Strauss 

1997). Phosphorylation of pRb by the cyclin D1/ cdk4 complex frees the E2F 

transcription factors, enabling them to trans-activate target genes responsible 
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for the progression from G1 to S phase of the cell cycle. The phosphorylation 

of pRb is triggered initially by cyclin D1/cdk4, but is then accelerated by the 

cyclin E/cdk2 complex (Herwig and Strauss 1997). 

Cyclin d1 gene Ccnd1 expression increased in both mice and rats following 

70% partial hepatectomy in efforts to restore liver mass (Albrecht et al. 

1997). Cyclin D1 overexpression is sufficient to cause proliferation in 

hepatocytes both in vitro and in vivo (Albrecht and Hansen 1999; Nelsen et al. 

2001) In rat primary hepatocytes stimulated with insulin, the expression of 

Cyclin D1 coincided with DNA synthesis, confirming the role of Cyclin D1 in 

hepatocyte cell cycle progression (Rickheim et al. 2002). 

 

3.1.6 Objectives of this study 

Liver regeneration is delayed in C3H/HeJ mice but is normal in tlr4 knockout 

mice (Marlini et al. 2016). In connection to this, we were curious to find out if 

LPS/Complement pathway still operate in C3H/HeJ mice. So, we wanted to 

confirm this measuring plasma C3a and C5a levels post-PH.   It has been 

previously shown by Vaquero et al (2011) that TLR4 signaling contributes to 

TNF-α and IL-6 activation after PH, and suppressed expression of these 

cytokines in C3H/HeJ mice. The same study also showed lower levels of 

STAT3 activation and lower cyclin levels in tlr4 null mice (Vaquero et al. 2011). 

So, we hypothesised that in LPS-insensitive mice, TNF- and IL-6 responses 

will be attenuated following partial hepatectomy. The specific objectives of this 

study are: 
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 To measure C3a and C5a levels after PH, and examine if Complement 

activation is effected upon blocking the receptors of Complement components 

C3a and C5a. 

 To revalidate the pattern of TNF- and IL-6 responses during liver 

regeneration in normal, and tlr4-mutant mice (C3H/HeN and C3H/HeJ). 

 To compare and contrast the latter results with TNF- and IL-6 response in 

both these strains of mice upon blocking the Complement C3a and C5a 

receptors. 

 To examine and compare the mRNA expression of STAT3 and Cyclin D1 in 

the regenerating livers of the C3H/HeN and C3H/HeJ with and without C3aRA, 

C5aRA treatments. 
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3.2 METHODS 

 

3.2.1 Magnetic bead based Multiplex ELISA 

In initial experiments, several cytokines were measured following PH in 

C3H/HeN mice using the Bio-plex suspension array system (Bio-Rad, 

California, USA). These cytokines were TNF-, IL-6, IL-4 and IL-1. However, 

only TNF- and IL-6 were affected by PH in C3H/HeN mice, and the assay 

was then continued on these 2 cytokines in the rest of animal groups.  

The plasma collected at 0, 1, 3, 6 hours and 1-day, 2-day, 3-day, 7-day and 

72-day following PH were used for the experiments involving untreated 

groups. The plasma from Complement receptor antagonist treatment groups 

were collected at 0, 3, 6, 24 and 48 hours. The multiplex assay was performed 

according to the manufacturer’s protocol (Bio-rad, California, USA). The basic 

principle of this system is based on the sandwich immunoassay technique. 

The kit comes with multiple colour-coded beads, which were pre-conjugated 

with anti-cytokine antibodies.  

Freeze-thawed plasma samples were centrifuged for 15 min at 5600 rpm. All 

the reagents were brought to room temperature 30 min before the procedure, 

and kept on ice until pipetted out. Briefly, the anti-cytokine antibody coated 96-

well plate was pre-wet with assay buffer. Multiplex colour-coded beads 

solution, which was pre-diluted and prepared into a working solution, was then 

added into each well. This allows the beads to covalently attach to the anti-

cytokine antibodies. After performing a series of washes to remove unbound 

protein, diluted standard or sample was pipetted into each well accordingly. 
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This was followed by incubation for 30 min at room temperature with constant 

shaking at 300rpm. After another series of washing, wells were incubated with 

biotinylated-antibody detection solution for 30 min at room temperature. This 

resulted in a formation of a sandwich of antibodies around the cytokine. After 

washing, the streptavidin-phycoerythrin (streptavidin-PE) solution was added, 

which binds to biotinylated detection antibodies. After another series of 

washes, the beads in each well were resuspended in assay buffer. The plate 

was then transferred onto the Bio-Plex array reader (Bio-plex 200 system, Bio-

rad, California, USA). The beads were drawn into a flow cell, where precision 

fluids aligned the beads in a single file. Two lasers in the system shine onto 

the flow cell and excite the beads individually. The red classification laser 

excites the dyes in each bead, identifying the specific bead address. The green 

reporter laser in contrast excites the reporter molecule associated with the 

bead and thus allowing the quantification of the specific cytokine.  

3.2.2. Plasma C3a and C5a quantification by Sandwich ELISA 

C3a and C5a levels in plasma were analysed using Sandwich ELISA method. 

The assays were performed using Complement C3a ELISA Kit - LS-F4210 

(Lifespan Biosciences Inc, Seattle, USA) and C5a Duoset ELISA kit 

(Biotechne R&D systems, Minneapolos, USA) respectively. The sensitivity of 

both these kits is 15.63 pg/ml and the amount of C3a and C5a concentrations 

can be measured by these kits is within a dynamic range of 15.63 - 1000 pg/ml. 

The principle of this assay is based on a 2-step sandwich enzyme-linked 

immunosorbent assay (ELISA) and each kit it is specific for the specific 

Complement component without interference from the other components. 
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The C3a and C5a assays were performed according to the manufacturer’s 

protocol (Figure 3.1). Initially, freeze-thawed plasma samples were centrifuged 

for 15 min at 5600 rpm. All the reagents were brought to room temperature 30 

min before the procedure. The capture antibody provided was diluted to the 

working concentration of 5 ng/ml in PBS without carrier protein. Immediately, 

a 96-well microplate was coated with 100 μL per well of the diluted capture 

antibody. The plate was sealed and incubated overnight at room temperature. 

The next morning, plates were aspirated and washed with wash buffer, 

repeating the process two times for a total of three washes. The plates were 

blocked by adding 300 μL reagent diluent provided to each well. The plates 

were then incubated at room temperature for a minimum of 1 hour, and then 

washed again.  

The standards were reconstituted in diluent as per the instructions. A seven-

point 2-fold serial dilution of standards were prepared with a starting 

concentration of 1000 pg/mL, and added to the designated wells (100 μL/well). 

The samples were diluted 1:2 in the provided assay diluent, and then were 

added to the designated wells (100 μL/well), and incubated for 2 hours. 

Aspiration/wash step was repeated. Biotinylated goat anti-mouse C3a/C5a 

detection antibody, diluted in reagent diluent according to manufacturer’s 

instruction, was then added to each well (100 μL), and the plate was incubated 

for 2 hours. Aspiration/wash step was repeated after the incubation. The 

working dilution of Streptavidin-HRP was then added to each well. The plate 

was covered and incubated for 20 minutes at room temperature. 

Aspiration/wash step was repeated again. 100 μL of substrate solution 

provided was added to each well, and the plate was incubated for 20 minutes 
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at room temperature. Then, stop solution (50 μL) was added to each well and 

the plate was gently tapped to ensure thorough mixing. Using a microplate 

reader (Biorad Model 680, California, USA) set to 450 nm, the optical density 

of each well was determined immediately, and the unknown concentrations of 

samples were deduced by generating a seven-point standard curve. 

                  

Figure 3.1 Schematic illustration of the principle of C3a / C5a Sandwich ELISA 
(adapted from R&D Biosystems instruction leaflet) 

          

 

  



140 
 

3.2.3 RNA Isolation, cDNA preparation and Quantitative real-time PCR  

Total RNA was extracted from homogenized liver tissue using PARIS kit 

(Thermofisher Scientific, Waltham, USA). This method involved homogenising 

tissue in 600 μl of Cell disruption buffer provided, containing 1% β-

mercaptoethanol (Sigma, Arklow, Ireland) for 3 seconds using an automated 

homogenizer (Polytron tissue disrupter, Ultra-Turrax, Freiburg, Germany). The 

lysate (200 µl volume) to be used for RNA isolation was transferred to a tube 

containing an equal amount of 2X Lysis/Binding Solution at room temp. It was 

mixed thoroughly by pipetting 3–4 times, or by inverting the tube several times, 

and spun down at 10,000g for 1 minute. The lysate mixture was then added to 

200μl of 100% molecular grade ethanol (Sigma, Arklow, Ireland).  Lysate / 

ethanol mixture of 600 µl is applied to the tube with cartridge provided in the 

kit, and centrifuged for 1 min until the mixture passes through the cartridge. 

After discarding the flow-through each time, the tubes were reused for serial 

washes using washing buffers (700 μl Wash solution 1, 500 μl Wash solution 

2 and 500 μl Wash solution 3) centrifuging for 1 minute each. Then, the RNA 

was eluted into a fresh tube from filter cartridge using 20μl elution solution 

provided preheated to 95oC. The quantity, purity and quality of RNA were 

assessed using Nanodrop (ND-1000, Nanodrop, Labtech International, 

Heathfield, UK). RNA quantity was determined by measuring optical density 

(OD) at 260 nm. RNA quality was determined by measuring the ratio 

OD260/OD280 where a ratio of approximately 1.8-2.1 was deemed indicative 

of pure RNA. All mRNA samples showed OD260/OD280 ratios between 1.75 

and 2.2 on the Nanodrop. mRNA samples were kept at -80oC until required for 

cDNA synthesis. 
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RNA samples were equalised to 2.5 ng/μl using RNase-free water. Equal 

amounts of total RNA (20 ng in 8 μl) from each sample were then reverse 

transcribed into complementary DNA (cDNA) as follows. 1 µl of 10x ds-DNAse 

buffer and 1 µl of ds-DNAse were added to the tube containing 8 µl of RNA 

sample (containing 20 ng of total RNA). The total reaction mixture of 10 µl is 

then mixed gently and centrifuged for 30 seconds. Following the spin, the 

mixture was incubated for 2 minutes in preheated thermomixer, and then 

chilled on ice for 5 minutes. Then following components were added to the 

tubes: 

 5X Reaction Mix (4 µL); Maxima Enzyme Mix (2 µL); nuclease-free water (4 

µL), bringing the total volume to 20 µL. The mixture is quickly centrifuged after 

gentle mixing.  Two negative controls, reverse transcription reactions were 

included where reverse transcriptase or RNA templates were replaced with 

nuclease-free water. Samples were run on a PCR machine/thermocycler (MJ 

Research, INC, USA) using steps below: 

Annealing: 25oC for 10 min 

Extension: 50oC for 15 min 

Inactivation: 85oC for 5min 

cDNAs were kept at -20oC until required for quantification by qRT-PCR.  
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Single-stranded cDNA products were analysed by real-time quantitative PCR 

using the Applied Biosystems Step One plus Real-Time PCR System (Applied 

Biosystems, Foster City, USA).  

Assay IDs for the genes examined were as follows for mouse cyclin D1 

(Mm00432359_m1), and mouse STAT3 (Mm01219775_m1) while VIC-

labelled ß-Actin (Rn_4308313; Applied Biosystems, Foster city, USA) was 

used as the housekeeping gene and endogenous control. Reactions were 

performed for each sample and Ct values were normalized to the 

housekeeping ß-actin gene expression. The relative expression of target 

genes to ß-Actin was calculated by using the 2ΔΔCt method. The 2ΔΔCt 

values for each sample were then expressed as a percentage of the mean of 

the 2ΔΔCt values for the control group (Untreated Wildtype C3H/HeN 0-hour 

controls). 

3.2.4 Statistical analysis 

All results were expressed as mean values  standard error of the mean 

(SEM). For the comparison just between the untreated groups (for the two 

factors: mouse strain, time), data were analyzed using two-way analysis of 

variance (ANOVA) followed by Bonferroni’s post-hoc tests using Prism 7 

(version 7.0a, Graphpad Software for windows, La Jolla, California, USA) for 

the comparison between untreated groups (for the two factors: mouse strain, 

time). Three-way ANOVA followed by Bonferroni’s post-hoc analysis was used 

for the groups involving Complement receptor antagonist treatment (For 

mouse strain, time and treatment). P<0.05 was considered significant. 
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3.3 RESULTS 

 

3.3.1 Complement component C3a levels after PH 

We measured the concentration of Complement C3a in plasma following PH  

in wildtype C3H/HeN mice and tlr4-mutant C3H/HeJ mice. Analysis by two-

way ANOVA revealed that there was significant effect of time [F (7,70) = 42.1; 

p<0.001]. (Figure 3.2). Significant elevations (p<0.01) in C3a levels in both the 

strains of mice were evident starting at 3-hour following PH, and the highest 

response was recorded at the 1-day time-point in both the strains of mice. C3a 

levels remained elevated until 3-day in both strains. However, there were no 

significant differences in C3a levels between the two strains of mice at any 

given time-point. 
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Figure 3.2 Plasma C3a levels at different time-points after hepatectomy in C3H/HeN 
and C3H/HeJ mice. All data are presented as mean ± SEM.  n=4-6 mice per group 
and time point. ++p<0.01 vs. 0-hour time-point. Statistical analysis by two-way 
ANOVA and Bonferroni’s test for post-hoc analysis. 
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C3a levels were also measured in C3a-receptor antagonised mice (SB290157 

treatment) (Figure 3.3). Analysis by Three-way ANOVA revealed that there 

was significant effect of time [F (2,60) = 66.1; p<0.001], but not treatment [F 

(1,60) = 0.1; p=0.1, n.s]. Regardless of treatment or strain, C3a levels were 

significantly elevated at 3 hours and 2 days post PH when compared to 0-hour 

controls (p<0.01). However, no significant differences were observed between 

the groups at any given time-point. 
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Figure 3.3 Plasma C3a levels at 3 hours after hepatectomy in C3H/HeN and 
C3H/HeJ mice after C3aR blockade. All data are presented as mean ± SEM. n=4-6 
mice per group and time point. ++p<0.01 vs. 0-hour time-point. Statistical analysis 
by Three-way ANOVA and Bonferroni’s test for post-hoc analysis. 
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Upon treatment with C5a-receptor antagonist PMX53, the C3a levels were 

significantly higher at both 3-hour and 2-day in all the groups when compared 

to their 0-hour controls (Figure 3.4). There were no significant differences upon 

treatment in both the strains of mice at both 3-hour and 2-day time-point when 

compared to their untreated controls at any given time-point. Analysis by 

Three-way ANOVA revealed that there was significant effect of time [F (2,60) 

= 43.1; p<0.001] but not treatment [F (1,60) = 87.3; p=0.21; n.s]. 

 

0-h
our

3-h
ou

r
2-d

ay
0

100

200

300

400

500

HeN Untreated

HeJ Untreated
HeN C5aRA

HeJ C5aRA

++

     ++

C
3a

 c
on

c.
 in

 p
g/

m
l

 

Figure 3.4 Plasma C3a levels at 3 hours after hepatectomy in C3H/HeN and 
C3H/HeJ mice after C5aR blockade. All data are presented as mean ± SEM. n=4-6 
mice per group and time point. ++p<0.01 vs. 0-hour time-point. Statistical analysis 
by Three-way ANOVA and Bonferroni’s test for post-hoc analysis. 
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3.3.2 Complement component C5a levels after PH 

We measured C5a levels in plasma after PH using ELISA. Analysis by two-

way ANOVA revealed that there was significant effect of time [F (7,70) = 57.7; 

p<0.001]. C5a levels in both wildtype and mutant mice, the C5a levels were 

significantly elevated in both the strains of mice (Figure 3.5). This was evident 

starting at 1-hour following PH, and the highest response was recorded at 1-

day time-point in both the strains of mice. However, there were no significant 

differences in C5a levels between the two strains of mice at any given time-

point. 
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Figure 3.5 Plasma C5a levels at different time-points after hepatectomy in C3H/HeN 
and C3H/HeJ mice. All data are presented as mean ± SEM. n=4-6 mice per group 
and time point. ++p<0.01 vs. 0-hour control. Statistical analysis by two-way ANOVA 
and Bonferroni’s test for post-hoc analysis. 
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When treated with C3a-receptor antagonist SB290157, the C5a levels were 

higher at both 3-hour and 2-day in all the groups when compared to their 0-

hour controls (p<0.01) (Figure 3.6). There were no significant differences upon 

treatment in both the strains of mice at both 3-hour and 2-day time-point when 

compared to their respective untreated 3-hour and 2-day time-points. Analysis 

by Three-way ANOVA revealed that there was significant effect of time [F 

(2,60) = 74.5; p<0.001], but not treatment [F (1,60) = 0.002; p=0.96, n.s]. 
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Figure 3.6 Plasma C5a levels at 3 hours after hepatectomy in C3H/HeN and 
C3H/HeJ mice after C3aR blockade. All data are presented as mean ± SEM. n=4-6 
mice per group and time point. ++p<0.01 vs. 0-hour control. Statistical analysis by 
Three-way ANOVA and Bonferroni’s test for post-hoc analysis. 
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Following treatment with C5a-receptor antagonist PMX53, the C5a levels were 

higher at both 3-hour and 2-day in all the groups when compared to their 0-

hour controls (p<0.01) (Figure 3.7). C5a levels were not significantly different 

between untreated and treated groups at any given time-point. Analysis by 

Three-way ANOVA revealed that there was significant effect of time [F (2,60) 

= 82.5; p<0.001], but not treatment [F (1,60) = 0.055; p=0.82, n.s]. 
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Figure 3.7 Plasma C5a levels at 3 hours after hepatectomy in C3H/HeN and C3H/HeJ 
mice after C5aR blockade. All data are presented as mean ± SEM. n=4-6 mice per 
group and time point. ++p<0.01 vs. 0-hour control. Statistical analysis by Three-way 
ANOVA and Bonferroni’s test for post-hoc analysis. 
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3.3.3 Plasma IL6 levels after PH 

We measured IL-6 levels in plasma after PH using ELISA. Analysis by two-

way ANOVA revealed that there was significant effect of time [F (8,80) = 257; 

p<0.001]. Early changes in plasma IL-6 concentration in C3H/HeN mice were 

evident from 1-hour following PH, and the highest response was recorded at 

6-hour time-point in both the strains of mice, as shown in figure 3.8. However, 

the response in C3H/HeJ mice was significantly lower than their wildtype 

counterparts at early time-points 3-hours (373.3 ± 22.0 vs 263.3 ± 29.5 pg/ml) 

