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Abstract 

Stress is a key regulator of homeostasis in the body. However, aberrant activation of the stress 

response has been implicated in predisposing to, and exacerbating processes that underlie a 

variety of pathological conditions including mood disorders (anxiety/depression), 

cardiovascular disease, gastrointestinal disease and liver disease. Accumulating evidence 

demonstrates that the endocannabinoid system may play a significant role in modulating liver 

injury and represents an important therapeutic target in the treatment of liver diseases. 

Therefore, one of the main objectives of this thesis was to enhance our understanding of the 

impact of physical and psychological stress on LPS/GalN-induced acute liver injury.  

The data herein demonstrate for the first time that the genetically stress-sensitive Wistar Kyoto 

(WKY) rat exhibits a heightened inflammatory response and overall liver injury when 

compared to normo-stress sensitive Sprague Dawley (SD) rats in response to LPS/GalN. 

Further studies were conducted to determine if physical restraint stress in addition to LPS/GalN 

administration could potentiate liver injury. Although data from a previous study demonstrated 

that restraint stress (RS) alone could not cause liver injury, RS exposure prior to LPS/GalN 

resulted in an exacerbated liver injury similar to that seen in the WKY rat exposed to LPS/GalN 

alone. Furthermore, the data demonstrated that at WKY rats exhibit a heightened endocrine 

and inflammatory response to LPS/GalN compared to SD rats, and this effect was not 

potentiated further by RS. Further studies investigated the changes in hepatic microcirculatory 

changes in the WKY rat strain following LPS/GalN. The data indicates that WKY rats display 

similar leukocyte-endothelial interactions despite a heightened inflammatory response to 

LPS/GalN. Furthermore, WKY rats exhibit an increased sinusoidal perfusion failure and 

hepatocellular injury in early phase LPS/GalN-induced liver injury. 

A further objective was to investigate the potential role of the hepatic endocannabinoid system 

in LPS/GalN-induced liver injury and if endocannabinoid modulation of such responses could 

be further altered in the presence of stress. The data indicate that WKY rats display an increase 

in hepatic levels of the endocannabinoids anandamide (AEA) and 2-AG with concomitant 

decreases in degrading enzymes fatty acid amide hydrolase (FAAH) and monoacylglycerol 

lipase (MAGL). The data also indicated a decrease in CB1 and CB2 receptor expression 

following LPS/GalN. Although studies in the literature indicate a hepatoprotective and anti-

inflammatory roles for CB1 antagonism and CB2 agonism in liver injury, a subsequent study 
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identified that there was no effect of CB1 antagonism with AM6545 or CB2 agonism with 

JWH133 on LPS/GalN-induced liver injury.  

Taken together, the data demonstrate that stress (physical or genetic susceptibility) exacerbated 

LPS/GalN-induced liver injury. Furthermore, the stress sensitive WKY strain display an altered 

hepatic endocannabinoid system in response to LPS/GalN. Although the data indicate that 

targeting classical cannabinoid receptors failed to attenuate LPS/GalN-induced liver injury in 

this model, this does not rule out alternative receptor or non-receptor targets.  

In conclusion, the data herein in this thesis provides novel evidence for a role of stress in the 

exacerbation of acute liver injury induced by LPS/GalN. Importantly, either a genetic 

susceptibility to stress or a physical stress can potentiate acute liver injury. Furthermore, the 

data demonstrate that there is a possible role for the hepatic endocannabinoid system in 

modulation these effects. 
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1.1 Liver physio-anatomy 

The liver is the largest single-mass internal organ in the body accounting for approximately 2% 

of total body weight. Anatomically, it is located in the right upper quadrant underneath the 

diaphragm, the liver consists of four main lobes (Mahadevan, 2014). The right and left lobes 

are found on the anteriorly while the quadrate lobe and caudate lobe are located interior surface. 

The lobes of the liver are broken up further into liver lobules. Each lobule is hexagonal in shape 

and contains a network of capillaries called sinusoids, which drain towards a central efferent 

vein. Each lobule receives its blood supply from a portal triad (portal vein, hepatic artery and 

bile duct), located at the six corners of the hexagon (Boyer et al., 2016) (Fig. 1.1). 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Segment of hepatic lobule. Abbreviations: PV, portal venule; HA, hepatic 

arteriole; L, lymphatic; BD, bile ductule; N, nerve; CV, central venule; SLV, sublobular hepatic 

venule. Arrows indicate direction of flow. Taken from (McCuskey, 2000) 

 

 

 

 

 

 

Fig removed due to copyright 
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The liver has both exocrine functions including secretion of bile and endocrine functions 

including hormone secretion such as insulin-like growth factors and angiotensinogen (Boyer 

et al., 2016). The liver has several major functions including protein synthesis, metabolism, 

drug detoxification, cholesterol synthesis and transport and secretion of a variety of plasma 

proteins (Abdel-Misih et al., 2010). The liver is a very vascular organ and receives its blood 

supply from two systems: the hepatic artery (30%) and the portal vein (70%) (Sear, 1992). 

Portal blood carries metabolites directly from the intestines to the liver. The liver has a vast 

microcirculatory network which is vital for normal physiological functioning of the liver. It 

comprises of an extensive network of hepatic sinusoids that carry deoxygenated blood from 

both the portal vein and oxygenated blood from the hepatic artery to the central vein aiding in 

venous drainage (Mahadevan, 2014). The sinusoids consist of fenestrated endothelium and 

have no basement membrane a consequence of which is that they can therefore aid in rapid 

transfer of molecules and a dynamic biofilter, allowing only particles smaller than the fenestrae 

to reach parenchymal cells (De Zanger et al., 1982; Wise et al., 1982; Boyer et al., 2016). 

Furthermore, sinusoids act as a gateway for leukocyte entrance during hepatic inflammation 

and clearance of foreign molecules from the blood. 

The liver is composed of a number of cell populations. Hepatocytes account for approximately 

70-80% of the liver's cell number (Blouin et al., 1977; Wick et al., 2002) and are primarily 

involved in the detoxification and metabolic functioning of the liver (Si-Tayeb et al., 2010). 

The remaining proportion of liver cells is comprised of non-parenchymal liver cells; Kupffer 

cells, endothelial cells, biliary epithelial cells, hepatic stellate cells (HSC) and lymphocytes. 

Kupffer cells (KC) are resident hepatic macrophages that are abundant throughout the liver. 