(p<0.01), 6-hours (413.2 ± 20.0 vs 342.0 ± 25.0 pg/ml)(p<0.05) and late-phase 

time-point 2-days (162.8 ± 2.6 vs 87.3 ± 5.3 pg/ml). The IL-6 levels dropped 

from day 3 onwards in both the strains and continued to be lower at 7-day and 

28-days.  
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Figure 3.8 Plasma IL-6 levels after hepatectomy in C3H/HeN and C3H/HeJ mice. All 
data are presented as mean ± SEM. n=4-6 mice per group and time point. *p<0.05 
vs. C3H/HeN mice; **p<0.01 vs. C3H/HeN mice; ++p<0.01 vs. 0-hour control. 
Statistical analysis by two-way ANOVA and Bonferroni’s test for post-hoc analysis. 
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Based on the elevation of plasma IL-6 at 3-hours post-hepatectomy, IL-6 levels 

in C3aR antagonized groups were measured at 3-hours (Figure 3.9). At 3 

hours, the treatment groups showed significantly lower levels of IL-6 than their 

untreated counterparts (567.3 ± 50.2 vs 390.7 ± 15.0 pg/ml in C3H/HeN 

group)(p<0.01) (414.7 ± 24.8 vs 269.2 ± 20.5 in C3H/HeJ group)(P<0.01). The 

receptor antagonist treated C3H/HeJ mice had significantly lower levels of IL-

6 when compared to C3H/HeN which received the same treatment. Analysis 

by Three-way ANOVA revealed that there was significant effect of time [F 

(1,24) = 622; p<0.001] and treatment [F (1,24) = 29.7; p<0.001]. 
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Figure 3.9 Plasma IL-6 levels at 3 hours after hepatectomy in C3H/HeN and 
C3H/HeJ mice after C3aR blockade. All data are presented as mean ± SEM. n=4-6 
mice per group and time point. **p<0.01 C3H/HeN vs. C3H/HeJ mice; ##p<0.01 
C3H/HeN treatment vs. C3H/HeJ treatment. Statistical analysis by Three-way 
ANOVA and Bonferroni’s test for post-hoc analysis. 
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Similar to the earlier result with C3aRA treatment, the plasma IL-6 levels at 3-

hour in C3H/HeN group treated with C5a receptor blocker were significantly 

lower than untreated wildtype group (567.3 ± 50.2 vs 372.8 ± 24.7 pg/ml in 

C3H/HeN group; p<0.01) (414.7 ± 24.8 vs 276.9 ± 51.0 pg/ml in C3H/HeJ 

group; p<0.05) and can be seen in figure 3.10. When the C5aRA treated 

C3H/HeJ mice were compared to the treated C3H/HeN group, IL-6 response 

is significantly attenuated in the former group (p<0.05). Analysis by Three-way 

ANOVA revealed that there was significant effect of time [F (1,24) = 372; 

p<0.001] and treatment [F (1,24) = 19.1; p<0.001]. 
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Figure 3.10 Plasma IL-6 levels at 3 hours after hepatectomy in C3H/HeN and 
C3H/HeJ mice after C5aR blockade. All data are presented as mean ± SEM. n=4-6 
mice per group and time point. *p<0.05 C3H/HeN vs. C3H/HeJ mice; **p<0.01 
C3H/HeN vs. C3H/HeJ mice; #p<0.05 C3H/HeN treatment vs. C3H/HeJ treatment 
group. Statistical analysis by Three-way ANOVA and Bonferroni’s test for post-hoc 
analysis. 
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Following a combined treatment with both C3aR and C5aR antagonists 

(Figure 3.11), the PH induced increase in plasma IL-6 was suppressed in both 

C3H/HeN (567.3±50.2 vs 361.6±57.1; p<0.01) and C3H/HeJ mice (414.7±24.7 

vs 234.0±24.0; p<0.01). The C3H/HeJ mice treated with both receptor 

antagonists had significantly lower IL-6 than their C3H/HeN counterparts 

(p<0.01). Analysis by Three-way ANOVA revealed that there was significant 

effect of time [F (1,24) = 317; p<0.001] and treatment [F (1,24) = 23.2; 

p<0.001]. 
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Figure 3.11 Plasma IL-6 levels at 3 hours after hepatectomy in C3H/HeN and 
C3H/HeJ mice after combined bloackade of C3aR and C5aR. All data are presented 
as mean ± SEM. n=4-6 mice per group and time point. **p<0.01 C3H/HeN vs. 
C3H/HeJ mice; ##p<0.01 C3H/HeN treatment vs. C3H/HeJ treatment group. 
Statistical analysis by Three-way ANOVA and Bonferroni’s test for post-hoc 
analysis. 
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3.3.4 Plasma TNF- α levels after PH 

We measured TNF- α levels in plasma after PH using ELISA. Analysis by two-

way ANOVA revealed that there was significant effect of time [F (8,80) = 109; 

p<0.001]. TNF-α levels peaked at 1-hour post-PH in both strains and by 6 

hours was no longer significantly elevated (Figure 3.12). They were 

significantly lower in C3H/HeJ mice at both 1 (292.1 ± 32.4 vs 226.5 ± 28.0; 

p<0.01) and 3-hour (178.2 ± 15.3 vs 119.2 ± 18.7; p<0.01) compared to 

C3H/HeN.  
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Figure 3.12 Plasma TNF-α levels at different time-points after hepatectomy in 
wildtype C3H/HeN and C3H/HeJ mice. All data are presented as mean ± SEM. n=4-
6 mice per group and time point. **p<0.01 C3H/HeN vs. C3H/HeJ mice; ++p<0.01 vs. 
0-hour control. Statistical analysis by two-way ANOVA and Bonferroni’s test for post-
hoc analysis. 
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Based on the time-course for TNF-α levels established in untreated mice, all 

subsequent measurements of TNF-α in C3aRA treated mice were carried out 

at 3-hour. In both strains of mice following C3aRA treatment (Figure 3.13), PH 

induced an elevation in plasma TNF-α. However, in C3H/HeN mice this 

elevation was significantly lower in C3aRA treated mice compared to untreated 

(400.3 ± 66.5 vs 288.6 ± 38.6 pg/ml; p<0.01). C3aRA treatment had no 

significant effect on TNF-α levels following PH in C3H/HeJ mice. Analysis by 

Three-way ANOVA revealed that there was significant effect of time [F (1,24) 

= 182; p<0.001] but not treatment [F (1,24) = 3.01; p=0.1, n.s]. 
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Figure 3.13 Plasma TNF-α levels at 3 hours after hepatectomy in C3H/HeN and 
C3H/HeJ mice after C3aR blockade. All data are presented as mean ± SEM. n=4-6 
mice per group and time point. **p<0.01 Untreated mice vs. treated mice. Statistical 
analysis by Three-way ANOVA and Bonferroni’s test for post-hoc analysis. 
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After C5aRA treatment, the treatment groups in both the strains showed 

significantly lower levels of TNF-α than their untreated counterparts (400.3 ± 

66.5 vs 335.1 ± 32.7 pg/ml in C3H/HeN group; p<0.05) (291.8 ± 25.9 vs 212.3 

± 47.1 pg/ml in C3H/HeJ group; p<0.05) (Figure 3.14). The C5a receptor 

antagonist treated C3H/HeJ mice had significantly lower levels of TNF-α when 

compared to C3H/HeN which received the same treatment (p<0.01). Analysis 

by Three-way ANOVA revealed that there was significant effect of time [F 

(1,24) = 167; p<0.001], but not treatment [F (1,24) = 2.5; p=0.13, n.s]. 

 

 

Figure 3.14 Plasma TNF-α levels at 3 hours after hepatectomy in C3H/HeN and 
C3H/HeJ mice after C5aR blockade. All data are presented as mean ± SEM. n=4-6 
mice per group and time point. *p<0.05 Untreated mice vs. treated mice; ##p<0.01 
C3H/HeN treatment vs. C3H/HeJ treatment group. Statistical analysis by Three-way 
ANOVA and Bonferroni’s test for post-hoc analysis. 
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At 3 hours, the dual antagonist treatment groups (Figure 3.15) in both the 

strains showed significantly lower levels of TNF-α than their untreated 

counterparts (400.3 ± 66.5 vs 308.1 ± 37.8 pg/ml in C3H/HeN group; p<0.05) 

(291.8 ± 25.9 vs 203.2 ± 27.2 pg/ml in C3H/HeJ group; p<0.01). The dual 

receptor antagonists treated C3H/HeJ mice had significantly lower (p<0.01) 

levels of TNF-α when compared to C3H/HeN which received the same 

treatment. Analysis by Three-way ANOVA revealed that there was significant 

effect of time [F (1,24) = 180; p<0.001] and treatment [F (1,24) = 4.47; p=0.05]. 

 

0-hour control 3-hour
0

100

200

300

400

500

*

**
##

C3H/HeN - Untreated

C3H/HeN C3aRA +C5aRA

C3H/HeJ - Untreated

C3H/HeJ C3aRA +C5aRA

 

Figure 3.15 Plasma TNF-α levels at 3 hours after hepatectomy in C3H/HeN and 
C3H/HeJ mice after combined bloackade of C3aR and C5aR. All data are presented 
as mean ± SEM. n=4-6 mice per group and time point. *p<0.05 Untreated mice vs. 
treated mice; ##p<0.01 C3H/HeN treatment vs. C3H/HeJ treatment group. 
Statistical analysis by Three-way ANOVA and Bonferroni’s test for post-hoc 
analysis. 
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3.3.5 mRNA expression of STAT3 in regenerating livers of C3H/HeN and 
C3H/HeJ mice. 

Figure 3.16 illustrates the mRNA expression of STAT3 relative to endogenous 

control β-actin were measured in the regenerating livers of C3H/HeN and 

C3H/HeJ mice at different time-points after PH using RT-PCR. Analysis by 

two-way ANOVA revealed that there was significant effect of time [F (5,30) = 

137; p<0.001]. At 6-hours after PH, C3H/HeN mice show a peak expression 

(p<0.01) of STAT3, that was not observed in the C3H/HeJ mice (70.7% lower). 

However, at day 3 after PH, both the strains of mice show a significant increase 

in expression of STAT3 when compared to control groups. C3H/HeJ mice 

recorded a decrease of 29.5% STAT3 expression at 3-day when compared to 

C3H/HeN mice. There were no significant changes in the expression at other 

time-points (3-hour, 1-day, 2-day) when compared to control groups.  

Figure 3.16 mRNA levels of STAT3 transcription factor measued by RT-PCR in 
C3H/HeN and C3H/HeJ mice at different time points. **p<0.01 C3H/HeN vs. 
C3H/HeJ mice; ++p<0.01 vs. 0-hour control. Statistical analysis by two-way 
ANOVA and Bonferroni’s test for post-hoc analysis. 
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Among all the time-points in C3aRA treated groups, only at day 3 (p<0.01), 

the expression of STAT3 was significantly higher (Figure 3.17) when 

compared to the controls. However, the STAT3 mRNA levels were suppressed 

by 59% at day 3 in C3H/HeJ mice (p<0.01) treated with C3aR antagonist when 

compared to the treated C3H/HeN mice. Analysis by two-way ANOVA 

revealed that there was significant effect of time [F (3,18) = 106; p<0.001]. 

 

 

Figure 3.17 mRNA levels of STAT3 in livers of 0-hour untreated controls and 
C3aR antagonised C3H/HeN and C3H/HeJ mice at 0-hour, 2-day and 3-days 
after PH. ++p<0.01 vs. 0-hour treated control; **p<0.01 C3H/HeN vs. 
C3H/HeJ mice; ++p<0.01 vs. 0-hour control. Statistical analysis by two-way 
ANOVA and Bonferroni’s test for post-hoc analysis. 
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In C5aRA treated groups, only at day 3 the expression of STAT3 was 

significantly higher (Figure 3.18) when compared to the controls (p<0.01). 

However, the STAT3 mRNA levels were suppressed by 60% at day 3 in 

C3H/HeJ mice(p<0.01) treated with C5aR antagonist when compared to the 

similarly treated C3H/HeN mice. Analysis by two-way ANOVA revealed that 

there was significant effect of time [F (3,18) = 127; p<0.001]. 
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Figure 3.18 mRNA levels of STAT3 expression in livers of 0-hour untreated 
controls and C3aR antagonised C3H/HeN and C3H/HeJ mice at 0-hour, 2-day 
and 3-days after PH.  ++p<0.01 vs. 0-hour treated control**p<0.01 C3H/HeN vs. 
C3H/HeJ mice; ++p<0.01 vs. 0-hour control. Statistical analysis by two-way 
ANOVA and Bonferroni’s test for post-hoc analysis 
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There were no significant differences in STAT3 expression levels in both the 

strains treated with simultaneous blockade of C3a receptor and C5a rceptors 

in all groups (Figure 3.19). However, the STAT3 is significantly downregulated 

at day 3 (p<0.01) in dual receptor blocked C3H/HeJ group (relatively 

undetectable expression) when compared to similarly treated C3H/HeN group 

at the same time-point. Analysis by two-way ANOVA revealed that there was 

significant effect of time [F (2,12) = 41.4; p<0.001]. 
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Figure 3.19 mRNA levels of STAT3 expression in livers of 0-hour untreated 
controls and dual C3aR/C5aR antagonised C3H/HeN and C3H/HeJ mice at 
0-hour and 3-days after PH.  ++p<0.01 vs 0-hour treated control; **p<0.01 
C3H/HeN vs. C3H/HeJ mice. Statistical analysis by two-way ANOVA and 
Bonferroni’s test for post-hoc analysis 
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3.3.6 mRNA expression of Cyclin D1 in regenerating livers  

The mRNA expression of Cyclin D1 relative to endogenous control β-actin was 

measured in the regenerating livers of C3H/HeN and C3H/HeJ mice at 

different time-points after hepatectomy using RT-PCR (Figure 3.20). Analysis 

by two-way ANOVA revealed that there was significant effect of time [F (5,30) 

= 48.1; p<0.001].  

Peak expression of Cyclin D1 was seen at 2-day time-point in both the strains 

of mice. However, the Cyclin D1 mRNA levels were significantly lower in 

C3H/HeJ mice at 6- hour with 39% decrease (p<0.05), 1-day with 51.7% 

decrease (p<0.05) and 2-day with 52.5% decrease (p<0.01) when compared 

to C3H/HeN mice at their respective time-points. 

 

 

 

 

 

 

 

Figure 3.20 mRNA levels of Cyclin D1 measued by quantitative RT-PCR 
analysis in C3H/HeN and C3H/HeJ mice livers after PH at different time points. 
*p<0.05 C3H/HeN vs. C3H/HeJ mice; **p<0.01 C3H/HeN vs. C3H/HeJ mice; 
+p<0.05 vs. 0-hour control; ++p<0.01 vs. 0-hour control. Statistical analysis by 
two-way ANOVA and Bonferroni’s test for post-hoc analysis 
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Cyclin D1 was significantly elevated at 2-day time-point (p<0.01) in both the 

strains of mice treated with the C3aR antagonist (Figure 3.21). However, the 

Cyclin D1 mRNA levels were not significantly different between the C3H/HeN 

and C3H/HeJ mice at any given time-point. Analysis by two-way ANOVA 

revealed that there was significant effect of time [F (3,18) = 62.2; p<0.001]. 
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Figure 3.21 mRNA levels of Cyclin D1 expression in regenerating livers of 
0-hour untreated controls and C3aR antagonised C3H/HeN and C3H/HeJ 
mice at 0-hour, 2-day and 3-days.  ++p<0.01 vs. 0-hour treated control. 
Statistical analysis by two-way ANOVA and Bonferroni’s test for post-hoc 
analysis 
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Significantly higher expression of Cyclin D1 was seen at 2-day time-point 

(p<0.01) in both the strains of mice treated with the C3aR antagonist when 

compared to their respective controls (Figure 3.22). However, at day 3, the 

cyclin d1 mRNA levels were significantly higher in treated C3H/HeN than their 

controls, but not in C3H/HeJ. The C5a-receptor antagonist treated C3H/HeJ 

mice had significantly lower levels of Cyclin D1 expression at days 2 (48% 

lower) and 3 (91% lower) (p<0.01) when compared to their C3H/HeN treated 

counterparts. Analysis by two-way ANOVA revealed that there was significant 

effect of time [F (3,18) = 84.3; p<0.001]. 
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Figure 3.22 mRNA levels of Cyclin D1 expression in regenerating livers 
of 0-hour untreated controls and C5aR antagonised C3H/HeN and 
C3H/HeJ mice at 0-hour, 2-day and 3-days.  **p<0.01 C3H/HeN vs. 
C3H/HeJ mice; ++p<0.01 vs. 0-hour control. Statistical analysis by two-
way ANOVA and Bonferroni’s test for post-hoc analysis 
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Cyclin D1 expression was significantly higher at 3-day time-point in only in 

wildtype C3H/HeN mice (but not in C3H/HeJ) treated with the dual antagonists 

when compared to their respective controls (Figure 3.23). The C5a-receptor 

antagonist treated C3H/HeJ mice had significantly lower (relatively 

unmeasurable) expression of Cyclin D1 at day 3 (p<0.01) when compared to 

their treated C3H/HeN counterparts. Analysis by two-way ANOVA revealed 

that there was significant effect of time [F (2,12) = 14; p<0.001]. 
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Figure 3.23 mRNA levels of Cyclin D1 expression in livers of of 0-
hour untreated controls and dual C3aR/C5aR antagonised C3H/HeN 
and C3H/HeJ mice at 0-hour and 3-days.  **p<0.01 C3H/HeN vs. 
C3H/HeJ mice; ++p<0.01 vs. 0-hour control. Statistical analysis by 
two-way ANOVA and Bonferroni’s test for post-hoc analysis 
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3.4 DISCUSSION 

 

3.4.1 Complement is activated after partial hepatectomy and impact of 
Complement receptor C3a and C5a blockade 

Complement has been reported to be activated during liver regeneration after 

PH (Markiewski et al. 2009). Activation of Complement leads to the generation 

of several Complement effectors, including the anaphylatoxins C3a and C5a. 

Markiewski et al (2009) showed that Complement activation following PH 

occurs in two waves, the first one at 2 hours, and the second one between 24 

and 72-hour. Our goal was to see if LP/C3a/C5a pathways were still 

operational in the C3H/HeJ mouse or all LPS pathways are affected. Results 

in Chapter 2 indicate that (i) the LPS/C3a and LPS/C5a pathway are still 

operational in C3H/HeJ mouse, and (ii) that the blockade of C3a and C5a 

receptors attenuated liver regeneration and proliferation in both the strains of 

mice, but blocking C3a and C5a receptors together almost completely blocked 

liver regeneration in C3H/HeJ mice. The Complement effector proteins C3a 

and C5a start to peak from 3- hour following PH and remain elevated up until 

48 hours in both C3H/HeN and C3H/HeJ mice. The receptor blockade of these 

components did not alter their activation. The C3a and C5a levels had a similar 

higher expression at both early-phase (3 hours) and late phase (48 hours) in 

both the strains when compared to 0-hour controls. Our results confirm that 

both the LPS/C3a and LPS/C5a pathways are functional in the C3H/HeN and 

the C3H/HeJ mice. 
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The release of TNF- and IL-6 by Kupffer cells are most likely triggered, at 

least in part by gut-derived LPS, which is present in increased concentration 

in the portal blood circulation following partial hepatectomy (Cornell et al. 1990; 

Strey et al. 2003). Complement components may also stimulate the release of 

TNF- and IL-6 during liver regeneration. It has been demonstrated that in 

addition to LPS, Complement components C3a and C5a also mediate the 

TNF- and IL-6 production during liver regeneration (Strey et al. 2003; 

Markiewski et al. 2004). It has been reported that LPS-induced IL-6 mRNA is 

enhanced in the presence of C5a in cultured Kupffer cells (Mäck et al. 2001). 

In addition, in vitro LPS-induced production of IL-6 by neutrophils is 

significantly augmented in the co-presence of C5a following sepsis in mice 

(Riedemann et al. 2004). These reports clearly suggest the existence of a 

synergistic interaction between the Complement system and LPS signaling 

pathways in non-parenchymal liver cells and immune-mediated cells.  

As mentioned earlier, the Complement system still being active in C3H/HeJ 

mice might be contributing to this pro-inflammatory response albeit to a lesser 

degree because of the lack of functional tlr4 in this mouse. In mice lacking C3a 

and C5a, impaired liver regeneration was associated with reduced production 

of TNF- and IL-6 after partial hepatectomy (Strey et al. 2003). Our results 

from this study are in tune with the afore mentioned findings. IL-6 and TNF-α 

levels after PH were significantly lower in both C3H/HeN and C3H/HeJ mice 

upon blockade with C3a and C5a receptor antagonists. This indicates that the 

Complement system is involved in liver regeneration mechanism and is intact 

in the C3H/HeJ strain. In the present study, we observed lower upregulation 
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rather than a complete inhibition of plasma TNF- and IL-6 in LPS-

hyporesponsive, C3H/HeJ mice.  

However, a maximum abrogation of cytokine response was seen in C3H/HeJ 

mice treated with receptor antagonists, indicating the maximum knock down 

of pro-inflammatory responses when both TLR4 and the Complement system 

are unable to perform their full function. A similar trend in reduction of 

hepatocyte proliferation was observed with almost no liver regeneration in 

C3H/HeJ mice treated with C3aR+C5aR antagonists (as discussed in chapter 

2) linking the involvement of diminished pro-inflammatory cytokines to the 

lower cell proliferation in the later stages. 

 

3.4.2 Early cytokine response after partial hepatectomy in normal, LPS-
sensitive mice 

IL-6 and TNF-α 

Numerous studies have shown the importance of pro-inflammatory cytokines, 

TNF- and IL-6 during liver regeneration (Cressman et al. 1996; Yamada et 

al. 1997; Yamada et al. 1998). TNF- and IL-6 are important at the early 

stages of the regenerative process, as increased levels of these cytokines 

were evident within hours following PH (Higashitsuji et al. 1995; Shiratori et al. 

1996; Seki et al. 2005; Campbell et al. 2006). Following liver resection, the rise 

in the concentration of these cytokines is believed to be secondary to 

increased gut-derived LPS in the portal blood circulation. Binding of TNF- to 

its receptor, TNFR1 on Kupffer cells results in activation of transcription factor, 
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NF-κB, which in turn stimulates the production of IL-6 by non-parenchymal 

liver cells. IL-6 binds to its receptor (IL-6R/gp130), stimulating the activation of 

STAT3 and MAPK in hepatocytes, thereby initiating hepatocyte proliferation 

via the activation of growth factors.  

TNF- is produced mainly by Kupffer cells following PH, where in Kupffer cell-

depleted rats, TNF- was suppressed, which was associated with impaired 

hepatocyte proliferation after partial hepatectomy (Iwai et al. 2001). 

Furthermore, in the Kupffer cell-depleted rats, IL-6 secretion after partial 

hepatectomy was normal, suggesting that other cells may contribute to the 

increased IL-6 production (Iwai et al. 2001). In fact, it has been reported that 

other non-parenchymal liver cells including endothelial cells and HSC, in 

addition to Kupffer cells, secrete IL-6 during the regenerative process (Malik 

et al. 2002).  

In our results, we observed an early upregulation of TNF- and IL-6 production 

following PH in both C3H/HeN and C3H/HeJ mice. We observed a rapid and 

transient upregulation of TNF-, within hours after partial hepatectomy, 

followed by an upregulation of IL-6 in normal, LPS-sensitive, C3H/HeN mice. 

However, in tlr4-mutant C3H/HeJ mice, TNF- and IL-6 responses were 

significantly lower than wildtype after partial hepatectomy. The blunted TNF- 

and IL-6 responses in the C3H/HeJ mice were accompanied with blunted 

hepatocyte proliferation and liver mass restoration in these mice (as discussed 

in chapter two). These findings support the hypothesis that TNF- and IL-6 

responses are critical at the start of the regenerative process, and the lower 
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cytokine responses might partly contribute to the delayed hepatocyte 

proliferation and liver mass restoration in the C3H/HeJ mice.  

Early responses of TNF- and IL-6 following partial hepatectomy in the 

normal, LPS-sensitive mice suggest that TNF- and IL-6 are required at the 

early phase of liver regeneration. The early upregulation of TNF- and IL-6 

after partial hepatectomy also indicate that TNF- and IL-6 may be required 

for the priming of hepatocytes during the regenerative process, which in turn 

promotes hepatocyte proliferation in these mice, via the activation of NF-κB 

and STAT3. It has been demonstrated that hepatocyte proliferation after 

partial hepatectomy was increased in rats injected with TNF- and infused with 

growth factors, compared to rats given the growth factors alone (Webber et al. 

1998). This indicates that TNF- increases the sensitivity of hepatocytes to 

the mitogenic effects of the growth factors during the regenerative response. 

In addition, it has been stated that IL-6 regulates numerous gene-activation 

pathways that are essential at the initiation of the regenerative process 

including STAT3 and MAPK, which are required for hepatocyte proliferation 

and cell survival after partial hepatectomy (Taub 2004). 

In mice lacking TNFR1, IL-6 production was found to be impaired, which was 

associated with a defect in liver regeneration (Yamada et al. 1997). However, 

the defect in liver regeneration was corrected by a single injection of IL-6 to 

the TNFR1-deficient mice, indicating the role of TNF- in liver regeneration 

may be mediated by IL-6 (Yamada et al. 1998). In the present study, TNF- 

elevation preceeded the IL-6 peaking. Therefore, the possibility that TNF- 
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acts as a precursor for IL-6 during the regenerative process was supported in 

this study. 

In the current study, IL-6 appeared to be produced in a biphasic fashion in the 

C3H/HeN mice. Therefore, we hypothesised that in addition to the priming of 

hepatocytes, IL-6 may act as a direct mitogen or may have hepatoprotective 

effects. It has been demonstrated that systemic administration of IL-6 in mice 

results in massive hepatomegaly and hepatocyte hyperplasia (Zimmers et al. 

2003). Furthermore, IL-6 administration promotes liver regeneration in cirrhotic 

rat after partial hepatectomy (Tiberio et al. 2008). Taken together, these 

indicate that IL-6 might act as a direct mitogen during liver regeneration in vivo. 

Alternatively, IL-6 could improve hepatocyte proliferation as well as reducing 

mortality and morbidity in IL-6KO mice (Cressman et al. 1996; Blindenbacher 

et al. 2003), suggesting that IL-6 also acts as hepatoprotection and ensures 

cell survival during liver regeneration. In addition, it has been reported that IL-

6 activates anti-apoptotic genes, FLIP, Bcl-2 and Bcl-xL during liver 

regeneration (Kovalovich et al. 2001), as well as the pro-survival proteins 

involved in hepatoprotection, including STAT3 and phosphoinositol 3 kinase 

(P13K)/Akt (Moh et al. 2007; Webster and Anwer 2001; Alonzi et al. 2001). 
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3.4.3 STAT3 mRNA expression is also effected by dysfunctional TLR4 
and disrupted Complement 

The IL6/STAT3 pathway has been implicated in liver regeneration (Schmidt-

Arras and Rose-John 2016). During regeneration, a group of genes that are 

involved in G0/G1 transition and G1 phase progression showed reduced 

induction in IL-6-/- livers including STAT3, AP-1, acute phase proteins, Cyclin 

D1 (Cressman et al. 1996). Injection of IL-6 into IL-6-/- mice 20 minutes before 

hepatectomy largely corrects the expression profile for these genes in the liver. 

It has also been shown that the interaction between Stat3 and other 

transcription factors such as AP-1 and HNF-1 is required for a full induction of 

the IL-6–regulated genes (Cressman et al. 1996).  

Since we witnessed a lower activation of the cytokine IL-6 with dysfunctional 

TLR4 in C3H/HeJ mice, and also with the blockade of Complement receptors, 

we were curious to examine how this could impact STAT3 gene expression 

post PH under these conditions. STAT3 gene expression showed a biphasic 

pattern peaking at 6-hour and 3-day post PH in wildtype C3H/HeN mice 

(Figure 3.16). This closely followed the peak expression levels of IL-6 itself 

(Figure 3.8) suggesting the downstream activation STAT3 in IL-6 pathway. Not 

surprisingly, STAT3 gene expression levels were significantly lower at 6-hour 

and 3-day time-points in the C3H/HeJ mice. So, it is possible that lowered IL-

6 levels might be contributing to reduction in STAT3 gene expression in 

regenerating livers. A similar result was observed in C3a and C5a receptor 

antagonist treated in C3H/HeN and C3H/HeJ mice where STAT3 levels were 

shown to be high at 72 hours post-PH (Figs 3.17 and 3.18) following the 
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second wave of IL-6 activation at 48 hours (3.9 and 3.10). These results  taken 

together strengthen the afore mentioned observation. 

3.4.4 Cyclin D1 expression is affected in C3H/HeJ mice 

In the standard 70% PH model of liver regeneration in rodents, a large 

population of hepatocytes enter the cell cycle in a relatively synchronous 

manner in the first 1–2 days, and liver mass is restored within 1–2 weeks 

(Bönninghoff et al. 2012). The driving stimuli for hepatocyte replication are 

incompletely understood but include growth factors, hormones, nutrients and 

metabolic factors. The net effect of these pro-proliferative signals results in 

activation of the cell cycle machinery comprised of cyclin/cyclin-dependent 

kinase (cdk) complexes that regulate discrete phases of cell division. In many 

types of cells (including hepatocytes), induction of cyclin D1 in late G1 phase 

appears to be a critical event in driving the cell cycle (Bönninghoff et al. 2012). 

Cyclin D1 complexes with its cdk partners (primarily cdk4) to phosphorylate 

the retinoblastoma protein (Rb) and drives cells through the G1 restriction 

point, which, in general, commits the cell to proceed through cell division 

(Narasimha et al. 2014). Expression of cyclin D1 is sufficient to drive 

hepatocyte proliferation and liver growth, even under conditions that are 

normally inhibitory (Albrecht and Mullany 2009). It has been shown that cyclin 

D1 is the most prominently up-regulated type D cyclin after PH and in response 

to mitogenic stimuli and plays a critical role in the driving cells through the G1 

restriction point (Rickheim et al. 2002). 
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The cyclin D1 gene has emerged as an important target for the JNK/c-Jun 

pathway in driving proliferation. The cyclin D1 promoter contains an activating 

protein 1 (AP-1) site and ectopic expression of either c-fos or c-Jun 

induces cyclin D1 messenger RNA (mRNA),9 which in turn is critical in driving 

G0 to G1 cell cycle progression in many cell types including hepatocytes.10 

During liver regeneration, the activation of JNK is preceded by the release of 

proinflammatory cytokine TNF-α. So, it is possible that lower TNF-α levels after 

PH could lead to poor expression of Cyclin D1 via JNK pathway. In our 

findings, cyclin D1 expression was significantly higher in wildtype C3H/HeN 

mice starting from 6-hour to and 24-hour, but highest expression was seen at 

48 hours post PH. This time-point is in sync with the the time proliferating 

hepatocytes would transit to G1 phase indicating the involvement of cyclin d1 

in cell cycle machinery. Cyclin D1 expression in C3H/HeJ was significantly 

lower than the wildtype controls at all the three afore-mentioned time-points. 

A possible reason for this lower expression could be lower TNF-α levels 

leading to poor cyclin d1 expression visa JNK pathway. Another striking 

observation from this study was that the Cyclin D1 expression in C3H/HeJ 

mice was no different from C3H/HeN mice (Figure 3.21) treated with C3aRA 

while C5aRA treatment had a significant impact on Cyclin D1 expression in 

C3H/HeJ mice as shown in figures 3.22 and 3.23.  

3.4.5 Summary 

In summary, this chapter demonstrates that Complement is active in both 

C3H/HeN and C3H/HeJ mice, and blocking the Complement hampers the 

expression of IL-6, TNF-α, STAT3 and Cyclin D1, all of which are crucial for 
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liver regeneration. These results are also in agreement with the findings from 

chapter 2 where we have learnt that blocking the Complement receptors 

negatively effects the liver regeneration. That result from chapter 2 could most 

likely be a direct effect of lower cytokine, STAT3 and Cyclin D1 expression 

under the Complement receptor blockade. This chapter demonstrates that IL-

6 rather than TNF- plays a pivotal role in liver regeneration. Lower IL-6 

response in the LPS-insensitive C3H/HeJ mice therefore might have 

contributed to the delayed hepatocyte proliferation and liver mass restoration 

in these mice. Lower IL6 levels might have been dampening the STAT3 

expression in C3H/HeJ mice and mice treated with Complement receptor 

antagonists. Cyclin D1 expression is in sync with the timing of G1 phase of 

proliferating cells, and could be affected by lower TNF-α levels. TLR4 and 

Complement activation might be contributing equally to the generation of 

proinflammatory responses and their downstream effects and lack of either of 

these pathways could hamper the response.  

  



175 
 

 

 

 

 

 

 

 

Chapter 4 

INVOLVEMENT OF THE LPS/TLR4 
PATHWAY IN LIVER REGENERATION 
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4.1 INTRODUCTION 

In previous chapters, we investigated the role of LPS-Complement pathway in 

liver regeneration after PH. We showed that Complement is active during liver 

regeneration, and treating the mice with Complement receptor antagonists 

leads to suppression of pro-inflammatory cytokines IL-6 and TNF-α, 

transcription factor STAT3, cell cyclin D1 ultimately leading to poor hepatocyte 

proliferation and liver mass restoration. We demonstrated that C3a/C5a 

blockade almost completely blocks liver regeneration after PH in C3H/HeJ 

mice.  LPS also signals via TLR4 and in previous studies have been shown to 

be key in the proliferative response. 

4.1.1 LPS and its sensor TLR4 

The term "endotoxin" was first used to describe a substance produced by 

Gram-negative bacteria that could provoke fever and shock in experimental 

animals (Beutler 2004). In later times, endotoxin was chemically characterized 

and identified as a lipopolysaccharide (LPS). LPS is a major constituent of 

outer membrane of Gram-negative bacteria, and is probably the most powerful 

microbial stimulant of innate immune responses.  

LPS-induced activation of monocytes and macrophages leads to the secretion 

of a number of proinflammatory cytokines such as IL-6 and TNF-α. Although 

up-regulation of these cytokines is an important defensive mechanism to 

eliminate bacterial infection, excessive production may result in fatal septic 

shock (Ulevitch and Tobias 1995). LPS is absorbed from the gut and 

transported in the portal vein to the liver, where it is rapidly cleared by Kupffer 

cells.  



177 
 

 

LPS possesses a broad range of biological activities (Beutler 2004). It is known 

to stimulate cell-specific activity in a diverse range of cell types, including 

platelets, leukocytes, lymphocytes, fibroblasts and macrophages (Beutler 

2004). Recognition of LPS by these various cell types leads to pleiotropic 

cellular activation and elimination of pathogens.  

The potent stimulatory properties of LPS are due to Lipid A (Van Amersfoort 

et al. 2003), the innermost and most highly conserved domain of the molecule. 

It is postulated that LPS activates macrophages to produce proinflammatory 

cytokines that support the immune response. The most prominent cytokine is 

TNF, which acts on cells of the host to provoke the release of terminal 

mediators of shock.  

TLR4 plays a fundamental role in pathogen recognition and activation of innate 

immunity and has been implicated in signal transduction of events induced by 

LPS. Mutations in this gene have been reported to be associated with 

differences in LPS responsiveness. With the help of co-immunoprecipitation 

studies, it has been proved that TLR4, similar to the IL-1 receptor, engages 

MyD88, a cytoplasmic protein with a Toll-like domain (as seen in Figure 4.0 

depicting the LPS/TLR4 signaling pathway). This protein eventually engages 

the serine kinase interleukin-1 receptor-associated kinase, which activates 

TRAF6, leading to phosphorylation of IκB and nuclear translocation of NF-κB. 

Interestingly, a knockout mutation of MyD88, which attenuates the lethal effect 

of LPS and most responses to IL-1, was consistent with delayed activation of 

NF-κB and with initiation of the mitogen-activated protein kinase cascade 
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(Hoshino et al. 1999). Both of these events are thought to be important to LPS 

signal transduction. 

 

 

Figure 4.1 Recogntion and signaling pathway of LPS and lipid A. (Source: (Miyake, 
2003)) 
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Gene knockout studies have revealed that the molecule CD14 acts as the 

principal LPS binding protein on the surface of mononuclear cells. It has been 

postulated that CD14–LPS complexes on the cell surface bind directly to 

TLR4, which in turn transduces the LPS signal, leading to LPS-mediated NF-

κB activation and transcription of immune response genes. This mechanism 

still remains unclear.  Qureshi et al. (1999) supported the hypothesis that a 

proteolytic system is installed between CD14 and TLR4, where a polypeptide 

signal is generated in response to the engagement of LPS by CD14, and acts 

to stimulate a response via TLR4. 

4.1.2 The role of Gram-negative bacteria in the gut and liver 
regeneration 

The liver and the gut are residents of the abdominal cavity and act as the key 

organs in nutrient absorption and metabolism, bile acid circulation as well as 

immune responses (Zeuzem, 2000). The organs have a unique anatomic 

connection with each other via the portal vein. One principal mechanism of 

interaction between gut and liver is the release of gut-derived mediators into 

the portal system, which in turn may affect hepatic metabolism or even the 

hepatic inflammatory reaction (Zeuzem, 2000).  

The gut is home to a large microbial community, including fungi, protozoa, 

Gram-positive and Gram-negative bacteria (Tannock, 2007). Due to the portal 

blood supply, the liver will have exposure to bacterial by-products originating 

from the gut. One such by-product is LPS. Administration of endotoxin is often 

used to induce liver injury for in vivo study of liver regeneration and function. 

Even though, it would suggest that these gut bacteria negatively effect liver 
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regeneration, studies have shown that LPS is actually beneficial for liver 

regeneration. Gut-derived endotoxin administered both before and after PH 

induced hepatic DNA synthesis and release of several hepatotrophic factors 

such as insulin (Cornell 1985). It is also possible that the LPS-induced 

hepatocyte proliferation may result from augmentation of hepatocyte growth 

factor (HGF) activity. Treatment of rats with a combination of LPS and HGF 

increased JNK and AP-1 DNA binding, possibly through c-JUN and STAT3 

up-regulation (Gao et al. 1999). LPS-HGF modulation of hepatocyte 

proliferation indicates potential contribution from the gut microbiota to the liver 

regeneration program. 

In a more recently published study by Wu et al (2015), it was observed that 

antibiotics treated mice had smaller liver size and lower proliferation than the 

control water-treated mice before PH, suggesting that hepatocyte self-renewal 

and proliferation physiologically relied on commensal bacteria. In this study, 

they found that while the liver size in water-treated mice continuously 

increased after PH and almost reached the original liver size 7 days after PH, 

liver size in antibiotics treated mice hardly increased and remained almost the 

same size at 7 days after PH (Wu et al. 2015). Taken all the previous findings 

together, it further strengthens the argument that gut bacteria derived LPS is 

important for liver regeneration. 
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4.1.3 The MTS510, monoclonal antibody to TLR4-MD-2 complex 

Akashi and co-workers (2000) developed a novel monoclonal antibody (mAb) 

specific to the mouse TLR4-MD-2 complex in 2000 (Akashi et al. 2000). 

Immunoprecipitation and cell-surface staining showed that MTS510 binds 

specifically to TLR4/MD-2 complex. MTS510 allowed the visualisation of 

TLR4-MD-2 expression with flow cytometry, and it was established that TLR4-

MD-2 was rapidly decreased in the presence of LPS (Akashi et al. 2000; Rossi 

et al. 2004). Furthermore, LPS-induced NF-κB and TNF- were strongly 

inhibited by the MTS510 mAb, indicating that this antibody binds to TLR4-MD-

2 complex resulting in blocking of the TLR4 signaling transduction pathway 

(Akashi et al. 2000; Akashi-Takamura et al. 2006).  

The use of MTS510 to block TLR4 signaling pathway has been implemented 

in several studies. Firstly, Cook et al. (2006) successfully blocked the 

transduction of TLR4 signaling using MTS510 to test their hypothesis that 

LPS-triggered reactivation of cytomegalovirus (CMV) in mice via TLR4 

signaling pathway. This study showed the mice that received MTS510 did not 

experience reactivation of CMV infection following stimulation with LPS (Cook 

et al. 2006). Additionally, in agreement with Akashi et al. (2000), Ding  et al. 

(2005) reported that MTS510 partially suppressed the production of TNF- 

and several other cytokines including IL-10, IL-12 and MIP-2 in C3H/HeN mice 

stimulated with LPS. 
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4.1.4 Objectives and hypothesis of the study 

Previous reports with regard to the involvement of TLR4 in liver regeneration, 

do not allow a clear conclusion to be made. C3H/HeJ mice, which have a point 

mutation in tlr4 gene, showed delayed liver regeneration (as shown in chapter 

2) after partial hepatectomy (Cornell et al. 1990) as well as following toxin-

induced liver injury (Su et al. 2004), which indicates that LPS/TLR4 signaling 

is an important mediator in liver regeneration. In contrast, TLR4-deficient mice, 

which have been previously shown to have an almost identical phenotype as 

C3H/HeJ mice (Hoshino et al. 1999) possessed a normal pattern of early liver 

regeneration (Seki et al. 2005; Campbell et al. 2006). Furthermore, there was 

a discrepancy with the data involving MyD88-deficient mice as Seki et al., 

(2005) reported that MyD88 is an important mediator in liver regeneration 

whilst Campbell et al., (2006) reported otherwise. Furthermore, these two 

studies only investigated the early phase of liver regeneration and did not rule 

out a possible involvement of TLR4 in the late phase of liver regeneration. 

Therefore, at this stage, the involvement of TLR4 at later time-points after PH  

is unknown. 

Therefore, in this study, we sought to confirm the findings for early phase 

regeneration and to extend investigation to late stage of liver regeneration, by 

using the monoclonal antibody (mAb) against TLR4 (MTS510), we 

investigated whether liver regeneration is affected in mice when TLR4 

signaling pathway is acutely inhibited. Using a slightly different approach to 

Cornell et al., (1985), we aimed to confirm the contribution of Gram-negative 

bacteria in the gut to the increased LPS following partial hepatectomy. In the 

latter, we used neomycin and polymyxin B given to mice via drinking water to 
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restrict the availability of Gram-negative bacteria in the gut.  