Their primary role is non-specific phagocytosis of foreign/antimicrobial particles. They are 

activated by various bacterial pathogens such as lipopolysaccharide (LPS). KCs play a major 

role in the liver’s immune response via the release of a range of products including reactive 
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oxygen species (ROS), cytokines, prostanoids and nitric oxide (Winwood et al., 1993). These 

products can ultimately regulate the phenotype of surrounding cells (Bilzer et al., 2006) and 

also play a role in the differentiation and proliferation of new cells within the liver (Racanelli 

et al., 2006). The liver responds to infection or injury by activating an acute phase response 

that is linked to the release of cytokines by Kupffer cells. KCs produce chemokines and major 

cytokines including tumour necrosis factor (TNF)-α, interleukins (IL)-1β , IL-6 and IL-12 in 

response to LPS which then activate the production of interferon- γ (IFN-γ) by natural killer 

cells in the liver (Tsutsui et al., 2000). KCs also produce the anti-inflammatory cytokine IL-10 

which down regulates the pro-inflammatory cytokines in order to maintain homeostasis of the 

immune system. HSCs reside in the space of Dissé between hepatocytes and sinusoidal 

epithelial cells (SECs) and store vitamin A and control retinoic acid homeostasis (Weiskirchen 

et al., 2014). They also play a role in the maintaining the basement membrane matrix composed 

primarily of type IV and VI collagen (Friedman et al., 1992). Activation of these cells results 

in their transition to myofibroblasts and stimulates hepatic fibrogenesis. They also, in their 

quiescent state, produce pro-inflammatory cytokines in response to LPS stimulation but not 

transforming growth factor-β (TGF-β) (Thirunavukkarasu et al., 2005).  
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1.2 Liver disease  

In 2010,  liver disease was identified as the fourth leading cause of death among middle-aged 

adults in the United States (Si-Tayeb et al., 2010). More recently it has been identified that 

liver disease is responsible for up to 2 million deaths per year (Rowe, 2017). There are various 

types of liver disease ranging from acute to chronic. Hepatocellular death and impaired 

metabolism in the liver are a common link associated with acute and chronic liver disease and 

liver cancer (Degli Esposti et al., 2012; Lehmann et al., 2012; Waidmann et al., 2013) Most 

notable forms of liver disease include: acute liver failure, alcoholic liver disease (ALD), 

fibrosis, cirrhosis, viral hepatitis, hepatocellular carcinoma (HCC), non-alcoholic fatty liver 

disease (NAFLD) and fatty liver disease (steatosis). Although there are a variety of liver 

diseases, the scope of this thesis will focus on acute liver injury leading to ultimate acute liver 

failure. 

 

1.2.1 Acute liver failure 

Acute liver failure (ALF) also known as fulminant hepatic failure, is a rare, highly destructive 

and potentially life-threatening condition that occurs in individuals without presence of a prior 

liver disease. ALF is associated with a 30-80% mortality rate depending on the etiology. 

Characterized by sudden onset of severe hepatic dysfunction, ALF has been associated with 

viral hepatitis, drug overdose, exposure to other drugs or toxins and unknown causes (Hsu, 

1995; Zhan et al., 2014). The severity of injury can vary depending on etiology, ALF is 

associated with the onset of hepatic encephalopathy (Felipo, 2013) and can lead to multisystem 

organ failure (Punzalan et al., 2015). The time between initial presentation of symptoms to the 

development of encephalopathy (roughly within 8 weeks) determines the classification: hyper-

acute, acute or subacute (Bernuau et al., 1986; Williams et al., 1993). Currently, liver 

transplantation is the only viable treatment option for end-stage liver disease and irreversible 
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ALF (Bernal et al., 2010; Akamatsu et al., 2013). However, since liver transplantations are not 

universally available, less than 10% of patients with ALF receive a liver transplant (Simpson 

et al., 2009; Germani et al., 2012). 

Thus, with the increase incidence, morbidity and mortality, there is a necessity for improved 

identification and treatment of liver diseases (Harris et al., 2017). Several animal models have 

been developed in order to uncover the pathophysiological processes that underlie ALF (see 

below) in order to provide a better understanding and development of therapeutic treatments. 

 

1.2.2 Models of liver injury/disease 

A wide variety of preclinical models have been validated to study liver injury/diseases ranging 

from surgically-based models to administration of toxic drugs/compounds.  

1.2.2.1 Acute models  

There are several models of ALF that employ the administration of hepatotoxic agents. The 

acetaminophen (APAP)-induced model of ALF is one of the most widely used model, often 

selected due to its similarities in pathophysiology in rodents and humans. APAP-induced 

hepatotoxicity involves the excessive formation of a noxious metabolite which can lead to 

oxidative stress, glutathione (GSH) depletion, mitochondrial dysfunction, DNA fragmentation 

and ultimately necrosis (Jaeschke et al., 2012; McGill et al., 2012; Jaeschke et al., 2015; Yoon 

et al., 2016). Concanavalin A (Con A)-induced injury is a popular model used to investigate 

immune-meditated liver injury and is considered to model what is seen clinically in the 

pathology of viral and autoimmune hepatitis (Heymann et al., 2015). Con A injury causes 

CD4+ T-cell activation in the liver and resultant inflammatory mediator release and 

hepatocellular damage (Tiegs et al., 1992). Another immune mediated model is the 

lipopolysaccharide/D-galactosamine (LPS/GalN) model, which will be further described 
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below (section 1.2.3). Other models of acute liver injury include the use of thioacetamide 

(TAA) and Fas ligand based models [for review see (Maes et al., 2016). 

1.2.2.2 Chronic models  

Preclinical models are also used to investigate chronic liver diseases such as fibrosis, 

cholestasis and cirrhosis. Carbon tetrachloride (CCl4) is a widely used model to investigate 

more chronic stages of fibrosis and cirrhosis (Martinez-Hernandez, 1985; Hernandez‐Munoz 

et al., 1997; Luckey et al., 2001). The bile duct ligation (BDL) model replicates the effects of 

chronic liver disease in humans. Ligation of the common bile duct results in changes in the 

inflammatory process by leaking bile followed by the deposition of collagen and 

disorganization of parenchymal cells and hepatic inflammation (Cuevas et al., 2011; Ferrari et 

al., 2013). The BDL model was first established by Kountoras and colleagues in the mid-1980s 

(Kountouras et al., 1984), this model is widely used in both mice and rats to study liver fibrosis, 

cirrhosis and cholestatic injury (Huss et al., 2010). Furthermore, NAFLD and Non-alcoholic 

steatohepatitis (NASH) are useful models to investigate dietary-induced liver damage (Larter 

et al., 2008; Lim et al., 2010) while chronic ethanol feeding can be used to investigate the 

pathogenesis of ALD (Rouach et al., 1997; Bertola et al., 2013). Models of both acute and 

chronic liver disease have been reviewed in greater detail in a number of recent reviews [(Lee 

et al., 2011a; Liu et al., 2012; Maes et al., 2016; Takahashi et al., 2017)]. The primary focus 

in this thesis, however, will be on the development and progression of acute liver injury in the 

LPS/GalN model. 