We hypothesised that LPS triggers liver regeneration via the TLR4 signaling 

pathway. The specific aims were: 

 To investigate the effect of acute inhibition of TLR4-expression (anti-

TLR4 mAb (MTS510)-treatment on liver regeneration in C3H/HeN 

mice. 

 To investigate the effect of TLR4 inhibition on the expression of pro-

inflammatory cytokines IL-6 and TNF-α 

 To investigate the importance of Gram-negative bacteria in the gut in 

liver regeneration in mice (antibiotic-treated C3H/HeN mice). 
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4.2 METHODS 

 

4.2.1 Animals 

Animals were sourced in the manner described in Chapter 2 section 2.2.1 

4.2.2 Partial hepatectomy and sampling of material 

PH and tissue harvesting was carried out in the manner described in Chapter 

2 Section 2.2.2 

4.2.3 Hepatocyte proliferation assay: Anti-proliferation cell nuclear 
antigen (PCNA) immunostaining 

Proliferating cell nuclear antigen (PCNA) is a 36000 kDa molecular weight 

auxillary protein of DNA polymerase delta, an enzyme vital for DNA replication 

(Foley et al. 1991). PCNA has been found to be a highly stable protein found 

in mammalian tissues and serves as an endogenous cell replication marker 

(Greenwell et al. 1993). Synthesis of this protein begins in the late G phase 

and peaks during the S phase of the cell cycle (Foley et al. 1991) . 

Immunohistochemistry for PCNA was performed using the avidin-biotin 

complex (ABC) method with the Elite ABC kit (Vector Laboratories, USA). 

Briefly, after deparaffinising of tissue sections, the masking of antigenic sites 

was accomplished by heating tissue sections in a microwave oven (600 watts, 

3 cycles of 5 min each) in the presence of antigen retrieval solution, Tris-EDTA 

solution, which contains 10 mM Tris and 1 mM EDTA, pH 9.0. After rinsing 

and washing, the sections were immersed for 10 min in methanol containing 

0.3% hydrogen peroxide (H2O2) to block endogenous peroxidase activity. 

Thereafter nonspecific tissue proteins were blocked with 1% bovine serum 
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albumin (BSA) in PBS for 20 min at room temperature, followed by primary 

antibody monoclonal antibody for PCNA (Clone PC10, Sigma, St.Louis, USA) 

incubation overnight at 4C at a dilution of 1:50. After serial washing, tissue 

sections were then incubated with biotinylated polyclonal goat anti-mouse 

antibody (DakoCytomation, Co. Ltd.) at 1:200 dilution as secondary antibody 

for 1 hour at room temperature. The immunoreactivity was then enhanced 

using the Elite ABC kit (Vector Laboratories, Burlingame, USA), incubated for 

30 min at room temperature. Subsequently the chromogen staining using 

diaminobenzidine (DAB; 3’3-Diaminobenzidine tetrachloride) (Sigma, St. 

Louis, USA)- hydrogen peroxide was employed, which results in dark-brown 

staining. Haematoxylin was used for nuclear counterstaining.  

Following staining, a total of 25 high-power (400X) fields on each section were 

examined. The number of PCNA positive hepatocytes was counted in the first 

1000 hepatocytes in each section (Hall et al. 1990). The percentage (%) of 

PCNA-labelled cells was calculated as follows (number stained cells/number 

of stained and unstained cells) X 100 (Shiratori et al. 1996). Four sections, 

each from a different mouse, were evaluated at each time point for each 

experimental group. 
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4.2.4 Mitotic activity (H&E staining) 

H&E staining to assess mitotic activity was carried out in a way described in 

Chapter 2 section 2.2.3 

4.2.5 Liver weight/body weight ratio (LW/BW) 

Liver mass restoration was estimated by the LW/BW ratio in the animal. To 

determine the weight of regenerating liver, the mice were sacrificed at 2-days 

after PH. The regenerating liver was removed en block. The liver weight was 

measured, and the liver weight/body weight ratio was calculated as follows: 

liver weight: body weight ratio as % = 100  (regenerating liver weight/body 

weight).  

4.2.6 Alanine transaminase (ALT) assay 

ALT levels in plasma were measured using an Autoanalyzer (AU480 

Chemistry analyser, Beckman Coulter Inc.) 

4.2.7 Hepatocyte proliferation and liver mass restoration in anti-TLR4 
monoclonal antibody (MTS510)-treated C3H/HeN mice 

MTS510 is an antibody that binds to TLR4/MD-2 complex and its ability to 

block LPS response is well established (Akashi-Takamura et al. 2006). 

Therefore, MTS510 was administered intravenously via the tail vein to each 

mouse. The monoclonal antibody (100 µg/mouse) was injected 2 hours before 

partial hepatectomy and 1 day after partial hepatectomy to C3H/HeN mice (n 

= 6). Mice were euthanised and liver tissue was harvested at 2 days after 

partial hepatectomy. Tissues were fixed in 10% formalin and embedded in 

paraffin. 5 m sections were cut and used for PCNA immunostaining and H&E 

staining.   
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4.2.8 Hepatocyte proliferation and liver mass restoration in antibiotic-
treated C3H/HeN mice 

We hypothesised that LPS originating from the gut triggers liver regeneration. 

In order to test this hypothesis, gut LPS was eliminated using two commercially 

available antibiotics, polymyxin B and neomycin prior to partial hepatectomy 

Neomycin sterilises the gut, eliminating the Gram-negative bacteria source of 

LPS (Cornell 1985). Polymyxin B neutralises the lipid A portion of LPS, which 

already absorbed into the systemic circulation from the gut (Cornell 1985). 

Polymyxin B (150 mg/kg/day) and neomycin (450 mg/kg/day) (Enomoto et al. 

2000) were delivered to each mouse for 5 days prior to partial hepatectomy 

drinking water. Treatment was continued for following partial hepatectomy until 

tissue harvesting. To confirm the effectiveness of these antibiotics, faecal 

samples were collected before and after the antibiotic treatment, and after 

partial hepatectomy, just prior to tissue harvesting.  Faecal samples were 

cultured in duplicate for 48-hours specifically for Gram-negative bacteria on 

MacConkey agar plates.  

Two days after partial hepatectomy, mice were euthanised and liver tissue was 

harvested for further analysis. 

4.2.9 Statistical analysis 

All results were expressed as mean values  standard error of the mean 

(SEM). For all the experimental results with a single time-point, the data were 

analysed using one-way ANOVA with Dunnett's test, using GraphPad Prism 

version 7.00, San Diego California USA. Wherever, there were comparisons 
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of multiple time-points, two-way ANOVA was used followed by Bonferroni’s 

post-hoc test. P-value  0.05 was considered statistically significant.  
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4.3 RESULTS 

4.3.1 Liver regeneration and Hepatocyte proliferation after treatment 
with MTS510 

No significant reduction in LW/BW ratio was found in MTS510-treated 

C3H/HeN (2.58  0.07%) at 2 days after partial hepatectomy compared to non-

treated C3H/HeN (2.89  0.12%) mice (Figure 4.2). The LW/BW ratio was 

significantly lower in C3H/HeJ (2.01  0.06%) mice compared to C3H/HeN and 

MTS510-treated mice at 2 days after partial hepatectomy (p < 0.01). When 

analysed by one-way ANOVA, there was an significant effect of treatment [F 

(2,17) = 28.7; p<0.001]. 

 

 

Figure 4.2 LW/BW ratio in MTS510-treated C3H/HeN mice at 2 days after partial 
hepatectomy. All data are presented as mean ± SEM. n = 4-6 mice per group. **p < 
0.01 vs. C3H/HeN and ++p < 0.01 vs. C3H/HeJ. Statistical analysis by one-way 
ANOVA and Tukey’s test for post-hoc analysis. 
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Figure 4.3 Mitotic activity at day 2 after partial hepatectomy. Haematoxylin and 
Eosin stained images showing mitotic figures during hepatocyte proliferation in 
C3H/HeN, C3H/HeJ, antibody-treated C3H/HeN and antibiotic-treated C3H/HeN 
at day 2 after PH. Blue arrow () indicates mitotic figures. PV = portal vein. 
Scale bar = 100 m. 
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Figure 4.4 Hepatocyte proliferation at day 2 after partial hepatectomy. Proliferating 
cell-nuclear antigen (PCNA) immunostaining images showing proliferating 
hepatocytes (dark brown) in C3H/HeN, C3H/HeJ, antibody-treated C3H/HeN and 
antibiotic-treated C3H/HeN at day 2  after PH. PV = portal vein; CV = central vein. 
Scale bar = 50 m. Colour differences in the staining is caused by sample variability, 
duration of staining and environmental factors. 
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The percentage of PCNA-labelled hepatocytes was significantly lower in the 

MTS510-treated C3H/HeN (29.9  2.92%) than the non-treated C3H/HeN 

mice (71.1  4.39%) at 2 days after partial hepatectomy (p < 0.001) (Figure 

4.5a). The percentage of PCNA-labelled hepatocytes in the MTS510-treated 

C3H/HeN was comparable to the percentage in C3H/HeJ mice (31.0  5.50%) 

at the same time point. Similarly, we observed a significant decrease in mitotic 

activity in MTS510-treated C3H/HeN at day 2 after partial hepatectomy 

compared to the non-treated C3H/HeN mice (Figure 4.5b). When analysed by 

one-way ANOVA, there was an significant effect of treatment [F (2,11) = 30.7; 

p<0.001]. Representative images of proliferating hepatocytes (PCNA 

immunostaining) and mitotic activity (H&E staining) are showed in figures 4.3 

and 4.4 respectively. 

 

 
A B 

Figure 4.5 Hepatocyte proliferation in MTS510-treated C3H/HeN mice at 2 days after partial 
hepatectomy. (a) numbers of mitotic figures per high-power field; and (b) Percentage of 
PCNA-labelled hepatocytes; All data are presented as mean ± SEM. n = 4-6 mice per group. 
Statistical analysis by one-way ANOVA and Tukey’s test for post-hoc analysis. 
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4.3.2 Pro-inflammatory cytokines TNFα and IL6 expression after PH in 
MTS510 treated group 

We measured levels of pro-inflammatory cytokines TNF-α and IL-6 after MTS-

510 treatment at 3-hours and 6-hours post PH. Analysis by two-way ANOVA 

revealed that there was significant effect of time [F (2,18) = 4.12; p<0.01]. At 

3 hours, both the MTS-510 treatment group and C3H/HeJ mice showed 

significantly lower levels of TNF-α (Figure 4.6) than their untreated C3H/HeN 

counterparts (139.2 ± 50.4 vs 21.3 ± 9.6 pg/ml in MTS510 group) (p<0.01) 

(139.2 ± 50.4 vs 21.1 ± 8.5 vs 21.1 ± 8.5in C3H/HeJ group)(p<0.01). There 

was no significant difference in IL6 levels at 3-hour between MTS510 group 

and C3H/HeJ group. At 6-hours, there were no significant differences between 

any of the groups in TNFα levels (Figure 4.5). 

 

 

Figure 4.6 Plasma TNF-α levels in MTS-510 treated mice at 3 hours and 6 hours after 
PH. All data are presented as mean ± SEM. n = 4-6 mice per group and time point. 
***p < 0.001 vs. C3H/HeN. Statistical analysis by two-way ANOVA and Bonferroni’s 
test for post-hoc analysis. 
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At the 3-hour time-point, IL6 levels in both the MTS-510 treatment group and 

C3H/HeJ mice were significantly lower (Figure 4.7) than their untreated 

C3H/HeN counterparts (167.7 ± 59.2 vs 90.8 ± 19.2 pg/ml in MTS-510 

group)(p<0.01) (167.7 ± 59.2 vs 43.5 ± 29.3 pg/ml in C3H/HeJ group)(p<0.01). 

However, IL-6 levels were significantly higher in MTS-510 treated C3H/HeN 

group when compared to untreated C3H/HeJ (90.8 ± 19.2 pg/ml vs 43.5 ± 29.3 

pg/ml; p<0.01) at this time-point. At 6-hours (Figure 4.6), both MTS510 treated 

C3H/HeN and C3H/HeJ group had lower expression of IL-6 than the untreated 

C3H/HeN (145.5 ± 56.3 vs 51.7 ± 17.7 pg/ml) (145.5 ± 56.3 vs 43.5 ± 29.3 

pg/ml). Analysis by two-way ANOVA for these groups revealed that there was 

significant effect of time [F (2,18) = 12.5; p<0.001]. 
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Figure 4.7 Plasma IL-6 levels in MTS-510 treated mice at 3 hours and 6 hours after 
PH. All data are presented as mean ± SEM. n = 4-6 mice per group and time point. 
***p < 0.01 vs. C3H/HeN ; ++p < 0.01 C3H/HeN-MTS510 vs. C3H/HeJ. Statistical 
analysis by two-way ANOVA and Bonferroni’s test for post-hoc analysis. 
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4.3.3 Liver regeneration and Hepatocyte proliferation in Antibiotics 
treated mice 

C3H/HeN mice were given a mixture of antibiotics (neomycin and polymyxin 

B) via drinking water for 5 days before partial hepatectomy and 2 days after 

the operation (5+2). To confirm the efficacy of the treatment, we performed 

bacterial cultures from faecal samples in controls (before antibiotic treatment), 

pre-hepatectomy and post-hepatectomy (before tissue harvesting at day 2 

after partial hepatectomy) (Figure 4.8).  

 

Figure 4.8 Bacterial cultures in control, pre-hepatectomy and post-hepatectomy. 
Gram-negative bacteria were present in control faecal samples but not after a 
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treatment with neomycin and polymyxin B. Cultures were performed in 4-5 mice in 
duplicate. 

The LW/BW ratio (Figure 4.9) was significantly lower in antibiotic-treated 

C3H/HeN mice compared to non-treated C3H/HeN mice (2.15 ± 0.07% vs. 

2.89 ± 0.12% respectively) (p < 0.001) (representative image in figure 4.3). 

The LW/BW ratio at day 2 after partial hepatectomy was not significantly 

different between the antibiotic-treated C3H/HeN and C3H/HeJ (2.01 ± 0.06%) 

mice. ANOVA analysis revealed a significant effect of treatment between these 

groups [F (2,18) = 29.7; p<0.001]. 

 

 

 

 

Figure 4.9 LW/BW ratio in MTS510-treated C3H/HeN mice at 2 days after partial 
hepatectomy. All data are presented as mean ± SEM. n = 4-6 mice per group. ***p < 
0.001 vs. C3H/HeN. Statistical analysis by one-way ANOVA and Tukey’s’s test for 
post-hoc analysis 
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Mitotic activity (Figure 4.10) was significantly lower in antibiotic-treated 

C3H/HeN mice (2  0.4 mitotic figures) compared to non-treated C3H/HeN 

mice (7.00  0.40 mitotic figures) at day 2 after partial hepatectomy (p < 0.001) 

(representative image in figure 4.3). The mitotic activity in antibiotic-treated 

C3H/HeN was not significantly different compared to C3H/HeJ mice (2.00  

1.00 mitotic figures) at day 2 after partial hepatectomy. ANOVA analysis 

revealed a significant effect of treatment between these groups [F (2,12) = 

23.4; p<0.001]. 

 

Figure 4.10 Numbers of mitotic figures per high-power field in MTS510-treated 
C3H/HeN mice at 2 days after partial hepatectomy. All data are presented as mean 
± SEM. n = 4-6 mice per group. ***p < 0.001 vs. C3H/HeN. Statistical analysis by one-
way ANOVA and Tukey’s test for post-hoc analysis. 
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The percentage of PCNA-labelled hepatocytes (Figure 4.11) at day 2 post-

hepatectomy was significantly impaired following antibiotic treatment in 

C3H/HeN mice compared to non-treated C3H/HeN mice (7.94  0.50% vs. 

71.1  4.39% respectively) (p < 0.001). The percentage of PCNA-labelled 

hepatocytes was significantly lower in the antibiotic-treated C3H/HeN mice 

than C3H/HeJ mice (31.0  5.50%) at day 2 after partial hepatectomy (p < 

0.01). ANOVA analysis revealed a significant effect of treatment between 

these groups [F (2,10) = 74.7; p<0.001]. Representative images can be seen 

in figure 4.4. 
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Figure 4.11 Percentage of PCNA-labelled hepatocytes in MTS510-treated C3H/HeN 
mice at 2 days after partial hepatectomy. All data are presented as mean ± SEM. n 
= 4-6 mice per group. ***p < 0.001 vs. C3H/HeN; ++p < 0.01 C3H/HeN-Abx vs. 
C3H/HeJ. Statistical analysis by one-way ANOVA and Tukey’s test for post-hoc 
analysis. 
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4.3.4 ALT levels in C3H/HeN and C3H/HeJ mice following PH 

We measured plasma ALT levels at 0, 3, 12, 24, 48, 72 hours and 7-day post 

PH. Analysis by two-way ANOVA revealed that there was significant effect of 

time [F (2,18) = 4.12; p<0.01]. As seen in Fig 4.12, the ALT levels in plasma 

after PH rose early after PH in C3H/HeN mice at 3-hour (719.2±38.0 IU/L, 

p<0.001) and remain significantly elevated until 72 hours. Very high levels of 

ALT in C3H/HeN were recorded at 12-hour and 24-hour time-point 

(5798.5±1133.5 IU/L, p<0.001 and 4661.0±992.8 IU/L, p<0.001 respectively) 

when compared to 0-hour controls. In C3H/HeJ mice however, significant rise 

was recorded only at 12-hour and 24-hour time-points (498.7±41 IU/L, p<0.01, 

221.3±20 IU/L, p<0.05). ALT levels were significantly higher in C3H/HeN mice 

than C3H/HeJ at all time-points from 3-hour to up until 72-hours post PH 

(p<0.01 for 3-hour and 48-hour, p<0.001 for 12-hour and 24-hour). 

 

Figure 4.12 Plasma ALT levels in C3H/HeN mice after after PH. All data are 
presented as mean ± SEM. n = 4-6 mice per group and time point. +p<0.05, 
++p<0.01, +++p < 0.001 Vs 0-hour control; *p<0.05, **p<0.01, ***p < 0.001 
C3H/HeN vs. C3H/HeJ. Statistical analysis by two-way ANOVA and Bonferroni’s 
test for post-hoc analysis 
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4.4 DISCUSSION 

4.4.1 Hepatocyte proliferation after PH requires TLR4 signaling 

We blocked the TLR4/MD-2 complex to acutely inhibit TLR4 signaling and 

revalidated the involvement of the TLR4 in liver regeneration. The acute 

administration of the anti-TLR4 monoclonal antibody (MTS510) to C3H/HeN 

mice prior to partial hepatectomy significantly depressed hepatocyte 

proliferation and mitosis at day 2 after partial hepatectomy in these mice. To 

our knowledge, this is the first study that used MTS510 to block the TLR4 

signaling pathway following partial hepatectomy and to attest the involvement 

of TLR4 in liver regeneration. Nevertheless, liver mass restoration in C3H/HeN 

treated with MTS510 was not significantly different than non-treated C3H/HeN 

mice. These data suggest that TLR4 signaling may be more important for 

hepatocyte mitosis and proliferation rather than liver mass restoration per se, 

as a profound impairment on hepatocyte proliferation and mitosis are evident 

when TLR4 signaling is acutely inhibited during the initiation of the 

regenerative process. Hepatocyte proliferation and mitosis would reflect more 

precisely the mechanism of liver regeneration in vivo compared to liver 

weight/body weight ratio because the measurements of liver weight after 

partial hepatectomy were made on wet instead of dry weight of the liver. 

Ideally, the dry weight of the livers would be used, because for example, 

almost 2/3 of the liver is made up of water in rats (Wimmer et al. 1985). In 

addition, the volume of blood and the liver perfusion may contribute to the total 

wet weight of the liver (Wimmer et al. 1985). However, the wet weight of the 

liver was chosen in the present study because it is simple and straightforward, 

and most importantly the liver tissues were required for histological 
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examinations and nuclear extractions in the later studies. Therefore, the 

discrepancy between proliferation markers and restoration of liver mass in the 

MTS510-treated C3H/HeN is possibly due to some inaccuracies with the 

measurements of liver weight. Blood volume or perfusion may have increased, 

contributing to a higher remnant liver weight and subsequently the higher 

LW/BW ratio in these mice. 