 

1.2.3 LPS/GalN model of acute liver injury 

A well-established model to investigate mechanisms of acute liver injury is the administration 

of the hepatotoxin: D-galactosamine hydrochloride (GalN) with the bacterial endotoxin 

lipopolysaccharide (LPS). This model is widely used in to study inflammatory injury and 
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hepatic apoptosis in rodents (Table1.1). Furthermore, LPS/GalN is a popular model for testing 

potential hepatoprotective compounds. As hepatic inflammation is a key factor in a wide 

variety of acute and chronic liver diseases, this model provides a useful model to study TNF-α 

mediated inflammatory injury. GalN is a hepatotoxic amino sugar that when metabolized, 

selectively depletes uridine nucleotides in the liver and prevents RNA synthesis in hepatocytes 

(Decker et al., 1974). The administration of GalN increases the lethality of LPS (Galanos et 

al., 1979) mediated by the release of the pro-inflammatory cytokine TNF-α which is the driving 

force of this model. Accordingly, only very small doses of LPS are required to produce a robust 

inflammatory response. However, varying doses of LPS/GalN are used in both rats and mice, 

with significant mortality rates (Table 1.2). The pathophysiology is initiated by binding of LPS 

to Toll-like receptor 4 (TLR4) on Kupffer cells in the liver resulting in the release of pro-

inflammatory mediators, through a series of sequential steps which are outlined below. 

 

1.2.3.1 LPS/TLR4 signaling 

TLR signaling is very important in mediating the interactions between the cells of the innate 

immune system and structural components known as pattern-associated molecular patterns 

(PAMPs) which are commonly expressed by bacteria, fungi and viruses (Akira et al., 2006). 

Among these PAMPs, LPS, the major component of the outer membrane of Gram-negative 

bacteria, is an important activator of TLR4 (Poltorak et al., 1998). LPS is a potent inducer of 

pro-inflammatory cytokines as a result of TLR4 activation (Fig. 1.2). Activation of TLR4 

occurs following the interaction of LPS with several proteins including LPS-binding protein 

(LBP) and CD14, which anchors the LPS-LBP to the TLR4- myeloid differentiation factor 2 

(MD2) receptor complex. This recognition of LPS by TLR4 results in its oligomerization and 

the recruitment of downstream protein-protein interactions of adaptor proteins; TRIF (TIR 

domain-containing adaptor inducing IFN-β), TRAM (TRIF-related adaptor molecule), MyD88 
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(myeloid differentiation primary response gene 88) and TIRAP (TIR domain-containing 

adaptor protein). Recruitment of these adaptor proteins then results in the activation of 

downstream signal transduction via the MyD88-dependent or MyD88-independent pathways. 

The MyD88-dependent pathway is responsible for the activation of pro-inflammatory 

cytokines such as TNF-α, interleukin (IL)-6 and IL-1β, while MyD88-independent pathway 

activation results in IFN gene expression (Cook et al., 2004; Takeda et al., 2004). MyD88 

activates IL-1 receptor-associated kinases (IRAK) which are responsible for the downstream 

activation of multiple intracellular signaling proteins including mitogen-activated protein 

(MAP) kinsases, phosphatidylinositol 3-kinase (PI3K) and nuclear factor-κB (NF-κB) which 

are responsible for the production of inflammatory cytokines. MyD88 deficient mice have been 

identified to have a resistance to LPS-induced septic shock and, although macrophages from 

these animals could produce type-1 interferons (Kawai et al., 2001), they failed to produce pro-

inflammatory cytokines in response to LPS stimulation (Kawai et al., 1999). The MyD88-

independent pathway activates TRIF and leads to the activation of IRF3, a transcription factor 

responsible for type-1 interferon production (Fig. 1.2). In addition to this, TRIF is has been 

shown to mediate the late phase activation of NF-κB and MAP kinases. Studies in MyD88 and 

TRIF deficient mice showed that activation of both MAPK and NF-κB were extensively 

diminished (Yamamoto et al., 2003; Covert et al., 2005).  
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Figure 1.2 TLR4 signaling overview. TLR4 activation is facilitated by the binding of CD14 

and LPS binding protein (LBP) on the cell surface. Signals are transduced and branch off into 

MyD88-dependent and MyD88-independents pathways, ultimately leading to inflammatory 

cytokine and type 1 interferon gene activation.  

 

It is well documented that TNF-α signaling is activated approximately 60-90 mins following 

either  LPS administration (Schlayer et al., 1988; Tiegs et al., 1989) or LPS/GalN (Jiang et al., 

2005), which in turn activated downstream NF-κB transcription pathway to increase in the 

expression and protein levels of TNF-α and other pro-inflammatory cytokines such as 

interleukins; IL-6 and IL-1β (Tiegs et al., 1989; Ambade et al., 2012; Tomar et al., 2015). 

 

 

 

 

 

Fig removed due to copyright 
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Release of these immune mediators can result in the infiltration of inflammatory cells and 

apoptotic liver injury (Liu et al., 2008b). TNF-α has also been identified to play a role in 

signaling neutrophil migration and further magnification of inflammatory injury (Schlayer et 

al., 1988; Jaeschke et al., 1998; Eipel et al., 2004). In order to facilitate this, TNF-α causes the 

upregulation of chemokines and adhesion molecules including vascular adhesion molecule-1 

(VCAM-1), intracellular adhesion molecules-1(ICAM-1) and selectins on various cell types in 

the liver such as hepatocytes and endothelial cells (Essani et al., 1995; Essani et al., 1998; 

Dorman et al., 2005; Peng et al., 2014). In addition to this, TNF-α binding to the TNF-receptor 

1 results in LPS/GalN-induced apoptosis (Leist et al., 1995). Downstream caspase-3 activation 

results in hepatocyte apoptosis since GalN inhibits the mRNA synthesis of anti-apoptotic genes 

(Jaeschke et al., 1998) (Fig.1.3). Furthermore, with the progression of LPS/GalN-induced 

injury, studies have shown that there is an overproduction of reactive oxygen species (ROS) 

(Morikawa et al., 2004; Lekic et al., 2011; Lu et al., 2012b). Studies have shown that ROS can 

also contribute to parenchymal cell death in vivo following LPS/GalN (Jaeschke et al., 1999; 