4.4.2 Gut bacteria derived LPS is important for liver regeneration 

The present study has confirmed that gut derived-LPS is required for the 

regenerative process. Following administration of neomycin and polymyxin B 

to restrict the availability of Gram-negative bacteria in LPS-sensitive, 

C3H/HeN mice, hepatocyte proliferation and mitosis as well as liver mass 

restoration are significantly impaired in the antibiotic-treated C3H/HeN 

compared to non-treated group. Collectively, these data signify that LPS 

originating from the gut may well be an important mediator that is required for 

liver regeneration, and when its availability is suppressed, so too is the 

hepatocyte proliferation and liver mass restoration after partial hepatectomy. 

In parallel to the present findings, increased LPS following PH has been 

reported previously in rats (Cornell 1985) and restriction of gut-derived LPS 

after partial hepatectomy in rats blunted DNA synthesis during the hepatic 

regenerative process (Cornell 1985) suggesting that LPS plays an important 

role during hepatic regeneration. More recently Xu  et al., (2007) reported that 

serum endotoxin levels were increased after partial hepatectomy in rats, 

peaked at 12 and 48 hours post-hepatectomy. 

There are several mechanisms that can explain the increased concentration 
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of gut-derived LPS in the portal and systemic circulation after partial 

hepatectomy and subsequent potentiation of liver regeneration. Xu  et al., 

(2007) established that elevated serum LPS appeared to be consistent with 

the degree of intestinal mucosal barrier injury. The group demonstrated the 

increase in serum LPS after partial hepatectomy in rats was associated with 

dramatic morphological changes to intestinal mucosa after partial 

hepatectomy, including increased intestinal mucosa permeability and widened 

cell gaps at the distal ileum (Han et al. 2007). The damaged mucosal barrier 

was thought to be due to a fall in blood flow to the intestinal mucosa, 

particularly in the distal ileum following liver resection, which shortened the 

intestinal villous height (Wang et al. 1993).  Bilio-pancreatic secretion is one 

of the main trophic factors that increases villous density and induces 

hypertrophy of the intestinal wall components (Wang et al. 1993).  Therefore, 

the loss of hepatic parenchyma following partial hepatectomy reduced the 

hepatic bile secretion, which led to severe insufficiency of the trophic stimulus 

on the intestinal mucosa and subsequent cessation of crypt cells replication 

(Wang et al. 1993). Consequently, these contribute to an imbalance of the 

enteric bacterial population, massive bacterial overgrowth and bacterial 

translocation and ultimately the invasion of enteric LPS into the blood stream 

(Han et al. 2007). Nevertheless, in the case of the early phase of regeneration 

process (first 12 hours), damage to the mucosal barrier secondary to reduced 

blood flow and portal venous congestion (Han et al. 2007) is more likely to play 

a role in the elevation in serum LPS after partial hepatectomy. In addition, 

reduced phagocytic capacity of Kupffer cells following liver resection results in 

excessive activation of intestinal macrophages, which might play a key role in 
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the transport of the intestinal bacteria into the extraintestinal sites (Wang et al. 

1993).  

Kupffer cells in the liver play a major role in microbial or particulate clearance, 

including clearance of LPS, through cell phagocytosis. A 70% removal of the 

liver lobes has been shown to result in the reduction in the absolute number 

of Kupffer cells in the remnant liver and consequently depressed function of 

these resident macrophages of the liver (Cornell et al. 1990). Xu  et al., (2007) 

reported that the activation of Kupffer cells occurred only at 48 hours after 

partial hepatectomy while serum LPS was elevated until 48 hours; and the 

levels reduced at later time-points after partial hepatectomy. Therefore, it is 

suggested that the stagnation of Kupffer cells function as well as the reduction 

in Kupffer cell number may have caused the sustained LPS level elevation 

before 48 hours following partial hepatectomy. As liver cells proliferate, the 

number of Kupffer cells increases and Kupffer cell function may be reactivated, 

most likely contribute to the decrease in serum LPS levels at the later time-

points after partial hepatectomy (Han et al. 2007).  

4.4.3 Pro-inflammatory cytokine IL6 and TNF-α expression was 
suppressed upon MTS510 treatment 

The blunted IL-6 and TNF-α response seen in MTS510 treated mice and 

C3H/HeJ mice could be because of a direct result of disrupted TLR4 pathway 

in both groups of mice. It has previously reported that MTS510 has the ability 

to inhibit LPS responses (Akashi-Takamura et al. 2006). When mouse 

macrophage cells were pretreated with mAb to TLR4 (MTS510), and 

stimulated with lipid A, lipid A-dependent TNF-α production was significantly 
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inhibited by MTS510 (Akashi-Takamura et al. 2006). The similar suppression 

of these cytokine levels in both C3H/HeJ group and MTS510 treated mice 

points to the hypothesis that a functional TLR4 pathway is very much 

necessary to pro-inflammatory cytokine mediated regeneration. 

4.4.4 Lower ALT levels in C3H/HeJ  

In our study, the leves of injury marker ALT were contrasting in C3H/HeN and 

C3H/HeJ mice. The ALT levels were significantly lower in C3H/HeJ than their 

control group C3H/HeN. Major tissue loss of the liver associated with 

concomitant periods of ischemia is common in trauma, transplantation, and 

hepatic surgery. Transient occlusion of the portal vein and hepatic artery is 

routinely performed during liver resection to minimize intraoperative blood 

loss, and it could lead to some ischemic injury (Selzner et al. 1999). In a study 

conducted on C3H/HeJ mice with ischemic injury, there was a correlation 

between ALT levels and TLR4 activity (both being lower) in C3H/HeJ mice. 

They hypothesized that the injury response might mediate TLR4 activation 

through either TLR2 or Reactive oxygen species (ROS) (Wang et al. 2006). 

So, it is possible that injury mediated response is suppressed in C3H/HeJ 

mice. However, it is not very clear from this result alone that why C3H/HeJ 

mice showed lower ALT levels. It is possible that some injury-mediated 

pathway could have been affected by the lack of functional TLR4 in C3H/HeJ 

mice. 

Matzinger (1994) described the ‘’DANGER’’ theory. According to this theory, 

the immune system, besides recognizing pathogen germs and their wall 

components also recognizes the endogenous ligands released by cellular 
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damage and necrosis, making it a “sterile inflammation response” (Rock et al. 

2010). Necrotic cells leak the intracellular content i.e., Damage Associated 

Molecular Patterns (DAMPs) out to the extracellular compartment where bind 

to the pattern recognition  receptors PRRs. Among those receptors belong the 

Complement system and Toll-Like receptors (TLRS) which are expressed in 

the membranes and in the cytosol of macrophages, sinusoidal endothelial, 

dendritic cells, natural killer (NK) and hepatocytes (Rock et al. 2011). 

DAMPs are also recognized by a subset of stress and damage receptors, 

known as NACHT, LRR and PYD domains-containing protein (NLRP) which 

belong to the NOD-like receptors (NOD). Once they are triggered, give rise the 

“inflammosome” complex, releasing pro-inflammatory and mitogenic cytokines 

such as: interleukin-1b (IL-1b) and interleukin 18 (IL-18). The NLRP receptor 

role has raised great interest regarding the mechanism of inflammation and 

survival (Leemans et al. 2011). DAMPs like high mobility Group Box 1 

(HMGB1), heat shock proteins (Hsps, Hsp60, Hsp70), uric acid, genomic DNA, 

etc. have been described to play an important role in liver regeneration 

process. 

So, given the possibility that injury response could be a part of stimulus to 

regeneration, it can be assumed that the lack of ALT in C3H/HeJ mice could 

be a loss of stimulus to regeneration. Regeneration in life is a response to 

injury. Therefore, C3H/HeN mice demonstrate higher level of injury, which may 

be the stimulus for a stronger regenerative response. In C3H/HeJ mice, the 

level of injury is reduced, therby reducing the stimulus for regeneration and 

therefore the liver regenerates more slowly. It is possible that the injury 
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involves TLR4 interacting with endogenous ligands, such as HMGB1, released 

from hepatocytes injured during the PH surgery. 

4.4.5 Summary 

In summary, this chapter reveals that LPS originating from the gut is essential 

for the regenerative process in mice. This is based on the findings of the study 

that liver regeneration is delayed in antibiotic-treated C3H/HeN mice, which is 

similar to that seen in LPS-insensitive C3H/HeJ mice (as discussed earlier in 

section 4.4.2). Furthermore, TLR4 signaling is important for hepatocyte 

proliferation and mitosis during liver regeneration, as when the TLR4 signaling 

is acutely blocked, hepatocyte proliferation and mitosis is significantly 

attenuated. 
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Chapter 5 

TRANSCRIPTOMIC ANALYSIS OF 
REGENERATING LIVER BY RNA-

SEQUENCING  
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5.1 INTRODUCTION  

 

5.1.1 RNA sequencing and its applications in biological research 

The transcriptome is a collection of whole RNA molecules in the cell, including 

mRNA, tRNA, rRNA and non-coding RNA (Wang et al. 2009). Since 

transcriptome variation exists between different individuals, studying the 

transcriptome differences between individuals can provide more insights into 

the biological mechanisms behind different phenotypes (Frith et al. 2005). 

RNA-seq, also called whole transcriptome sequencing, is an advanced 

technique developed based on the next-generation sequencing (NGS) 

technology. NGS is a high-throughput DNA sequencing technology that 

identifies the bases of a small fragment of DNA from signals emitted from the 

re-synthesized complementary bases in a parallel fashion. It has provided 

unprecedented scope and resolution for transcriptome profiling and analysis. 

RNA-seq can not only characterize multiple functional elements of a genome, 

such as exons, introns and the transcription start sites, but also can identify 

the splice variants and quantify the expression levels of a gene (Nagalakshmi 

et al. 2010). 

Transcriptomic strategies have seen broad application across diverse areas 

of biomedical research, including disease diagnosis and profiling (Wang  et al. 

2009). RNA-Seq approaches have allowed for the large-scale identification of 

transcriptional start sites, uncovered alternative promoter usage and novel 

splicing alterations. These regulatory elements are important in human 

disease, and therefore, defining such variants is crucial to the interpretation of 

disease-association studies (Costa et al. 2013). RNA-Seq can also identify 
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disease-associated single nucleotide polymorphisms (SNP), allele-specific 

expression and gene fusions contributing to our understanding of disease 

causal variants (Khurana et al. 2016). 

Retro-transposons are transposable elements which proliferate within 

eukaryotic genomes through a process involving reverse transcription. RNA-

Seq can provide information about the transcription of endogenous retro-

transposons that may influence the transcription of neighbouring genes by 

various epigenetic mechanisms that lead to disease (Slotkin and Martienssen 

2007). Similarly, the potential for using RNA-Seq to understand immune-

related disease is expanding rapidly due to its ability to dissect immune cell 

populations and to sequence T cell and B cell receptor repertoires from 

patients (Proserpio and Mahata 2016; Byron et al. 2016). 

RNA-Seq of human pathogens has become an established method for 

quantifying gene expression changes, identifying novel virulence factors, 

predicting antibiotic resistance and unveiling host-pathogen immune 

interactions (Wu et al. 2008; Suzuki et al. 2014). A primary aim of this 

technology is to develop optimised infection control measures and targeted 

individualised treatment (Byron et al. 2016). 

Transcriptomic analysis has predominantly focused on either the host or the 

pathogen. Dual RNA-Seq has recently been applied to simultaneously profile 

RNA expression in both the pathogen and host throughout the infection 

process. This technique enables the study of the dynamic response and 

interspecies gene regulatory networks in both interaction partners from initial 

contact through to invasion and the final persistence of the pathogen or 
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clearance by the host immune system (Westermann et al. 2012; Durmuş et al. 

2015). 

All transcriptomic techniques have been particularly useful in identifying the 

functions of genes and identifying those responsible for particular phenotypes. 

Transcriptomics of Arabidopsis ecotypes that hyper-accumulate metals 

correlated genes involved in metal uptake, tolerance and homeostasis with the 

phenotype (Verbruggen et al. 2009). Integration of RNA-Seq datasets across 

different tissues has been used to improve annotation of gene functions in 

commercially important organisms (e.g. cucumber) (Li et al. 2011) or 

threatened species (e.g. koala) (Hobbs et al. 2014). 

Assembly of RNA-Seq reads is not dependent on a reference genome 

(Grabherr et al. 2011)  and so ideal for gene expression studies of non-model 

organisms with non-existing or poorly developed genomic resources. For 

example, a database of SNPs used in Douglas-Fir breeding programs was 

created by de novo transcriptome analysis, in the absence of a sequenced 

genome (Howe et al. 2013). Similarly, genes that function in the development 

of cardiac, muscle and nervous tissue in lobster were identified by comparing 

the transcriptomes of the various tissue types, without use of a genome 

sequence (McGrath et al. 2016). RNA-Seq can also be used to identify 

previously unknown protein coding regions in existing sequenced genomes. 

Transcriptomics is most commonly applied to the mRNA content of the cell. 

However, the same techniques are equally applicable to non-coding RNAs 

that are not translated into a protein, but instead, have direct functions (e.g. 

roles in protein translation, DNA replication, RNA splicing and transcriptional 
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regulation) (Noller 1991; Kishore and Stamm 2006; Hüttenhofer et al. 2005). 

Many of these ncRNAs affect disease states, including cancer, cardiovascular 

and neurological diseases (Esteller 2011). 

Transcriptomics allows identification of genes and pathways that respond to 

and counteract biotic (damage due to another living organism such as 

bacteria, virus, etc) and abiotic environmental stresses (negative impact due 

to non-living factors). The non-targeted nature of transcriptomics allows the 

identification of novel transcriptional networks in complex systems. For 

example, comparative analysis of a range of chickpea lines at different 

developmental stages identified distinct transcriptional profiles associated with 

drought and salinity stresses, including identifying the role of transcript 

isoforms of AP2-EREBP (Garg et al. 2016). Investigation of gene expression 

during biofilm formation by the fungal pathogen Candida albicans revealed a 

co-regulated set of genes critical for biofilm establishment and maintenance 

(García-Sánchez et al. 2004). 

Transcriptomic profiling also provides crucial information on mechanisms of 

drug resistance. For example, analysis of over 1000 plasmodium falciparum 

isolates identified that upregulation of the unfolded protein response and 

slower progression through the early stages of the asexual intra-erythrocytic 

developmental cycle were associated with artemisinin resistance in isolates 

from Southeast Asia (Mok et al. 2015). 

As RNA-Seq is clearly emerging and will likely be extensively employed in the 

future, recent publications with this technique demonstrate the variety of 

different experimental opportunities made available. Most frequently, RNA-
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Seq demonstrates isoform specialization and identifies novel splicing 

dynamics in alternate splice forms, unannotated transcripts and changes in 

gene expression (Mortazavi et al. 2008; Trapnell et al. 2010). Other studies 

using RNA-Seq show that it can be used instead of whole genome sequencing 

to identify coding variants of a gene and find relevant mutations (Cirulli et al. 

2010). Another use is to find the targets of a particular miRNA: overexpression 

of a miRNA of interest caused changes in gene expression that could be 

identified through RNA-Seq (Cibois et al. 2010). Additionally, software has 

been developed to use RNA-Seq data to find the primary origin of a cancer 

and determine the heterogeneity of the site (Quon and Morris 2009), which will 

likely have significant clinical applications in all cancer types. It is almost 

certain that these sequence-based methods for transcript and gene 

expression changes and gene discovery will ensure continued popularity of 

RNA-Seq.  

The use of RNA sequencing and transcriptomic analysis in the domain of liver 

research has been described in Chapter 1 section 1.12 
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5.1.2 Functional groups of genes associated with liver regeneration 

 

5.1.2.1 TNF superfamily 

The TNF/TNFR superfamily comprises a large group of about 50 ligands and 

their receptors, which play a beneficial role, for example, in inflammation and 

protective immune responses but are also responsible for detrimental actions 

such as in sepsis or certain immune disorders. The TNFRp55 and the LTΒR 

belong to the core members of the family, and signaling through TNFRp55 as 

well as the LTΒR can lead to activation of NF-κB, an important transcription 

factor, via the canonical activation pathway. The LTΒR is also able to activate 

NF-κB via an alternative pathway. Liver mass is tightly regulated in relation to 

body weight, and, in contrast to other organs, the liver is capable of 

regeneration either when hepatocytes become dysfunctional, for example, 

through chronic poisoning, or when liver mass is lost, for example, after tumor 

resection. Loss of 30-70% of liver mass leads to synchronous division of 

mature hepatocytes until physiologic liver mass is regained. It has been 

determined in animal models that TNF/TNFRp55 signaling is an early event in 

liver regeneration after 70% hepatectomy. Presumably, this leads to NF-κB 

activation and subsequent transcription of IL-6, which in turn initiates STAT3 

activation via JAK-signalling. This promotes entry of the hepatocytes into the 

G1 -phase of the cell cycle and renders them responsive to growth factors 

(priming). 
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5.1.2.2 TGF-beta superfamily 

The important members of TGF-b superfamily include TGF proteins and Bone 

morphogenetic proteins (BMPs).  The three types of TGF-β that exist in 

mammals (TGF-β1–3) exert their functions through activation of heteromeric 

receptor complexes consisting of type I and type II transmembrane receptors 

(Moustakas and Heldin, 2009). TGF-β is a potent growth inhibitor for different 

types of epithelial cells, including hepatocytes. TGF-β1 expression is strongly 

upregulated upon PH, but the responsiveness to this factor declines transiently 

in the regenerating liver, which may be important for hepatocyte proliferation 

(Houck and Michalopoulos, 1989).  

When TGF-β1 was administered intravenously at different time points during 

the liver regeneration process, hepatocyte proliferation was efficiently 

reduced. However, the effect was transient and the TGF-β treatment did not 

prevent regeneration (Russell et al. 1988). A delay in hepatocyte proliferation 

after PH was also seen in transgenic mice overexpressing mature TGF-β in 

hepatocytes (Bouzahzah et al. 2000). 

To determine the role of endogenous TGF-β in liver regeneration, mice lacking 

the type II TGF-β receptor in hepatocytes were generated. Upon PH, 

hepatocyte proliferation was strongly accelerated in these mice up to 7 days 

after surgery and the liver to body weight ratio was increased. However, the 

hyperproliferation was only transient and normal regeneration was achieved 

(Romero-Gallo et al. 2005). A similar approach to study TGF-β function in liver 

regeneration was used by another group (Oe et al. 2004). These investigators 

also found accelerated hepatocyte proliferation, although the effect was no 
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longer observed 120 h after PH. Interestingly, enhanced expression of activin 

A and its type II receptor as well as persistent SMAD activation were seen at 

this time point, indicating a compensatory activity of activin under these 

conditions. This hypothesis was confirmed by treatment of mice with the activin 

antagonist follistatin, which resulted in enhanced hepatocyte proliferation at 

120 h, particularly in the mice lacking the type II TGF-β receptor (Oe et al. 

2004). These findings suggest that activin and TGF-β collaborate to terminate 

hepatocyte proliferation in the regenerating liver, although a contribution of 

additional factors to this process cannot be excluded. 

In contrast to TGF-β and activin A, bone morphogenetic proteins (BMPs) have 

been described as positive regulators of liver regeneration. Thus, inducible 

expression of a dominant-negative BMP receptor in zebrafish strongly 

impaired regeneration after 1/3 hepatectomy (Kan et al. 2009). In mice, 

systemic administration of BMP-7 stimulated hepatocyte proliferation after PH 

and enhanced the restoration of liver mass, whereas application of a soluble 

BMP type I receptor (Alk3) or a neutralizing antibody to BMP-7 had the 

opposite effect, which was rescued by application of BMP-7 (Sugimoto et al. 

2007). The roles of other BMPs in the liver regeneration process remain to be 

determined. 
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5.1.2.3 Cell cycle genes 

The dynamic changes in gene expression as a function of cell cycle 

progression are regulated by specific cell dependent kinase (CDK) activities. 

These variations in gene expression levels control the accumulation of several 

cyclins and thereby regulate CDK activity, thus driving cell cycle progression. 

Genes regulated during the cell cycle encode several proteins that function in 

the subsequent phase of the cell cycle. In most eukaryotes, cell cycle-

regulated transcription can be grouped into three main waves of transcription 

coincide with the different transition points during the cell cycle, namely G1-to-

S, G2-to-M and M-to-G1 (Bähler 2005). 

5.1.2.4 Angiogenesis genes 

Angiogenesis is a dynamic, hypoxia-stimulated and growth factor-dependent 

process, eventually leading to the formation of new vessels from pre-existing 

blood vessels or endothelial progenitors. Angiogenesis occurs via several 

distinct and overlapping mechanisms comprising vasculogenesis, 

angiogenesis, arteriogenesis and collateral vessel growth (Carmeliet 2000). 

Hypoxia, that is, an oxygenation state below the norm for a particular tissue, 

constitutes the major stimulus for angiogenesis. The cells react to reduced 

levels of oxygen by involving critical molecular mediators belonging to the 

family of hypoxia-inducible factors (HIFs) that facilitate oxygen delivery and 

adaptation to decreased oxygen levels by upregulating several genes such as 

VEGF, vascular endothelial growth factor receptors (VEGFR), endothelial 

nitric oxide synthase (eNOS), vascular endothelial cadherins, platelet 

endothelial cell adhesion molecule-1 (PECAM-1) or CD31, matrix 

metalloproteinases (MMPs), angiopoietins, tyrosine kinase receptors, basic 
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fibroblast growth factor (bFGF), transforming growth factor b1 (TGFb1), 

integrins, etc. All of these factors act in a concerted fashion to mediate a 

sequence of events that includes vasodilation, increased vascular permeability 

and endothelial cell membrane remodeling, which allows endothelial cell 

migration, proliferation, migration and finally an organized branching of new 

vessels (Carmeliet 2000). In liver, physiological angiogenesis occurs during 

liver regeneration. The first evidence that liver regeneration is an 

angiogenesis-dependent phenomenon was given by Drixler  et al. (Drixler et 

al. 2002). The authors clearly showed that under physiological conditions after 

PH, the microvascular density increases by 38 % in a regenerating liver, and 

in the presence of an angiogenesis inhibitor, angiostatin, liver regeneration is 

inhibited by about 50 %. 

5.1.2.5 Wound healing 

Broadly defined, partial hepatectomy is a type of liver injury, though no 

immediate histological damage results from it. Thus, it is not surprising that the 

signaling pathways triggered during liver regeneration strongly resemble those 

of wound healing, seen in other tissues. The difference with the classic wound 

healing process is that the changes observed in the liver occur over the entire 

organ and that some of the signals may be derived in part from the peripheral 

circulation. As seen in early stages of wound healing (Kortlever and Bernards 

2006), there is increase in uPA activity throughout the entire liver starting as 

early as 5 min after PH (Mars et al. 1995). The alterations of vascular flow 

patterns alone can trigger some of the early events. Increase in uPA activity is 

accompanied by activation of plasminogen to plasmin (within 10 min) and 

appearance of fibrinogen degradation products (Kim et al. 1997). Urokinase is 
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known to activate matrix remodeling, seen in most tissues during wound 

healing and also in liver regeneration. Many proteins of the extracellular matrix 

are subject to turnover (Kim et al. 1997). The first evidence of activation of 

metalloproteinase 9 (MMP9) is seen at 30 min and further into the first 24–48 

h after PH (Kim et al. 2000). Studies from wound healing and tumor biology 

have shown that matrix remodeling causes signaling though integrins and is 

associated with release of locally bound growth factors and peptides that have 

signaling capabilities (Swindle et al. 2001). 

5.1.2.6 HIPPO pathway 

The Hippo signaling pathway has been implicated in mammalian organ size 

regulation (Yimlamai et al. 2015). Specifically, the Hippo pathway plays a 

critical role regulating the activity of transcriptional co-activator, and 

downstream effector, Yes-associated protein (YAP), which modulates pro-

proliferative transcriptional elements. It is known to be upregulated under 24 

hours after PH. 

The Hippo/YAP signaling pathway is a critical regulator of liver size (Dong et 

al. 2007; Camargo et al. 2007). Hippo-pathway signaling engagement results 

in phosphorylation and inactivation of the transcriptional co-activator YAP 

(Ramos and Camargo 2012). Components of this signaling cascade include 

the tumor suppressor NF2, the scaffolding molecule WW45, the Drosophila 

Hippo orthologues MST1/2, and their substrates, the kinases, LATS1/2. YAP 

phosphorylation by LATS1/2 results in its cytoplasmic localization and 

proteolytic degradation (Zhao et al. 2007; Oka et al. 2008). YAP exerts its 

transcriptional activity mostly by interacting with the TEAD family of 
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transcription factors and activating target gene expression (Zhang et al. 2008; 

Wu et al. 2008). Manipulation of Hippo-pathway activity leads to profound 

changes in liver cell proliferation. YAP overexpression results in approximately 

a 4-fold increase in liver size within week (Camargo et al. 2007; Dong et al. 

2007). Additionally, acute postnatal loss of Mst1/2 (Zhou et al. 2009), Nf2 

(Benhamouche et al. 2010), and Ww45 (Lee et al. 2010) lead to increased 

YAP levels, resulting in hepatomegaly and eventually liver cancer. In most of 

these models, the presence of a large number of atypical ductal cells has led 

to the prevailing view that overgrowth in these models is mostly driven by the 

activation and expansion of putative progenitors (Benhamouche et al. 2010). 

5.1.2.7 Inflammasome 

An inflammatory response is required to achieve the optimal liver regeneration 

after liver injury. Recent reports demonstrated that inflammasomes are 

involved in the innate immune response. Several NOD-Like receptors (NLRs) 

participated in the formation of the inflammasomes. NACHT, LRR, and PYD 

domain-containing protein 3 (NALP3) belongs to the NLR families and 

recognizes adenosine triphosphate (ATP), crystals, and reactive oxygen 

species (Ando et al. 2017). 

The activation of inflammasomes in the liver was induced after 70% PH. 

NALP3 inflammasome signaling is required for the induction of inflammatory 

response and the development of liver regeneration after PH (Ando et al. 

2017). The formation of inflammasome-related molecules leads to the 

activation of caspase-1, resulting in the cleavage of pro-IL-1β and pro-IL-18 

into mature forms. IL-1β and IL-18 are critical for the progression of 
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inflammation in the microenvironment. Moreover, the expression of IL-18 

increased in the process of liver regeneration, and these cytokines contributed 

to the process of liver regeneration (Zhang et al. 2014). While the 

inflammasome is expected to be upregulated early after PH, the visualisation 

(Figure 5.13) shows a delayed activation of most of these genes in C3H/HeJ 

mice. The nod-like receptors NLRP3 subgroup has also been highly 

upregulated at 48 hours in the mutant strain. 

5.1.2.8 WNT/b-catenin pathway 

The role of β-catenin signaling in LR is now well-established in rodents. (Nejak-

Bowen and Monga 2011). Activation of β-catenin is relatively early with its 

nuclear translocation evident in minutes to hours after PH, where it complexes 

with TCF4 to regulate the expression of Ccnd1. Cyclin-D1 is critical for driving 

G1 to S phase cell cycle progression and marks the point of no return for cell 

proliferation (Albrecht and Hansen 1999). In fact absence of β-catenin in 

hepatocytes in β-Catenin-LKO led to a significant lag in the initiation of liver 

regeneration with hepatocyte S-phase peaking at 72 hours instead of 40 hours 

due to decreased Ccnd1 (Sekine et al. 2007). 

Endogenous or exogenous activation of β-catenin has been shown to improve 

liver regeneration in animal models as well as in patients (Nejak-Bowen et al. 

2010; Apte et al. 2009b). β-catenin activation has been also shown to occur 

downstream of non-Wnt mechanisms such as those mediated by HGF, EGF, 

Flt3 and PKA, which have been independently shown to be playing a 

significant role in liver regeneration after PH. 
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5.1.3 Objectives and hypothesis of this study 

From our own earlier analysis of regenerative parameters like liver weight body 

weight ratios, hepatocyte proliferation (Chapter 2) and cytokine analysis 

(Chapter 3), and previous studies by others, the regenerative response is 

delayed in C3H/HeJ mice mice compared to C3H/HeN mice. Although, the tlr4 

mutation in C3H/HeJ is known, the pathways and gene networks related to 

liver regeneration compromised or altered by this mutation have not been 

studied in great detail. So, the question arises as to what factors and altered 

functional gene groups in these mutant mice are causing this delayed 

response? Elucidation of these factors using this genetic model may provide 

great insight into liver regeneration. RNA Seq analysis of regenerating liver 

transcriptome may reveal mechanistic insight. 

Based on the clear distinction we observed earlier in proinflammatory 

responses and cell proliferation between the two, we hypothesized that the 

differences could be arising due to difference in global transcriptomic signature 

between the two mice. We also hypothesized that the mutation in C3H/HeJ 

could have a cascading effect on other major pathways at a gene transcription 

level that corroborate the regenerative process. We anticipated that inspecting 

the specifics of these important signaling pathways and functional groups 

(described earlier in this chapter section 5.1.1) could give us a better 

understanding of the delay in regeneration seen in C3H/HeJ mice. We 

hypothesized that there will be major differences in the transcriptome of liver 

at early and late phases of liver regeneration. So, to test these hypotheses, 

we set out the following objectives for this study: 
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1. To determine the differences in gene expression at the early phase (at 

6-hour post PH) of regeneration and the late phase (48 hour) in Wild 

type C3H/HeNmice. 

2. To determine the differences in gene expression at the early phase (at 

6-hour post PH) and late phase response (48 hour) in tlr4-mutant 

C3H/HeJ mice. 

3. To observe the global and specific changes in gene expression in liver 

between and wildtype and mutant at both phases by functional groups 

and pathways associated with liver regeneration.  
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5.2 METHODS 

 

5.2.1 RNA Preparation  

Total RNAs were isolated from resected livers of both C3H/HeN and C3H/HeJ 

mice using RNeasy tissue mini-kit (Qiagen, USA)) following the provided 

protocol. In detail, ~30 mg of frozen tissue was lysed under 0.6 mL of 

proprietary buffer RLT (Qiagen, USA) supplemented with β-Mercaptoethanol 

using a bead blender. Once lysis was complete, the mixture was centrifuged 

at >20,000 x g for 3 minutes. The supernatant was then transferred to a new 

microcentrifuge tube. To the cleared lysate, 0.6 mL of 70% ethanol was added 

and then mixed immediately by pipetting. The mixture was then loaded and 

spun through an RNeasy spin-column. The column was then washed with one 

volume of proprietary buffer RW1 (Qiagen Inc, USA). Once wash is complete, 

on-column DNase digestion was performed by soaking into the column 80 µL 

of proprietary RDD buffer (Qiagen, USA) containing 1 unit of DNase and 

allowed to incubate 15 minutes. This step allows for the efficient removal of 

DNA from the sample. After digestion, the column was washed twice with one 

volume of washing buffer (RPE buffer, Qiagen, USA). Finally, the RNA was 

eluted off the column using 50 µL of RNase-free water into a new 

microcentrifuge tube. The concentration of RNA was determined by Nanodrop 

and samples were diluted down to 1 µg/L with RNase-free water, accordingly. 
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5.2.2 RNA Quality Check 

Total RNA sample quality was assessed using the Agilent 2100 Bioanalyzer 

with the RNA Nano chip. All samples passed with high RNA Integrity Numbers 

(RIN) as were submitted for library preparation and RNA Sequencing. 

5.2.3 RNA Sequencing  

Libraries were prepared from the total RNA using Illumina’s TruSeq Stranded 

mRNAseq Sample Prep Kit. Read 1 aligns to the ANTISENSE strand, whereas 

Read 2 aligns to the SENSE strand. The libraries were quantitated by qPCR, 

pooled and sequenced on two lanes for 101 cycles from each end of the 

fragments on a HiSeq 4000 using a HiSeq 4000 sequencing kit version 1. 

Fastq files were generated and demultiplexed with the bcl2fastq v2.17.1.14 

Conversion Software (Illumina). 

RNA-Seq Analysis 

Fastq files containing the raw reads were mapped to the mm10 mouse 

reference genome using STAR 2.5.2a with the following command: 

STAR --runThreadN 16 --outSAMtype BAM SortedByCoordinate --genomeDir 

path/to/GRCm38_vM11_index --readFilesIn R1_reads.fastq R2_reads.fastq 

Mapping of fastq files resulted in alignment files known as BAM files. The BAM 

files were put through htseq-count which provides read count values for all 

annotated genes within the mouse genome. The following command was 

used: 

Htseq-count –f bam –r pos –s reverse BAM_file GFF3_file > Output_file 
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The read count files were then used by the DESeq2 analysis suite which 

calculated the differential gene expression changes among the samples. 

Differential gene expression is reported in Log2(Fold Change) values. 

Therefore, if a gene is to upregulated two-fold when comparing Group A to 

Group B, the Log2(Fold Change) will equal 1. 

5.2.4 Basal Differences in Gene Expression 

To determine the differences in the two models at basal conditions, the 

C3H/HeJ strain was compared to the C3H/HeN strain at the 0 hour time point. 

From the volcano plot it can be seen that 83 genes are upregulated and 162 

genes are downregulated. Gene ontology (GO) clustering analysis did not 

show significant clustering of functional groups associated with these 

differentially expressed genes. The excel sheets provided list the genes and 

their calculated Log2(Fold Change). 

5.2.5 Principal Component Analysis 

Principal Component Analysis (PCA) is a multivariate statistical technique that 

makes possible to determine key variables (or combinations of variables) in a 

multidimensional data set that can best explain the differences between 

observations (Raychaudhuri et al. 2000). In RNA-sequencing studies, PCA 

can be employed to understand and visualise the variation in animal 

transcriptome and gene expression (Holter et al. 2000). 

If there are m observations (experiments) on n variables (genes), the aim of 

PCA is to heavily reduce the dimensionality of the data matrix by finding r≤n 

new variables. These r principal components account together for as much of 

the variance in the original n variables as possible. This process will filter noise 
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in the process and make the data more accessible for visualization and 

analysis. 

If the data can be reduced to fewer components, then relatively few numbers 

are suffice instead of by values for thousands of variables to represent a data 

set of the sample. This makes for easier visualisation of similarities and 

differences between samples. When the samples are plotted, PCA makes it 

possible to group the samples based on their dimesionality on the plot. When 

the similarities between data sets are correlated to the distances in the 

projection of the space defined by the principal components, it can highlight 

the outlier samples in the experimental data sets. 

5.2.6 Gene ontology and pathway analysis  

Gene ontology analysis was performed using DAVID as previously described 

(Huang et al. 2009)). Specifically, the mouse reference genome was used and 

three gene ontology terms were used (BP, CC and MF) and three pathways 

were used (Biocarta, Kegg and Panther) for the analysis. Functional 

annotation clustering was performed and the top clusters (enrichment score = 

P value < 0.05) were summarized. Heatmaps and pathway diagrams were 

generated using the IPA graphical user interface. 

We plotted heatmaps using functional groups related to Liver regeneration to 

gather insights on gene expression changes during regeneration in both the 

strains. The heat map and intensity of color is a representation of Z-score. On 

the heat map, the red color represents the upregulation of genes and the blue 

color represents downregulation, and white represents no change in 

expression when normalised against mouse reference genome “mm10”. The 
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intensity of color is a representation of magnitude of differential expression. 

 

               Figure 5.1 Row Z-score of normalised read counts. 
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5.3 RESULTS 

 

5.3.1 RNA integrity of the liver samples 

Analysis of quality of RNA is important first step in RNA-sequncing. We 

employed Bio-analyzer chips by Agilent Technologies, Santa Clara, USA to 

check for the quality of RNA to be sequenced. Degraded RNA products are 

traced and taken into account for this analysis. Using this method, the 

generated electropherogram can be interpreted, and samples can be 

compared to ensure the repeatability of experiments. The assigned RNA-

integrity number (RIN) is independent of sample concentration, instrument and 

analyst therefore becoming a de facto standard for RNA integrity. 

The isolated RNA in this study had an exceptional quality with an RIN number 

of 9 or above across all samples used (Figure 5.2). 

 

 

 

Figure 5.2 Electropherogram depicting RNA integrity values of two samples from this 
study. The two biger peaks represent 18s and 28s RNA respectively. FU = Sample 
intensity; nt= Molecular weight of nucletotides. 
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5.3.2 Read alignment 

Once the RNA sequence is generated, then they are usually mapped against 

either a reference genome or a reference transcriptome transcriptome. This 

will generate a percentage of mapped reads. This percentage can be used as 

an indicator of quality.   The percentage of mapped reads can indicate how 

accurate the entire sequencing was and if there was any contaminating DNA 

in the sample. It is usually expected that reads be between 70 and 90 % of 

regular RNA-seq reads to map onto the human genome (depending on the 

read mapper used), with a significant fraction of reads mapping to a limited 

number of identical regions equally well (‘multi-mapping reads’) (Conesa et al. 

2016). However, lower total mapping percentages are expected when reads 

are mapped against the transcriptome. This is because of some expected loss 

in reads coming from unannotated transcripts. The other reason for lower 

mapping rates more because of reads falling onto exons that are shared by 

different transcript isoforms of the same gene (Conesa et al. 2016). In our 

case, the RNA sequencing was aligned to mouse genome (mm10). All the 

samples had a mapping rate between 84 and 88% which is considered as 

exceptional quality (Table 5.1). 
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Table 5.1 A table showing the mapping rates of every sample used in our RNA-
sequencing (WT = C3H/HeN; MUT = C3H/HeJ) 

Sample ID Mapping Rate        Sample ID Mapping Rate 

WT-0Hr-1 85.06% MUT-0Hr-1 85.83% 

WT-0Hr-2 85.75% MUT-0Hr-2 85.75% 

WT-0Hr-3 85.27% MUT-0Hr-3 85.65% 

WT-6Hr-1 86.26% MUT-6Hr-1 88.37% 

WT-6Hr-2 85.23% MUT-6Hr-2 88.45% 

WT-6Hr-3 85.49% MUT-6Hr-3 86.70% 

WT-48Hr-1 86.27% MUT-48Hr-1 85.77% 

WT-48Hr-2 85.20% MUT-48Hr-2 88.25% 

WT-48Hr-3 86.77% MUT-48Hr-3 87.73% 
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5.3.3 Gene expression programs are largely intact in both C3H/HeN and 
C3H/HeJ strains under regenerating conditions 

Principal Component Analysis of the gene expression profiles in both strains 

at the various time points can be seen in Figure 5.3. Each dot on the graph 

represents the gene expression data of a specific sample from a specific 

mouse group (C3H/HeN or C3H/HeJ) and specific time-point. All the similarly 

colored dots are for 3 biological replicates from the same group. If the 

replicates are clustered in a close proximity on the graph, then it can be 

assumed that there is not much variance in the samples due to experimental 

conditions. From this plot it can be seen that samples from both strains cluster 

together for a given specific time point. This shows that in response to PH the 

gene networks are largely intact in both strains.  

Figure 5.3 PCA analysis of the expression data from genes at different time-points after 
partial hepatectomy in C3H/HeN and C3H/HeJ mice. The first principal component (PC1) 
is represented by the X-axis, and the second principal component (PC2) is represented 
by the Y-axis. 
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5.3.4 C3H/HeJ mice exhibit a significant number of genes with 
differential abundance.  

The differential expression of genes in the transcriptome of regenerating 

C3H/HeJ livers against the C3H/HeN livers can be seen from the volcano plot 

(Figure 5.3) in which the log2 of the calculated Fold Change value is plotted 

against the –log10 of the False Discovery Rate (FDR) value. Genes are 

considered to be significantly different if they have an FDR < 0.05. 

Furthermore, if the Fold Change for a particular gene is two-fold greater it is 

considered to be upregulated whereas if the Fold Change is two-fold lesser it 

is considered to be downregulated. Within this plot, points filled with red are 

all the genes upregulated, blue are all the genes downregulated, and grey are 

all the genes not changing significantly. It can be seen that there are about 

two times more genes that are downregulated than upregulated (162 vs 83) 

(Figure 5.4). 
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Figure 5.4 A Volcano plot depicting the basal level changes in the livers of tlr4 mutant 
C3H/HeJ mice against wildtype mice. A total of 162 genes were significantly 
downregulated and 83 genes were significantly upregulated in the liver transcriptome 
of C3H/HeJ. 
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5.3.5 Global Changes in the gene expression during early phase and 
late phases of regeneration 

At an early phase time-point (6-hour), a total of 509 genes were upregulated 

only in C3H/HeN, and 309 genes down regulated only in C3H/HeN. At the 

same time-point, 245 genes were upregulated only in C3H/HeJ, and 573 were 

downregulated only in C3H/HeJ (Figure 5.5). Thus, fewer genes upregulated 

and more genes down regulated were found in the C3H/HeJ livers.  