Wei et al., 2014), a mechanism that has been implicated in the role of hepatocyte sensitization 

to TNF-α-induced apoptosis (Osawa et al., 2001). Measurement of free radicals produced as a 

result of oxidative stress can be determined by malondialdehyde (MDA) levels and inducible 

nitric oxide synthase (iNOS) activity, which are both elevated following with LPS/GalN (Lu 

et al., 2012a; Wang et al., 2013; Liao et al., 2015). In addition to the overproduction of ROS 

in this model, studies have shown that LPS/GalN-induced liver injury is associated with a 

reduction in antioxidant capacity such as reduced glutathione (GSH) levels (Wei et al., 2014; 

Jiang et al., 2016; Yan et al., 2016). The imbalance of ROS production and insufficient 

antioxidant system function leads to oxidative stress and cell damage via direct and indirect 

pathways. A reduction in ROS scavenging antioxidant compounds such as superoxide 
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dismutase (SOD) catalase (CAT) and nitric oxide in response to LPS/GalN (Adawi et al., 2007; 

Lu et al., 2012a; Jia et al., 2014; Liao et al., 2015), are associated with heightened liver damage. 
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Table 1.1 LPS/GalN studies in rodents 

Species Strain Time-point LPS  GalN  
LPS/GalN effects 

Reference 

Histology Biochemical analysis  Cytokines Other 

Rat Wistar 6hr 10ug/kg 400mg/kg   

significant ↑ 

AST/ALT/TBIL at 

6hr post vs control   

significant ↑ in lipid 

peroxidation vs 

controls, measured 

by TBARS  

Kemelo et 

al., 2014 

Rat SD 2,6,12,24,48hr 8ug/kg 800mg/kg 

6hr: Swelling of hepatocytes; large 

infiltration of inflammatory cells. 

12hr:  degeneration and necrosis. 

AST/ALT:↑ at 2hr 

and 12hr. TBIL:  ↑ 

after 2hr 

2hr: TNF and IL-

6  ↑ and 

significant ↑ at 

24hr. 

mRNA of p65 ↑ at 

2hr and significant ↑ 

at 12hr. SOCS1&3 

↑ at 2, 6 and 12hr  

Dong et al., 

2014 

Rat Wistar 0 & 4 hr 40ug/kg 400mg/kg 

cellular vacuolar & degeneration, 

hemorrhage, focal necrosis, infiltration 

of inflammatory cells 

Significant ↑ 

ALT/TBIL /MDA/NO 

4hr post vs control. ↓ 

ALT 48hr 

serum TNF 

significant ↑ at 

2hr 

significant ↑  MCP-

1 expression: 

prominent in portal 

tracts and fibrous 

septa of hepatic 

chords  

Wu et al., 

2014 

Rat 
Wistar 

(M) 
3 &24hr 50ug/kg 500mg/kg 

Marked injury especially necrosis and 

hemorrhage in lobules at 3hr 

significant ↑ in 

AST/ALT/TBIL at 

3hs post trt vs ctrl 

significant ↑ in 

TNF at 3hs post 

vs control 

  
Kitazawa et 

al., 2010 

Rat SD (M) 12 hr 50ug/kg 800mg/kg 

massive hepatocyte degeneration, 

apoptosis or necrosis, inflammatory 

cell infiltration 

significant ↑ in AST 

and ALT following 

LPS/GalN 

significant ↑ in 

TNF at 12hr vs 

control 

significant ↑ in NO, 

MDA, iNOS vs 

control 

Wen et al., 

2007 

Rat 
Wistar 

(M) 
6, 24, 48 hr 50ug/kg 300mg/kg 

6hr: piecemeal necrosis, inflammatory 

infiltration and congestion, dispersed 

apoptotic cells.24hr: cellular vacuolar 

degeneration, engorgement, focal 

necrosis, neutrophil infiltration and 

erythrocyte agglutination, massive 

apoptosis. 48hr: vacuolar degeneration 

in majority of cells, structural disorder 

of lobule, spot necrosis, multitudes of 

apoptotic cells. 

significant ↑ in 

ALT/AST/TBIL at 

6hr; peaked at 24hr; 

sustained high levels 

at 48hr. (serum) 

No significant 

difference in TNF 

levels between 4 

groups (ctrl, 6, 24, 

48 hr). ↑ IL-1B 

levels vs controls; 

6hr and 24hr. 

mRNA expr of 

iNOS was markedly 

induced by 

LPS/GalN, peak at 

6hr, with gradual ↓. 

activation of 

caspase -3, -8, -9, -

12 by LPS/GalN 

significant at 24hr 

Liu et al., 

2008 

Rat SD (M) 
6, 12, 24, 36, 

48hr  
4ug/kg  800mg/kg 

extensive hepatocellular damage, 

presence of portal inflammatory, 

centra-zone necrosis and lymphocyte 

infiltration 

significant ↑ in AST 

and ALT at all time 

points vs sham group; 

↑s gradually from 6-

24; peak at 24hr, and 

gradual decline 

following 

significant ↑ in 

TNF and IL-6 

especially at 6 & 

12hr. (marked ↓ 

from 6 to 12) 

↑ iNOS, MDA (bar 

48hr), and caspase, 

significant ↓ in SOD 

(bar 48hr) at all 

time points 

Lu et al., 

2012 
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Rat 
Wistar 

(M) 
16hr 50ug/kg 300mg/kg  

Marked hepatic injury accompanied by 

disturbed architecture, necrosis of 

hepatocytes, hemorrhage and 

inflammatory infiltration. 

↑ ALT and AST 16hr    

↑ liver MDA levels, 

NO and iNOS 

activity and ↓ SOD 

activity 

Wang et al 

2013 

Rat  
Wistar 

(M) 
18 hr 30 ug/kg 300mg/kg 

LPS/GalN results in diffuse cellular 

necrosis , dilation in the portal vein 

and moderate inflammatory cell 

infiltration 

↑ AST and ALT x2  

and x4.3 fold vs 

control 

↑ serum TNF, IL-

6 and IL-10 by 

3.3, 3.9 and 3 

times the  levels 

in control group 

1.↑ hepatic TBARS 

2 fold. ↓ hepatic 

GSH (59%) ↑  

SOD-1 GPx-2 CAT 

and HO-1 2 fold  4. 

↑ hepatic FAS & 

FasL mRNA 2-fold 

↑ caspase-3 by 3 

fold. 

Sayed et al 

2014 

Rat  SD (M) 
2, 6, 12, 24, 

48 hr 
8ug/kg  800mg/kg 

Damaged hepatic lobules & hepatic 

cords and a large number of infiltrated 

inflammatory cells, necrosis and 

apoptosis. 

↑ ALT, AST and 

TBIL levels following 

LPS/GalN with peak 

ALT and AST at 12hr 

and TBIL levels  

↑ IL-6 and TNF 

after injection 

peaked at 24hr. 

↑ TLR4, IRAK-1 

and P65 expression 

mRNA and protein 

levels at all time 

points (except p65 

at 2 hours). 

Zhang et al., 

2014 

Rat 
Wistar 

(M) 
12hr 100ug/kg 250mg/kg   

↑ Plasma AST & ALT 

vs controls after 6 and 

12hours respectively.  

↑ plasma TNF 10 

and 9 fold, 1 and 

2 hr and ↑ IL-10 

2.5 and 2.8 fold at 

1 and 2 hours post 

admin  

  
Akashi et 

al., 2009 

Rat 
Wistar 

(M) 
24hr 50ug/kg 400mg/kg 

Necrotic lesions (central vein);  ↑ lipid 

droplets; ↑ dark granular 

accumulations in cytoplasm, injured 

hepatocytes;  apoptotic nuclei 

↑ ALT and AST  

following LPS/GalN 
  

significant ↑ in CAT 

and ↓ in SOD-1 

mRNA; significant 

↑ in plasma 

bilirubin, nitrite; 

significant  ↑  in 

HO-1 and NOS-2 

mRNA expression 

Lekic et al., 

2011  

Rat 
Wistar 

(M) 

1, 3, 6, 8, 9, 

12, 22, 24 hr 
10ug/kg 250mg/kg   

↑ ALT (17 vs 3859) 

and AST (74 vs 

12440) vs control 

saline animals after 

22hr 

LPS/GalN 

significantly 

increased plasma  

TNF(1-2hr peak), 

IL-6 (~3hr),IL-

1(12hr), IL-4 

(12hr), IL-2 

(12hr), IL-10 

(12hr) 

  
He et al., 

2001 
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Mouse Balb/c 6 & 48hr  50ug/kg 800mg/kg 

Disruption of hepatic architecture at 

6hr along with extensive haemorrhage, 

necrosis and neutrophil infiltration. 

6hr: significant ↑ 

AST/ALT 

serum TNF 

significant ↑  

elevation of p38 

MAPK in liver  Yin et al ., 

2014 

Mouse 
C57 

BL/6 
2, 4 & 6 hr 10ug/kg 700mg/kg 

massive hepatic injury after 4-6hr 

(H&E) 

significant ↑ in ALT 

and AST at 6hr. 
    

Jiao et al., 

2014 

Mouse 
Balb/c 

(female) 
3, 6, 9 hr 0.5mg/kg 600mg/kg 

3hr: spot necrosis and inflammatory 

cell infiltration. 6hr: severe 

inflammatory cell infiltration, peak 

apoptotic index, structural 

disorganization. 9hr: widespread 

necrosis and inflammatory cell 

infiltration, number of apoptotic 

bodies 

Significant ↑ in serum 

ALT in time 

dependent manner. 

9hr: significant ↑ in 

ALT vs ctrl 

Peak serum pro-

inflammatory 

factors at 3hr post. 

(TNF & IL-6) 

  
Zhang et al., 

2014 

 

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBIL, total bilirubin ;TNF-α, tumour necrosis factor alpha, IL-

1β, interleukin-1beta; IL-6, interleukin-6; IL-2, interleukin-2; IL-4, interleukin-4; IL-10, interleukin-10; MAPK, mitogen-activated protein kinase; 

HO-1, Heme Oxygenase 1; NOS, nitric oxide synthase; iNOS,  inducible nitric oxide synthase; MDA, Malondialdehyde; SOD, superoxide 

dismutase; TBARS, Thiobarbituric acid reactive substances; FasL, Fas ligand; GPx-2, glutathione peroxidase-2 ; CAT, Catalase ; MCP-1, 

Monocyte chemoattractant protein-1 ; SOCS, Suppressor Of Cytokine Signaling. 
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Table 1.2 Mortality associated with varying doses of LPS/GalN  

Species Strain Time-point LPS  GalN  
LPS/GalN effects 

Reference 
Mortality/Survival rate 

Rat SD 6,12,24,48hr 8ug/kg 800mg/kg 

Survival after 72 hrs: ALF group: 6 hrs 

70%, 12-72hrs 40%  
Dong et al., 2014 

Rat Wistar (M) 24hr 50ug/kg 500mg/kg  91.7% survival rate at 24hr (5/60 died)  Kitazawa et al., 2010 

Rat Wistar (F) 12-36hr 0.5mg/kg 300mg/kg  
Death mainly occurred between 12 and 

36hrs with no further ↑ beyond 48hrs 
Zhu et al., 2012 

Rat Wistar (M) 24hr 50ug/kg 300mg/kg  

 Survival of 12% by day 4, reducing to 

6% by day 7. approx 60% survival rate at 

24 hrs  

Wang et al 2013 

Rat  Wistar (M) 12,18,24hr 30 ug/kg 300mg/kg 
Mortality rate: 10%, 40% and 100% 

mortality at 12, 18, 24 hours 
Sayed et al 2014 

Rat  SD (M) 6, 12, 24hr 8ug/kg  800mg/kg 

Survival rate: monitored for 3 days. 

Significant death rate in LPS/GalN group: 

50% at 6hrs, and approx 40% at 12hrs, 

25% at 24hrs approx. 

Zhang et al., 2014 

Rat Wistar (M) 24hrs 100ug/kg 250mg/kg 
Survival: 3/13 in LPS/GalN  after 24 

hours 
Akashi et al., 2009 

Mouse Balb/c 

6,12,24,48hr 

50ug/kg 800mg/kg 

Survival after 48hr period: ~90% at 6hr; 

60% at 12hrs; 40% at 24hr; 10% at 36hrs; 

0% at 48hrs. Yin et al ., 2014 

Mouse C57 BL/6 48hr 10ug/kg 700mg/kg 
Survival rate at 48hr was 3/10 mice 

(30%) 
Jiao et al., 2014 

Mouse 
Balb/c 

(female) 
24hr 0.5mg/kg 600mg/kg 24hrs: 5/6 dead following LPS/GalN Zhang et al., 2014 
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Figure 1.3 LPS/GalN-induced liver injury mechanism of action. Abbreviations: LPS, 

lipopolysaccharide, TLR4, toll-like receptor 4; Gal, D-galactosamine; UDP, uridine 

diphosphate; TNF-α, tumour necrosis factor-alpha;   TNF-α-R1, tumour necrosis factor-alpha 

receptor 1;  ICAM-1, intracellular adhesion molecule-1;  VCAM-1, vascular adhesion 

molecule-1. Adapted from  (Maes et al., 2016). 
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1.3 Stress in heath and disease 

Stress is defined as a state in which the body responds to any physical or emotional 

circumstance that threatens to disrupt normal homeostasis (Herman et al., 2016). The stress 

response is a tightly regulated response activated in response to physical, psychosocial and 

psychological stress, resulting in signalling to various different brain regions and ultimately 

acts in concert to enhance both sympathetic nervous system (SNS) and hypothalamic-pituitary-

adrenal (HPA) axis activation. However, the over activation or increase in allostatic load can 

result in a dysfunction in the stress response and ultimately can lead to damaging effects. Stress 

has been shown to be involved in the onset and/or exacerbation of several diseases including 

gastrointestinal diseases (irritable bowel syndrome) (Bhatia et al., 2005; Qin et al., 2014), 

cardiovascular diseases (Black et al., 2002) and autoimmune disease (Stojanovich et al., 2008). 