 

Figure 5.5 Gene Ontology Analysis: A scatter plot depicting the transcriptome wide 
differential expression of genes in liver in C3H/HeJ against C3H/HeN mice. Each dot 
represents the mean regulation value (log2-fold change of a specific gene (C3H/HeJ 
versus C3H/HeN) of three biological replicates. Anything below -1 is considered 
downregulated, and anything above +1 is considered upregulated. 

(6-hour) 
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At a later time-point (48-hour), a total number of 287 genes were upregulated 

only in C3H/HeN, and 218 genes down regulated only in C3H/HeN, while 330 

genes were upregulated only in C3H/HeJ, and 206 were downregulated only 

in C3H/HeJ (Figure 5.6). A higher upregulation was seen in C3H/HeJ at this 

timepoint. 

 

 

Figure 5.6 Gene Ontology Analysis: A scatter plot depicting the transcriptome wide 
differential expression of genes in liver in C3H/HeJ mice against C3H/HeN mice. Each 
dot represents the mean regulation value (log2-fold change of a specific gene 
(C3H/HeJ versus C3H/HeN). of three biological replicates. Anything below -1 is 
considered downregulated, and anything above +1 is considered upregulated. 

(48-hour) 
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5.3.6 Functional grouping of genes related to liver regeneration  

5.3.6.1 TNF Superfamily 

As seen in figure 5.7, at 0-hour, tnfsf8, lta fasl that were upregulated and 

cd40lg, ltb, tnfsf13b were downregulated in in C3H/HeN when compared to 

C3H/HeJ. 

At 6-hours, there was no overlap in the trends of activation of TNF super family 

genes in C3H/HeN and C3H/HeJ. Some of the genes that were active in 

C3H/HeN at 6-hours were tnfsf18, tnfsf14, lta. The genes that were highly 

upregulated in C3H/HeJ at this time-point were tnfsf9, tnfsf8 and tnfsf 11. 

Tumor necrosis factor ligand superfamily member 18 (tnfsf18) is cytokine 

mainly produced by endothelial cells was shown be upregulated at both 6-hour 

and 48-hours in C3H/HeN while being downregulated in C3H/HeJ. 

However, the striking feature observed here was the contrasting regulation of 

many TNF superfamily genes including tnfsf11b, tnfsf12,tnfsf10, tnfsf13,tnfs14 

between the two mice groups. These genes were highly upregulated at 48-

hour time-point in C3HHeJ. A delayed activation of the TNF superfamily may 

drive a delayed proliferatory response. 
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C3H/HeN C3H/HeJ 

Figure 5.7 A heatmap depicting the differential expression of functional group 
of TNF family genes in liver transcriptome at 0-hour (without PH), 6-hour and 
48-hour after PH in C3H/HeN and C3H/HeJ mice. 
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5.3.6.2 Transforming growth factor-beta (TGF-β) superfamily 

In our visualisation of TGF family genes, as seen in Figure 5.8, the gene gdf9 

was upregulated at 0-hour in C3H/HeN when compared to C3H/HeJ mice 

There was an early activation (6-hours) of two important member genes, 

mysostatin (mstn), the gene that encodes a secreted ligand of the TGF-beta, 

and Bone morphogenetic protein 4 (bmp4) in C3H/HeN at 6-hours. At 6-hours, 

these genes were downregulated in C3H/HeJ mice. At the same time-point, 

gdf5 and bmp2 were upregulated in C3H/HeJ mice. 

However, the TGF family genes including bmp1, bmp5, tgfb1, tgfb2, gdf15, 

gdf2 were shown to highly upregulated, and the genes bmp2, bmp6, bmp7, 

inhba, inha were moderately upregulated at 48-hours in the C3H/HeJ mice.  

 

Figure 5.8 A heatmap depicting the differential expression of functional group of TGF 
family genes in liver transcriptome at 0-hour (without PH), 6-hour and 48-hour (after 
PH) in C3H/HeN and C3H/HeJ mice.  
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5.3.6.3 Cell cycle genes 

Among cell cycle related genes (Figure 5.9), gp4132 gene belonging to G1 

phase was upregulated in C3H/HeJ mice at 0-hour time-point. 

At 6-hours, the gene slfn1 from G1 phase was upregulated in C3H/HeN mice, 

but not in C3H/HeJ. At the same time-point in the G2 phase, the gene rad17 

was upregulated in C3H/HeJ mice, but not in C3H/HeN. In the M-phase, the 

genes smc1a, stag1 and shc1 were moderately upregulated in C3H/HeJ, but 

not in C3H/HeN mice. 

It was expected that cell cycle genes to be activate at 48-hour time-point 

because of the timing the hepatocyte multiplication, and as expected almost 

all of the cell cycle genes were active at 48-hour time-point in both C3H/HeN 

and C3H/HeJ mice. Most of the genes in the subgroups of G1, G2 and M-

phases showed dissimilar activation patterns when both the strains were 

compared. When the intensity of regulation is closely observed, the genes in 

C3H/HeN mice appeared to be coherent with the trend of cell cycle in their 

activation, but the same genes in C3H/HeJ  appear to be lagging behind with 

delayed upregulation. This is clearly visible in M-phase where genes in 

C3H/HeN were fading out at 48-hour, the cell cycle genes in C3H/HeJ appear 

to be on the rise suggesting a delayed activation of cell cycle genes.  
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Figure 5.9 A heatmap depicting the differential expression of functional groups of Cell 
cycle genes at G1 phase, G2 phase and M phase in liver transcriptome at 0-hour 
(without PH), 6-hour and 48-hour (after PH) in C3H/HeN and C3H/HeJ mice. 
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5.3.6.4 Angiogenesis 

Among angiogenesis genes (Figure 5.10), at 0-hour time-point, the genes 

related to growth factors and receptors col18a1, angpt2 and kdr; adhesion 

molecule genes col18a1, eng, and f3 belonging to protease inhibitors were 

upregulated in C3H/HeJ mice, but not in C3H/HeN. 

At 6-hours, the genes related to growth facors ctgf, fgf2, pgf, and the genes 

related to adhesion molecules thbs1, ctgf were upregulated highly upregulated 

in C3H/HeN mice than C3H/HeJ. The genes nrp1, jag1 flt1 were showed 

higher activation in C3H/HeJ than C3H/HeN mice. 

In our analysis, the C3H/HeJ mice has shown a better angiogenic response 

than C3H/HeN mice at late phase. The growth factor genes vegf-c and vegf-

d, adhesion molecules Tek, Eng, Itgov, and matrix protein genes Anpep, F3, 

Col4a3 were highly upregulated at 48 hours in C3H/HeJ mice (Figure 5.10). 

 

Figure 5.10 A heatmap depicting the differential expression of functional groups of 
angiogenesis genes in liver transcriptome at 0-hour (without PH), 6-hour and 48-hour 
after PH in C3H/HeN and C3H/HeJ mice.  
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5.3.6.5 Wound healing 

Among wound healing genes, at 0-hour, the extracellular matrix component 

gene col14a1, remodeling enzyme gene plg, cell adhesion genes itga3, itgb5 

and cytoskeleteon gene Rhoa,  and cytokine il1b were upregulated in 

C3H/HeJ, band downregulated in C3H/HeN mice. However, the gene actc1 

was upregulated in C3H/HeN, but not in C3H/HeJ at this time-point. 

At 6-hours, many genes from belonging to remodeling enzymes such as 

mmp7, ctsl, fga, f13a1, mmp9, timp1 were upregulated in both the mice 

groups. However, the genes from this group ctsk, f3, plau, ctsg  were 

upregulated in C3H/HeJ mice, but not in C3H/HeN at this time-point. The 

cytoskeleton genes acta2, tagln  and cytokine genes il1b, cxcl5, cxcl3, ccl7 

were  upregulated in C3H/HeN mice and downregulated in C3H/HeJ at 6-hour 

time-point. 

In our visualisation, all the important groups of genes involved in healing 

process, i.e., extracellular matrix genes including genes that encode for 

collagen-like (Col) proteins col1a1, col3a1, cola5a1,col1a2, col 4a3  appear to 

be highly upregulated at 48-hour time-point in C3H/HeJ mice but not in 

C3H/HeN mice at the same time-point. Similarly, most of the cell adhesion and 

cytoskeleton genes were shown to be highly upregulated at 48 hour time-point 

(Figure 5.11). 
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Figure 5.11 A heatmap depicting the differential expression of functional groups of 
wound healing related genes in liver transcriptome at 0-hour (without PH), 6-hour and 
48-hour (after PH) in C3H/HeN and C3H/HeJ mice. 
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5.3.7 Pathways implicated in liver regeneration show delayed activated 
in C3H/HeJ mice 

5.3.7.1 NF-kB signaling 

At 0-hour, the genes belonging to NF-kB signaling pathway csf2, tnfrsf1b, tnf, 

fasl were upregulated in C3H/HeN mice while being downregulated in 

C3H/HeJ mice. On the other hand, the genes ifngnod1, tlr9, tlr4, ripk1, irak2, 

traf6, rela, relb, nkkb2, nfkb1 were upregulated in C3H/HeJ mice, but not in 

C3H/HeN mice. 

At 6-hours, the genes il1b, lta, tnfrsf1b, 1l10, ccl2, il1a, irak2, rel were 

upregulated in C3H/HeN while being downregulated in C3H/HeJ. 

Contrastingly, the genes ltbr, tollip, chuk were upregulated in C3H/HeJ and 

downregulated in C3H/HeN. 

Many of the NF-κB ligand and receptor genes showed stronger activation in 

C3H/HeJ mouse at 48 hours than C3H/HeN including genes like tl43, tlr4, tlr6, 

tlr9, tnfrsf10b, cd27.  This could be possibly because of a compensatory 

mechanism because of the faulty tlr4 apparatus in C3H/HeJ mice. 

Irak2 encodes the interleukin-1 receptor-associated kinase 2, one of two 

putative serine/threonine kinases that become associated with the interleukin-

1 receptor (IL1R) upon stimulation. Irak2 is reported to participate in the IL1-

induced upregulation of NF-kB. This gene appears to be activated early in 

C3H/HeN mice at 6 hours, while downregulated in C3H/HeJ. But it appears to 

be upregulated in C3H/HeJ at 48 hour late-phase time-point while 

downregulated in C3H/heN mice (Figure 5.12).  
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As seen in figure 5.12, genes for TNF receptor associated factor (TRAF) 

proteins traf2, traf3 and traf6, required for TNF-alpha-mediated activation of 

MAPK8/JNK and NF-κB appear to be active and highly upregulated at 48 

hours in both the strains of mice, but with much stronger activation in C3H/HeN 

mice. 

The transcription factor gene nfkb2 itself is highly upregulated in C3H/HeN at 

6-hours. In C3H/HeJ, there was little change in this gene expression. 

 

 

Figure 5.12 A heatmap depicting the differential expression of functional groups of 
NF-κB signaling in liver transcriptome at 0-hour (without PH), 6-hour and 48-hour (after 
PH) in C3H/HeN and C3H/HeJ mice.  
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5.3.7.2 IL6/STAT3 

IL6/STAT3 pathway is a major promoter of hepatocyte proliferation. Most of 

the genes associated with signaling upstream of this pathway (MAP-kinases, 

Akt-1, Jak2, mTOR, Rac1) were shown to be highly activated at late phase in 

C3H/HeJ in comparison to C3H/HeN mice at 48-hour time point. It is possible 

that these genes might have a prior activation in C3H/HeN mice. 

As seen in figure 5.13, the receptor genes of proteins involved in IL-6 signaling 

pathway including il6ra, cxcr4, tnfrsf10b, cd40 were highly upregulated at late-

phase 48 hour time-point in C3H/HeJ mice when compared to C3H/HeN. At 

6-hours, these genes were downregulated in both the strains. 

At 48-hours, most of the genes belonging to upstream signaling such as mtor, 

tyk2, mapk1, mapk3, jak2, pias3, src, mapk8, rac1 showed stronger 

upregulation in C3H/HeJ mice when compared to C3H/HeN mice 

Stat3 expression at 6-hours is upregulated in both the strains of mice, while 

the expression is much more pronounced in C3H/HeJ mice than C3H/HeN 

mice. Stat3 gene activation is expected acutely. So, the less pronounced 

activation in C3H/HeN could be because of the activation happening much 

earlier in the wildtype mice. The main STAT3 activator genes il6 and il10 also 

appear to be highly upregulated in C3H/HeN, but not in C3H/HeJ. This 

indicates a clear delay in STAT3 activation at transcription level in C3H/HeJ 

mice. A delayed activation of other STAT3 activators at 48-hour time-point 

cxcl2 and il23a was observed in C3H/HeJ mice. 

Some of the important downstream signaling and target genes of this pathway 
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like cdc25a, bcl2, met, bax, cxcl12, cxcl10, ccl5 were highly upregulated in 

C3H/HeJ mice at 48-hours than in wildtype C3H/HeN mice. 

At 0-hours, STAT3 activator genes il11, il6, genes belonging to receptors and 

upstream sgnals in this pathway tnfrsf1b, cd80, 1l6ra, il6 were upregulated in 

C3H/HeN and downregulated in C3H/HeJ. At the same time-point, egfr, il23a, 

pim1, bcl2, tyk2, mapk1, jak2, 1l1b were upregulated in C3H/HeJ mice while 

being downregulated in C3H/HeN. 
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Differential expression IL6/STAT3 pathway genes  

 

 

 

 

Figure 5.13 A heatmap depicting the differential expression of functional groups of 
IL6/STAT3 signaling in liver transcriptome at 0-hour (without PH), 6-hour and 48-hour 
(after PH) in C3H/HeN and C3H/HeJ mice. 
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0       6       48 

C3H/HeJ 

0       6       48 
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5.3.7.3 HIPPO pathway  

In our visualisation (Figure 5.14), almost all of the upstream regulators of 

HIPPO pathway and effector genes, hippo core kinase complex genes, 

downstream mediator genes, cell polarity and target genes were upregulated 

at 48 hours in C3H/HeJ mice again suggesting the negative regulation on 

proliferation related genes during the resizing phase. However, the delayed 

activation of YAP genes might contribute to the eventual late restoration of 

liver mass in the C3H/HeJ mice. 

At 0-hour time-point, hippo upstream regulator gene lpp,  hippo target gene 

myc and cell polarity gene taok3  were upregulated in C3H/HeN mice but 

downregulated in C3H/HeJ. Contrastingly, the genes of hippo upstream 

regulation rassf2, amotl1, casp3, wtip, llgl1, scrib,dlg1, the genes of 

downstream mediation tshz2, tshz3, tead3, hipk2, hippo core kinase complex 

genes mob1a, stk4, sav1, cell polarity genes lats1 and taok1 were seen 

upregulated in C3H/HeJ but downregulated in C3H/HeN mice. 

At 6-hours, the genes actg1, csnk1e, dchs2, wnt1, myc, dchs2, gpc5 were 

upregulated in C3H/HeN, but downregulated in C3H/HeJ. On the other hand, 

the genes  lpp, amotl1, mapk10, tead3, ppr2r2d, yap1, mob1a, stk4, wwtr1, 

lats1, tjp1 were upregulated in C3H/HeJ while being downregulated in 

C3H/HeN. 
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Figure 5.14 A heatmap depicting the differential expression of functional groups of 
Hippo pathway in liver transcriptome at 0-hour (without PH), 6-hour and 48-hour after 
PH in C3H/HeN and C3H/HeJ mice. 
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5.3.7.4 Inflammasome 

At 0-hour, the genes of inflammasome (Figure 5.15) naip1, naip5 were 

upregulated in C3H/HeN but downregulated in C3H/HeJ. However, at the 

same time-point,  the genes casp1, nlrp3, il1b, ifng, txnip were upregulated in 

C3H/HeJ but downregulated in C3H/HeN. 

At 6-hours, the genes naip1, nlrp3, il1b, ptgs2 were upregulated in C3H/HeN 

mice but downregulated in C3H/HeJ. At the same time-point, the genes nlrp1a, 

il12b were shown to be upregulated in C3H/HeJ but downregulated in 

C3H/HeN. 

As seen in Fig 5.15, the downstream signaling genes of inflammasome 

pathway including irak1, p2rx7, panx1, irf1, mok were strongly upregulated at 

48-hours in C3H/HeJ when compared to C3H/HeN. A very important target 

gene of NALP3 inflammasome il18 was upregulated in both the strains of mice 

at 48 hours. At the same time-point, many of the genes belonging to the 

subgroups of inflammasome AMM2, IPAF, NLRP1, NLRP3 were strongly 

upregulated in C3H/HeJ mice when compared to C3H/HeN. 
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Figure 5.15 A heatmap depicting the differential expression of functional groups of 
Inflammasome in liver transcriptome at 0-hour (without PH), 6-hour and 48-hour after 
PH in C3H/HeN and C3H/HeJ mice.  

C3H/HeN C3H/HeJ 
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5.3.7.5 WNT/b-Catenin pathway 

When compared to the wildtype, the WNT pathway gene groups of mutant 

C3H/HeJ like canonical WNT pathway genes and downstream effected gene 

groups like proliferation, migration, cell cycle, polarity and homeostasis were 

highly upregulated in the late phase (Figure 5.16). This visualisation is also in 

tune with majority of the implicated pathways analysed in this study clearly 

showing a delayed activation of this pathway in C3H/HeJ in relation to the 

wildtypes.  

At 0-hour, canonical signaling pathway gene fzd1 and homeostasis gene myc  

were upregulated in C3H/HeN but downregulated in C3H/HeJ. However, at 

the same time-point, the genes lrp5, sox17, csnk2a1, bcl9, frat1, axin1, ruvbl1, 

ctnnb1, ctbp1, pygo1, apc, cell cycle and proliferation genes ccnd2, jun, apc, 

rhoa,  cell polarity gene vangl2 were upregulated in C3H/HeJ but 

downregulated in C3H/HeN mice. 

At 6-hours, the following genes were upregulated in C3H/HeN while being 

downregulated in C3H/HeJ: gsk3b, wnt1, dkk1, lrp6, myc. However, at the 

same time-point, the following genes belonging to this pathway were 

upregulated in C3H/HeJ but downregulated in C3H/HeN mice: csnk2a1, bcl9, 

frat1, axin1, ruvbl1, ctnnb1, lrp5, ccnd2, ctbp1, vangl2, jun and apc. 

At 48-hours, most of the genes falling under categeories canonical WNT 

signaling, proliferation, migration, cell cycle, cell polarity and target genes of 

WNT pathway were strongly upregulated in C3H/HeJ when compared to 

C3H/HeN mice as seen in thee fugure 5.16.  
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Figure 5.16 A heatmap depicting the differential expression of functional groups of 
WNT/b-Catenin signaling pathway in liver transcriptome at 0-hour (without PH), 6-
hour and 48-hour after PH in C3H/HeN and C3H/HeJ mice. 
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5.3.7.6 PPAR signaling 

In the PPAR signaling pathway, at 0-hour, the fatty acid metabolism gene 

fads2 and lipid transport gene olr1 were upregulated in C3H/HeN but 

downregulated in C3H/HeJ mice. At the same time-point, the following genes 

were upregulated in C3H/HeJ mice while being downregulated in C3H/HeN: 

adipogenesis gene ucp1, fatty acid metabolism genes acsl4, acsl5, lipid 

transport genes apoc3, apoa1, PPAR transcription factor rxra. 

At 6 hours, fatty acid metabolism genes cyp27a1, scd1, lipid transport gene 

orl1 and transcription factor ppard were upregulated in C3H/HeN but 

downregulated in C3H/HeJ. At the same time-point, the following genes were 

upregulated in C3H/HeJ while being downregulated in C3H/HeN: cpt1b, 

cyp4a10, cpt2, apoc3, apoa1, cpt1a, rxra and pparg. 