More recently, stress has been linked to playing a contributing role in the pathophysiology of 

several liver diseases including viral hepatitis, hepatocellular carcinoma and cirrhosis [for 

review see (Vere et al., 2009)]. The strong connections between the neural, endocrine and 

immune systems plays a vital role in mediating the effects of stress and understanding this 

could aid in understanding the underlying pathology of stress related disease states. 

Accordingly, the following sections will describe the activation of the SNS and the HPA axis 

under normal physiological and pathological activation. 

 

1.4 Normal physiological response to stress 

1.4.1 Activation of stress response via the SNS  

Direct modulation of the stress response via SNS activity in response to acute stress is vital for 

normal functioning. Exposure to acute stress activates the classic “fight or flight” response via 

the up-regulation of the SNS along with the depression of the parasympathetic nervous system 



19 

 

(Cannon, 1929; Hess, 1957). The SNS response involves the shunting of blood to vital organs 

to prepare the body for action and decreasing the activity of non-vital organs like the gut in 

order to adapt to the perceived stress (Adams et al., 1969).  For example, normal activation of 

the stress response results in pupillary and bronchial dilation, the release of glucose from the 

liver for energy, constriction of muscles including cardiac, causes increased heart rate and 

decreasing secretions and motility in the gastrointestinal tract (GIT) (Everly, 2002). The 

activation of the adrenal medulla by the hypothalamus ultimately results in the secretion of 

catecholamines including adrenaline and noradrenaline (Fig. 1.4A).  

 

 

 

 

 

 

 

 

 

 

 

Fig.1.4 The stress system. A) Activation of the SNS results in Ach secretion from sympathetic 

neurons which stimulates the adrenal medulla to secrete catecholamines adrenaline and 

noradrenaline. B) Activation of HPA axis results in production of CRH by the PVN in the 

hypothalamus which then stimulated the secretion of ACTH from the pituitary. This acts on 

the adrenal cortex to produce glucocorticoids. Glucocorticoids then act to inhibit ACTH and 

CRH release. Abbreviations: CRH, corticotrophin releasing hormone; ACTH, 

adrenocorticotropic hormone; Ach, acetylcholine; PVN, paraventricular nucleus.  

 

 

 

 

 

Fig removed due to copyright 
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1.4.2 Activation of stress response via the HPA axis 

In addition the SNS, stress is also regulated by the HPA axis (Fig. 1.4). The HPA axis is made 

up of the hypothalamus, pituitary and adrenal glands, each of which secrete hormones and 

factors that create a feedback loop in response to activation (Herman et al., 2012). Activation 

of the HPA axis by internal or external stress signals results in the corticotrophin-releasing 

hormone (CRH) which is the primary peptide regulating this axis. The central CRH is also a 

key regulator in the stress response (Perrin et al., 1999; Bale et al., 2004) and is released from 

the paraventricular nucleus (PVN) neurons in the hypothalamus. CRH then stimulates the 

production of adrenocorticotropic hormone (ACTH) from the anterior pituitary gland which 

stimulates the adrenal cortex to produce glucocorticoids (cortisol in humans and corticosterone 

in rodents) (Fig. 1.4B) [for review see (Herman et al., 2016)]. Cortisol is an important hormone 

in the prolonged activation of the stress response. Under normal physiological circumstances, 

it is released by the adrenal cortex and in response to normal events such as exercise and waking 

up in the morning as well as in response to stress (Prussner et al., 1995; Hill et al., 2008). 

Cortisol acts to maintain homeostasis in a similar manner to the activation of the SNS including 

inhibiting insulin production so that glucose will be available for immediate use and not stored, 

and increasing heart rate. The effects of cortisol however are more prolonged than the effects 

seen during the “fight or flight” responses. Furthermore, cortisol is very important in the 

regulation of circulating levels of glucose and ensures a consistent supply of glucose via 

gluconeogenesis (Khani et al., 2001). At the cessation of the stress response, cortisol acts back 

on the HPA axis to inhibit its own secretion. It is essential that only appropriate amounts of 

cortisol are secreted in response to stress. Once the required activation of the stress response is 

achieved, cortisol then acts at the level of the hypothalamus and the pituitary gland to inhibit 

the secretion of CRH and ACTH from those regions respectively. As a result, homeostasis is 

achieved.  
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1.4.3 Regulation of the immune system via normal stress response 

It is important to mention that the CNS plays a partial but active role in the regulation of the 

immune system, primarily via the SNS and the HPA axis (Safieh-Garabedian et al., 2002). The 

production of inflammatory proteins is an integral part of the physiological stress response 

(Black, 2003). Pro-inflammatory cytokines including TNF-α, IL-1β and IL-6 have been 

associated with the activation of the HPA axis resulting in increased circulation of stress 

hormones like glucocorticoids and ACTH (Besedovsky et al., 1975; Munck et al., 1984; 

Elenkov et al., 1992). Glucocorticoids can ultimately inhibit the release of pro-inflammatory 

cytokines via glucocorticoids binding to their receptors and exerting anti-inflammatory and 

immunosuppressive effects (Tuckermann et al., 2005). Furthermore, regulation of the immune 

system by SNS activation has also been documented. Evidence suggests that catecholamines 

have receptors on immune cells and binding to them gives catecholamines to have a direct 

impact on the immune response (Chida et al., 2006). In addition to catecholamines facilitating 

effects of pro-inflammatory cytokines including TNF-α and IL-6, they can also mediate natural 

killer T-cell expansion in the liver by interacting with β-adrenoceptors (Suzuki et al., 1997; 

Minagawa et al., 2000). Further detail on SNS and HPA regulation of immune system can be 

found in several reviews (Savastano et al., 1994; Nance et al., 2007; Bellavance et al., 2014; 

Kenney et al., 2014). Overall, the stress response is a tightly regulated process, however, like 

many other systems, there are various factors that can cause the system to become 

dysfunctional or compromised. Although its activity is envisioned to be short lived, 

immunosuppressive and catabolic in order to adapt to a variety of stressors, disruption to this 

can occur in pathological states. The following section will describe the dysregulation of the 

stress response in more detail. 
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1.5 Dysregulation of stress response 

Prolonged exposure to stress hormones could lead to the aggravation of a pre-existing 

condition/illness. The timing, magnitude and the severity (i.e. whether it is acute or chronic) of 

stress are very important. In addition to modulation various physiological processes, stress is 

also responsible for causing alterations in normal functions, causing damage and ultimately 

promoting disease. Chronic, persistent stress has been shown to be associated with a number 

of different pathologies and a predisposing factor for irritable bowel syndrome (IBS) (Bhatia 

et al., 2005; Qin et al., 2014),  respiratory disease (Cohen et al., 1991), chronic pain disorders 

(Chapman et al., 2008), depression (Owens et al., 1991; Dinan, 1994), anxiety (Young et al., 

2004; Cameron, 2006) and NAFLD (Liu et al., 2014). Many of these conditions involve a 

hyperactive stress response and/or impaired negative feedback. 

Dysregulation in the stress response can lead to mental, pathological and physical conditions 

through its various mediators such as glucocorticoids (GCC) and catecholamines which can 

have protective and damaging effects (McEwen, 2006). Given that normal stress can alter 

immune function, it is unsurprising that hyper-activation of the stress response has been shown 

to alter normal immune function (Silverman et al., 2005). Hyper-activation of the HPA axis is 

associated with increased pro-inflammatory cytokines in IBS patients (Dinan et al., 2006). 

Furthermore, chronic stress can alter normal GCC actions, whereby the constant release of 

GCC can result in the down regulation or desensitization of GCC receptors, resulting in GCC 

resistance and ultimately the absence of their anti-inflammatory effects (Miller et al., 2002). In 

addition, increased IL-1β expression in peripheral blood monocytes was associated with stress-

induced anxiety, giving evidence to support the role of psychological stress-induced changes 

in inflammatory mediators  (Brydon et al., 2005). Stress-related disorders such as depression 

is also associated with a chronic state of low grade inflammation. Studies have identified that 

plasma levels of cytokines such as IL-6 are associated with a higher level of symptoms of 
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depression (Dentino et al., 1999; Hamer et al., 2009). Pre-clinically, chronic activation of the 

HPA axis has also been linked to behavioural alterations associated with depressive and 

anxiety-like states including reduced locomotor activity and inability to gain pleasure from 

normally pleasurable experiences (anhedonia) (Grippo et al., 2003; Che et al., 2015). In 

addition to inducing depressive like behaviours, at a cellular level, chronic stress can also cause 

lipid peroxidation and oxidative stress (Torres et al., 2004; Che et al., 2015). To date, a wide 

variety of preclinical models have been used in the study of stress biology including physical 

stressors such as restraint/immobilization stress, electric foot shock (Chida et al., 2004; Li et 

al., 2013; Liu et al., 2014), and immunological stressors/challenges (Gasparotto et al., 2007; 

O’Mahony et al., 2013). Furthermore, models of psychosocial stress have also been examined 

such as maternal separation, early life stress (O’Malley et al., 2010; Vásquez et al., 2014) and 

social isolation stress (Sakakibara et al., 2011). In addition to these, the Wistar Kyoto (WKY) 

rat has been used to investigate the stress-related differences in behaviour and disease states 

(Paré, 1989; Paré, 1992; McKernan et al., 2009). 
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1.6 WKY stress hypersensitive strain- model to study genetic susceptibility to stress 

The Wistar-Kyoto (WKY) rat is a stress-sensitive inbred rat strain that was originally 

developed as the normotensive control for the spontaneous hypertensive rat (SHR) strain for 

the use in cardiovascular research (Okamoto et al., 1963). However, it was found that these 

rats display a hyper-responsivity to stress and increased stress related ulcer formation and 

visceral hypersensitivity (Paré, 1989; Paré et al., 1993; Gunter et al., 2000). In addition, the 

WKY rat has consistently demonstrated heightened stress-induced changes in behaviour due 

to its stress hyper-responsive and anxiety/depressive-like phenotype (Tejani-Butt et al., 1994; 

Rittenhouse et al., 2002; De La Garza II et al., 2004; Malkesman et al., 2005; Burke et al., 

2010; Gibney et al., 2010). Furthermore, WKY rats display an exaggerated HPA in response 

to a number of stressors or to stressful situations compared to other strains (Solberg et al., 2001; 

Rittenhouse et al., 2002). WKY rats have been found to secrete more adrenocorticotropic 

hormone (ACTH) in response to restraint plus cold stress (Paré et al., 1993) and have stress-

induced changes in CRH receptor expression in the brain when compared to Sprague Dawley 

(SD) rats (Bravo et al., 2011). As such, these changes in the CRH system in the brain could 

potentially affect the regulation of the HPA axis and contribute to both the behavioural changes 

seen in these animals and in stress related disorders. WKY rats also display an increased 

anxiety-like behaviour which may be associated with an altered neurochemical profile (De La 

Garza II et al., 2004). Furthermore, it has been identified that WKY rats display a similar 

peripheral but diminished central response to an acute immune challenge at a behavioural and 

physiological level compared to SD counterparts (O’Mahony et al., 2013). Thus, WKY rats 

are considered a well-established model to study genetic susceptibility to stress and stress-

related disorders such as anxiety and depression. Some groups have used the WKY rat in liver 

research including cholesterol regulation in the liver following bile duct ligation (Kamisako et 

al., 2003) and the effect of the autonomic nervous system on carbon tetrachloride (CCl4)-
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induced liver disease (Hsu, 1995). However, no study to date has investigated if liver function 

or changes that occur in response to liver injury are altered in these stress-sensitive rats when 

compared to normo-stress sensitive comparators.    
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1.7 Liver-brain axis: How the liver communicates with brain 

In recent years, the bi-directional communication between the brain and the liver has been 

established. The identification of several pathways in which the liver and the brain 

communicate has provided a new dimension to the effects that stress can have on these two 

systems (Fig. 1.5).  Both neural and humoral pathways have been identified to act in parallel 

to cause changes both centrally and peripherally. Attention has been focused on the 

communication between the liver and the brain in the past decade as patients with liver disease 

have often reported stress-related worsening of the disease. 