In our analysis, many of the transcription factors including ppara, pparg and  

lipid metabolism genes associated with PPAR signaling pathway like Enhadh, 

cpt1a, Acdl, Acdm, pparg, ppara, lpl were strongly upregulated at 48 hour time-

point in C3H/HeJ, and this upregulation is not seen in the wildtype (Figure 

5.17).  
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Figure 5.17 A heatmap depicting the differential expression of functional groups of 
PPAR in liver transcriptome at 0-hour (without PH), 6-hour and 48-hour after PH in 
C3H/HeN and C3H/HeJ mice. 
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5.4 DISCUSSION  

This study using total-RNA sequencing was carried out mainly to observe the 

changes in transcriptome at global level, and derive any specific patterns in 

the gene networks implicated in liver regeneration with a holistic view. The 

transcriptomic liver signature of tlr4 mutant C3H/HeJ appears to have a clearly 

distinct style compared to the wildtypes. At a basal level, there were a number 

of genes that were differentially expressed in C3H/HeJ livers in both directions 

when compared to C3H/HeN. This could be possibly because of the effect the 

existing mutation has on the transcriptome. This has a potential to interfere 

with the various gene networks necessary to restore the liver mass after its 

loss.  

So, when we analysed the transcriptomes of regenerating livers of both the 

strains, the distinct activation pattern became much more apparent. One of the 

more striking features of this style, at early-phase of regeneration, was having 

almost double the number of genes that were downregulated only in C3H/HeJ 

when compared to the genes downregulated in the wildtypes (Figure 5.3). The 

enormity of the downregulation depicts the the differences between the two 

strains while regenerating after surgery. At late phase, contrary to the early 

phase, there were more genes upregulated only in the mutants than the 

wildtypes (Figure 5.4). This pattern points to the direction where the many 

gene networks implicated in liver regeneration are activated much later in the 

mutants, the late-phase of regeneration. In fact, this is visible in the early-

phase ingenuity pathway analysis. Many of the important pathways like IL-6 

signaling, chemokine signaling, Actin cytoskeleton signaling were heavily 

downregulated at early-phase 6-hour time while being either significantly 
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upregulated or remain unchanged in late phase (figure not shown). 

Upon grouping the genes based on similar function or pathways implicated in 

liver regeneration, we again have observed a very similar trend in most of the 

groups with a distinct upregulation at 48 hours in the mutants. This uniformly 

striking result explains the many anomalies previously reported on this strain 

with regards to regeneration. IL-6 STAT3 pathway has been widely regarded 

as a major pathway to prime the proliferation of hepatocytes during 

regeneration (Schmidt-Arras and Rose-John 2016). Upon transcriptomic 

analysis, this gene network clearly shows a differential activation pattern 

between the strains. Both the upstream and downstream signaling genes of 

this pathway seem to have a delayed activation in the mutant strain shown by 

more upregulated at 48 hours. The delayed expression in this network could 

explain the phenotype of slower restoration of liver mass as seen in earlier 

results from previous chapters. This characteristic of the C3H/HeJ strain that 

has been previously reported by phenotypic analysis in many earlier studies 

is once again confirmed by our transcriptomic analysis by RNA sequencing. 

NF-kB signaling after hepatectomy has also been impacted in a similar 

fashion. Many genes of ligands associated in this pathway, and the genes 

effected downstream of this signaling have been clearly more upregulated at 

the late-phase in the mutants in comparison to the other time-point. The role 

of NF-κB pathway in generating early pro-inflammatory responses including 

TNF-alpha is a widely studied phenomenon. So, the lower expression levels 

reported in this study at the early-phase of regeneration is another indication 

of slower regeneration in C3H/HeJ. 
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The gene networks in functional groups of cell cycle, wound healing and 

angiogenesis, all of which are important in liver mass restoration have also 

been slow to respond to the needs of regenerating livers in the mutant 

C3H/HeJ strain. In the G1 phase, the genes were more upregulated in 

C3H/HeJ at 48 hours than wildtype C3H/HeN. This could be because the 

genes of G1 phase in C3HHeN livers are slowing down after an earlier peak 

which could have been probably seen if we had a begger spectrum of time-

points for this analysis. The genes of G2 phase which match with 48 hour time-

point, were more upregulated in the wildtype mice than the mutants indicating 

the slower start of the cell cycle in mutants. But again the gene group of M-

phase showed a similar trend to that of G1. This shows the mismatch of timing 

in different phases of the cell cycle between the two strains of mice while 

proliferating. 

It is widely accepted that there is a redundancy in the factors that can 

contribute to liver mass restoration. After these cytokines have triggered the 

G0 to G1 transition, cell cycle progression is then regulated by several growth 

factors. Among the growth factors that regulate liver regeneration, hepatocyte 

growth factor (HGF), epidermal growth factor (EGF), and transforming growth 

factor–alpha (TGF-α) are known to stimulate hepatocytes (Uda et al. 2013). 

Angiogenesis is usually associated with late-phase recovery response and 

correlates with parenchymal liver regeneration. When angiogenic factors were 

inhibited, partially delayed liver regeneration was observed at 48 hours (Uda 

et al. 2013). However, from our results it is apparent that the angiogenic 

response in the mutants peaks at 48 hours in comparison to control C3H/HeN 

mice. Again, this could be interpreted either as a compensatory response or 
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delayed regenerative response in this strain. Several important angiogenic 

genes including Vegfa, Vegfc were were highly upregulated at 48 hours 

instead of 6 hours in the mutant mice. 

Other pathways implicated in liver regeneration like PPAR signaling pathway, 

WNT/b-catenin pathway genes were again shown only to peak at later 48-hour 

time-point instead of earlier 6 hour in C3H/HeJ mice. But, the specific 

mechanism that directly points at the delayed activation of many of these gene 

networks could not be established from our analysis. A wider spectrum of time-

points for this RNA-sequencing analysis might have given a better 

understanding how and why these functional groups are delayed in the 

mutants. However, we speculate the tlr4 mutation to interfere with many of 

these mechanisms without ruling out any other possible mutations in this 

strain. 
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Chapter 6 

GENERAL DISCUSSION 
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6.1 GENERAL DISCUSSION AND CONCLUSION 

The focus of this thesis was to study the effect of Complement pathway and 

LPS/TLR4 pathway on liver regeneration. Binding of LPS to its receptor TLR4 

induces the production of TNF- and IL-6 by Kupffer cells. LPS may also signal 

via Complement pathway to induce the production of IL-6. TNF- and IL-6 

primes hepatocytes to respond to growth factors via the activation of NF-κB 

and STAT3 respectively, which in turn induces hepatocyte proliferation. Figure 

6.1 illustrates the process leading liver regeneration after PH via LPS/TLR4 

and Complement pathways. 

 

 

 
 

Figure 6.1 The proposed role of LPS/TLR4 signaling and Complement signaling 
during liver regeneration following partial hepatectomy in mice.  
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In order to investigate the roles of TLR4 and Complement system in liver 

regeneration, we performed partial hepatectomies in the strains of mice with 

either the presence or absence of functional TLR4 (C3H/HeN vs C3H/HeJ); 

with the presence or absence of effective Complement signaling (C3H/HeN vs 

C3H/HeN+C3a/C5a-R Antagonists). The simultaneous blockade C3a and C5a 

receptors using their specific respective antagonists was demonstrated for the 

first time. This allowed us to get a better understanding of the effect of 

Complement components C3a and C5a, studied individually and in 

combination, on liver regeneration post PH. We started our work by studying 

whether liver mass restoration and hepatocyte proliferation after partial 

hepatectomy are altered when the mice have a compromised TLR4 signaling 

and Complement signaling. Then, we set out to find we whether Complement 

is active in C3H/HeJ mice by measuring C3a and C5a levels post-PH, and 

whether delayed liver regeneration in tlr4-mutant C3H/HeJ mice is associated 

with delayed cytokine response of TNF- and IL-6, and the gene expression 

changes in Cell cyclin D1 and STAT3 which drive the proliferation. Then, we 

studied the effect of LPS signaling on liver regeneration by eliminating LPS 

originating from gut by antibiotics treatment prior to PH. We also wanted to 

ascertain the role of TLR4 by studying the effect of treatment of anti-TLR4 

antibody MTS-510 on liver mass restoration. We also measured ALT levels 

post-PH to see if the injury response is associated with delayed regeneration 

in C3H/HeJ mice. Finally, we wanted to analyse gene expression patterns 

across several important signaling pathways and functional groups change 

between C3H/HeN and C3H/HeJ mice at base level as well as early and late 

phases of regeneration. 
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Hepatocyte proliferation was higher, and liver mass restoration was faster in 

the LPS-sensitive, C3H/HeN mice than in the tlr4-mutant C3H/HeJ mice. 

Hepatocyte proliferation and liver mass restoration were delayed in the LPS-

insensitive, C3H/HeJ mice (Chapter 2 section 2.3.2) The C3a and C5a 

receptor antagonist treatment resulted in lower liver mass restoration and 

hepatocyte proliferation compared to the non-treated mice (Section 2.2.3 & 

2.3.4). However, much more pronounced attenuation of liver regeneration and 

hepatocyte proliferation was observed in the Complement receptor blocked 

tlr4-mutant mice group (section 2.3.5). This effect could be possibly due to the 

compromise of two major contributing pathways, i.e. TLR4 and Complement 

pathways, in this group.  

Having confirmed a role for Complement in liver mass restoration, we 

investigated pro-inflammatory cytokine TNF- and IL-6 activation, 

Complement activation, Cell cycle component Cyclin D1 expression and 

transcription factor STAT3 expression. All these individual components are 

important markers of the mechanism leading to regeneration.  TNF- and IL-

6 are two cytokines that are known to be involved in the priming phase of the 

regenerative process, as defective TNF-signalling and IL-6 deficiency in mice 

leads to impaired liver regeneration (Cressman et al., 1996; Yamada  et al., 

1997). Therefore, TNF- and IL-6 levels following partial hepatectomy were 

measured along with C3a and C5a levels in the tlr4-mutant (C3H/HeJ) and as 

well as in wildtype (C3H/HeN). This study showed that Complement is 

activated after hepatectomy. There was a significant increase in Complement 

components C3a and C5a after PH in both the strains of mice (Chapter 3 

section 3.3.1). It is also known that activated the Complement pathway can 
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lead to activation of pro-inflammatory cytokines downstream. So, this result 

was consistent with that hypothesis of Complement activation post PH. 

In both the strains of mice, we observed an early upregulation of TNF- and 

IL-6 responses, within six hours following PH (Chapter 3 section 3.3.3 & 3.3.4). 

However, in the tlr4-mutant C3H/HeJ mice, TNF- and IL-6 responses were 

lower than their wildtype control at those specific time-points. This study has 

also established that the Complement pathway is important for activation of 

cytokines IL-6 and TNF-α after PH. When the receptors of C3a, or C5a, or both 

were blocked by their respective receptor antagonists, cytokine expression 

was significantly lower in all the three treatment groups when compared to 

untreated controls. This effect of simultaneous C3a and C5a receptor 

blockade on liver regeneration and pro-inflammation is a novel finding which 

was never looked at before. It is also worth noting that the combined effect of 

disrupted TLR4 pathway and antagonised Complement signaling has been 

studied for the first time, adding to the existing body of knowledge of these 

pathways on regeneration studies. 

After confirming that Complement blockade has an effect on cytokine 

activation, and liver regeneration, we proceeded to analyse the effect of 

LPS/TLR4 pathway. In C3H/HeN mice treated with anti-TLR4 antibody to 

acutely inhibit the TLR4 signaling, hepatocyte proliferation was impaired 

compared to the non-treated mice (Chapter 4 section 4.3.1). Furthermore, 

hepatocyte proliferation and liver mass proliferation was greatly attenuated in 

the C3H/HeN mice treated with antibiotics (to remove the gram-negative 

bacteria from the gut), compared to non-treated mice (Chapter 4, section 
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4.3.3).  Therefore, it appears that LPS is required for the initiation of the 

regenerative process. In addition, TLR4 signaling may be important for 

hepatocyte proliferation following partial hepatectomy.  

In the same study involving anti-TLR4 antibody treatment, we showed that the 

levels of injury marker ALT were suppressed, along with cytokines IL6 and 

TNF-α in C3H/HeJ, but not in C3H/HeN mice, suggesting a possibility of injury-

mediated regeneration (Chapter 4, section 4.3.4). HMGB1 is a possible 

candidate through which injury-mediated regeneration might progress. It is 

also worth noting that HMGB1 activates inflammatory pathways by stimulating 

TLR4 in many types of tissue injury (Deng et al. 2013; Yang et al. 2010; Yang 

et al. 2013). Growing evidence indicates that the expression and release of 

HMGB1 is associated with liver regeneration after various liver injuries (Zhou 

et al. 2011; Yang et al. 2012). Blocking HMGB1 activity by HMGB1-

neutralizing antibody increases cyclin D1 expression and improves hepatocyte 

regeneration in APAP-injected mice (Yang et al. 2012). Inhibition of HMGB1 

release by glycyrrhizin also improves hepatocyte regeneration after I/R in rats 

(Ogiku et al. 2011). These studies suggest that extracellular HMGB1 limits liver 

regeneration, although the potential mechanism of this association still remain 

largely unknown. 

Finally, we analysed the global changes in gene expression of tlr4-mutant 

strain C3H/HeJ after PH using the high throughput next generation 

sequencing also referred to RNA-seq and bio-informatics tools. This study 

revealed fascinating insights into some important signaling pathways 

implicated in liver regeneration had a delayed activation in C3H/HeJ mice. The 
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transcriptomic signature in C3H/HeJ even at baseline was different than 

C3H/HeN. The important differences in the 0-hour controls of C3H/HeJ and 

C3H/HeJ were seen in the functional groups of genes related to TNF, IL-6 and 

NF-κB.  

After hepatectomy, a majority of the genes in the regenerating liver were 

upregulated in C3H/HeN mice at early time-point, while the C3H/HeJ mice had 

more number of upregulated genes during the late-phase. This shows the 

delayed activation of transcriptome post-PH in C3H/HeJ mice. The results also 

showed that the mutation in C3H/HeJ mice negatively affected the early 

activation of important signals, and thus delayed the process. This delayed 

activation in C3H/HeJ mice can be seen in the groups of related to TNF, TGF, 

cell cyle, wound healing, IL-6, etc. This study thus confirms our previous 

results in this thesis where we have observed a clear delay in inflammation 

(cytokines) and delayed liver regeneration in C3H/HeJ mice. This delayed-but-

robust response also points to the fact that regeneration in this strain is only 

delayed but not abrogated. In fact, this correlates with the earlier result that 

liver regeneration is eventually restored by 28-day time-point in C3H/HeJ mice. 

Complement can also play a significant role in activation of gene networks that 

can aid regeneration post-PH. In a transcriptional study of Complement 

dependent liver regeneration by Min et al. (2016), it was reported that 

differentially regulated genes showed enrichment in inflammatory and cell 

cycle-related pathways, such as janus kinase-signal transducer and activator 

of transcription (JAK-STAT), mitogen-activated protein kinases (MAPK), and 

TGFβ, demonstrating that the Complement system activates an acute-phase, 
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proliferative response acutely (early phase). These results are in line with the 

activation patterns we observed throughout our study. So, it is reassuring to 

see the role of Complement system in regeneration along with the TLR4 

pathway.  

To summarise the findings of the present study, we have demonstrated that 

hepatocyte proliferation is delayed in mice when: 1) there is a mutation in a 

tlr4 gene (C3H/HeJ); 2) Complement signaling is acutely blocked 3) TLR4 

signaling is acutely blocked, and; 4) the gut-derived LPS is restricted. 

Therefore, LPS/TLR4 signaling and Complement signaling are essential for 

the proliferation of hepatocytes and liver mass restoration following partial 

hepatectomy. In LPS-insensitive C3H/HeJ mice, delayed hepatocyte 

proliferation and liver mass restoration were associated with lower TNF- and 

IL-6 responses. This indicates that defective LPS/TLR4 signaling, where TLR4 

is present, affects the proliferative stages of liver regeneration. The injury 

response as indicated by ALT levels in C3H/HeJ mice is very low in 

comparison to the wildtype C3H/HeN. This is an interesting result which may 

imply that TLR4 mediated injury responses are activated upon PH. The gene 

expression changes in C3H/HeJ largely correlated with the regenerative 

response. Many important pathways and genes had a delayed activation in 

these mice, but not in the wildtype C3H/HeN. 

Based on the findings of the present study, the mechanism by which 

LPS/TLR4 mediates liver regeneration following partial hepatectomy is 

proposed, shown in figure 6.1. At the early phase of the regenerative process, 

partial hepatectomy induces an increase in LPS (originating from the gut) in 
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the portal circulation. This leads to an activation of TLR4 (Seki et al., 2005) on 

non-parenchymal liver cells, particularly Kupffer cells. Kupffer cells produce 

TNF- and IL-6. TNF- and IL-6 then induce hepatocyte priming via the 

activation of NF-κB and STAT3, respectively, which eventually leads to 

hepatocyte proliferation via the growth factors. LPS may also signal via 

Complement pathway to induce IL-6 production following partial hepatectomy. 

C3 and C5 have been shown to be involved in cytokine production during early 

liver regeneration. Following PH, increases in TNF-α and IL-6 mRNA are 

observed (Strey et al. 2003). In mice lacking C3 (C3-/-) and in mice treated 

with an inhibitory antagonist for the C5a receptor (C5aR), there is a reduction 

in TNF-α and IL-6 mRNA levels. Further, both of these cohorts also show 

impaired activation of NF-κB and STAT3 (Strey et al. 2003). Thus, both C3 

and C5 (most likely through the activities of C5a) are necessary for the initial 

priming events of liver regeneration. Due to this defect in priming, hepatocytes 

in both C3-/- and C5-/- mice do not enter the cell cycle and overall proliferation 

is greatly reduced during liver regeneration (Strey et al. 2003; Markiewski et 

al. 2004; Mastellos et al. 2001). This lack of cell proliferation results in an 

inability of Complement-deficient mice to completely restore their liver mass 

after insult. 

As the cell-cycle progresses, TLR4-mediated TNF- production by Kupffer 

cells may also result in an activation of reactive oxygen species, which leads 

to cell apoptosis at the later phase following partial hepatectomy. At the same 

time, TNF- activates NF-κB in hepatocytes, which ensures the survival of 

cells during the regenerative process. The balance between apoptosis and cell 
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survival is critical for hepatic tissue remodelling at the end of the regenerative 

process.  

So, taking in to account all our results, we propose that a full proinflammatory 

response following PH is dependent on both functional TLR4 and the 

Complement system. The lack of either one of these signals leads to a poor 

regeneration. However, the lack of both of these signals worsens the prior 

observed effect. So, it appears that these two systems might have equal 

compensatory contributions in liver regeneration. This study has revalidated 

the importance of TNF- and IL-6 responses in liver regeneration, and a 

decrease in these responses will result in suppressed activation of 

transcription factor STAT3 and Cyclin D1. This leads to delayed liver 

regeneration. 

As we draw conclusions on the roles of LPS/TLR4 and Complement pathways 

in relation to liver regeneration, this project could benefit from the future 

studies include the following: 

(i) performing a transcriptomic analysis of regenerating liver after 

Complement receptor blockade could strengthen the existing data on 

the C3H/HeN and C3/HeJ liver transcriptome.  

(ii) (ii) In order to establish the direct role of gut-derived LPS in liver 

regeneration, LPS supplementation of antibiotic-treated C3H/HeN and 

C3H/HeJ mice and the use of germ-free mice in partial hepatectomy 

need to be explored.  

(iii) (iii) A study of liver regeneration with tlr4-/- plus C3ar-/- double knockout 

mice would give a much better understanding of the effect of these two 
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pathways in inflammation leading to proliferation. 

Understanding the mechanism of liver regeneration and the role played by 

LPS/TLR4 signaling in the regenerative process will help us to define the 

pathogenesis of liver diseases in which liver regeneration is impaired. 

Ultimately, this could provide an avenue for the development of 

pharmacological therapeutics and surgical approaches for various hepatic 

diseases in which a healthy and vigorous liver regeneration is needed. 

The overall body of work in this thesis contributes immensely to the knowledge 

of innate immune components and their ability in aiding the regenerative 

process. The novelty of this work has been studying the TLR4 and 

Complement system in tandem as studies of this kind have been done before. 

This work will also help us better understand the indirect interactions and the 

possible crosstalk between these two components. 
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