The liver plays an important role in the adaptation response to stress by providing the body 

with glucose and lipids which are then used to provide energy for the body to adapt to stress 

(Sapolsky et al., 2000). This action of the liver is mediated by an increase of glucocorticoids 

which are released due to the activation of the HPA axis in response to stress. Furthermore, the 

liver responds to infection or injury by activating an acute phase response that is linked to the 

release of cytokines by resident macrophages (Kupffer cells) which also activate multiple 

signalling pathways to the brain and encourage the progression of sickness behaviour (Nguyen 

et al., 2012) (Fig. 1.5). Neural and humoral pathways have been identified as pathways in which 

the brain and liver communicate. Vagal afferents that innervate the liver can be activated by 

pro-inflammatory cytokines including TNF-α, IL-6 and IL-1β. These cytokines can interact 

with and activate cerebral endothelial cells (CECs) which are important in relaying signals to 

the periphery and ultimately mediate changes in the brain by activating different signalling 

pathways. These CECs are also involved with the expression of adhesion molecules that are 

involved in the activation of circulating monocytes. Infiltration of these monocytes into the 

brain can in turn activate cerebral microglia and produce cytokines including the chemokine; 

monocyte chemotractant protein-1 (MCP-1) contributing to the inflammatory response, alter 

neural activity and cause sickness behaviours. Circumventricular organs (CVOs) in the brain 
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lack a blood brain barrier, thus cytokines can enter the brain here. Activation of the stress axis 

(HPA axis) has also been known to cause inflammation. The release of GCC and 

catecholamines (noradrenaline and adrenaline) from the adrenal gland and also sympathetic 

innervations of the liver can result in liver cytokine production and increased inflammation. 

Given the various ways in which these two organs can communicate, there has been an increase 

research into effect of stress in clinical and pre-clinical models in relation to cirrhosis of the 

liver, chronic hepatitis and also cases of hepatocellular carcinoma (Chida et al., 2006; Vere et 

al., 2009) (further detail in section 1.8). However, the links between psychological and 

psychosocial stress as a causative effect on the development of liver injury or exacerbation of 

existing liver disease are still not fully understood. More detailed information on liver and brain 

communication in heath and liver disease has been described in various reviews (Swain, 2000; 

Vere et al., 2009; D'Mello et al., 2011; D’Mello et al., 2014). 
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Figure 1.5 Bidirectional communication between the brain and the liver. Neural and humoral pathways of brain and liver communication. 

Abbreviations: TNF-α, tumour necrosis factor-alpha; IL-6, interleukin-6; IL-1β, interleukin-1beta; CECs, cerebral endothelial cells; MCP-1, 

monocyte chemotractant protein-1; CVOs, circumventricular organs; GCC, glucocorticoids; NA, Noradrenaline; Ach, acetylcholine; CRH, 

corticotrophin-releasing hormone; ACTH, adrenocorticotropic hormone. Adapted from (D’Mello et al., 2014).
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1.8 Stress and liver disease 

Given the increased knowledge of the bi-directional link between the brain and the liver (as 

described in section 1.7), it has become more evident that stress has an important role to play 

in liver injury or disease [for review see (Chida et al., 2006; Vere et al., 2009)]. Studies have 

previously correlated a link between a pre-existing liver disease and stress-related disorders 

(Table 1.3). Clinically, patients with chronic liver disease including cirrhosis, NAFLD and 

hepatitis B have been shown to have a higher incidence of stress-related disorders such as 

anxiety and depression (Bianchi et al., 2005; Elwing et al., 2006; Stewart et al., 2012; Nardelli 

et al., 2013). A higher incidence of both clinical and sub-clinical anxiety and depression has 

been associated with NAFLD (Youssef et al., 2013) and toxic liver injury (Suh et al., 2013). 

As previously mentioned, chronic stress, depression and liver disease are all associated, to a 

certain degree with inflammation. A study by Pawlowlski and colleagues identified that 

upregulated inflammatory cytokines correlated to depression and neuroticism scores in patients 

with hepatitis C indicating a vital role for the immune cell activation in depression among 

patients with hepatitis C (Pawlowski et al., 2014). More recently, a meta-analysis revealed a 

significant association between high levels of anxiety/ psychological stress and liver disease 

mortality in patients (Russ et al., 2015).  

Preclinical models have identified that stress can alter the normal functioning of the liver (Table 

1.4). Subjecting rodents to various stress paradigms results in alterations of liver function 

parameters that are indicative of injury. Models of physical stress such as restraint stress and 

tail pinch test have been shown to significantly increase histological damage in the liver and 

this corresponds to increased hepatic and circulating cytokines as well as plasma ALT and AST 

levels (Li et al., 2013; Liu et al., 2014; Vásquez et al., 2014; Yang et al., 2014). Furthermore, 

social isolation stress elevates plasma ALT and AST activity in mice (Sakakibara et al., 2011). 

These increased serum ALT and AST activity further correlated with histological changes in 
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the liver of stressed mice. Similarly, mice exposed to restraint stress exhibited severe 

pathological changes in hepatic tissue (Li et al., 2013) where a notable increase in 

inflammatory cell infiltration as well as spotty, focal necrosis was evident in the stressed group. 

In a model of acute fear of killing, Khayyat and colleagues identified damage to endothelial 

cells, congestion of blood vessels, necrosis and the formation of large vacuoles in hepatocytes 

with fatty degeneration and damaged sinusoids (Khayyat, 2013). Furthermore, acute restraint 

stress has been shown to elevate hepatic IL-1β, IL-6, TNF-α and IFN-γ levels in mice (Li et 

al., 2013). Similarly, chronic social isolation in rats produces a similar increase in hepatic levels 

IL-1β, TNF-α and iNOS expression in addition to histological changes including infiltration of 

Kupffer cells and some eosinophils primarily around the portal vein (Todorović et al., 2016). 

In addition to altered histology, plasma liver enzymes and increased inflammation, exposure 

of rats to acute tail clipping stress has been shown to alter genes that are essential for normal 

lipid metabolism in the liver (Gao et al., 2013).  

Furthermore, preclinical studies have drawn parallels with stress and how exposure to stress 

can lead to an exacerbated liver injury. Chronic restraint stress has been shown to significantly 

increase levels of serum transaminases in addition to identifying pathological changes in 

histology between rodents with NASH when compared to NASH rats without restraint stress 

(Magdy et al., 2017). Furthermore, these changes were also associated with increased 

inflammatory markers that highlight again the intercommunication between stress, the immune 

system and liver disease. Restraint stress alone and following CCl4 or allyl alcohol 

administration has been shown to increase plasma ALT levels, indicating liver injury 

(Panuganti et al., 2006). Electric foot shock stress has been shown to exacerbate hepatitis 

induced by administration of α-galactosylceramide (Chida et al., 2004) and CCl4-induced liver 

injury (Iwai et al., 1986). Overall, the vast clinical and preclinical data indicates that stress may 

be a predisposing factor to a more extensive liver injury following an insult. 



31 

 

Table 1.3 Clinical studies examining the impact of liver disease on stress-related disorders. 

Clinical 

Stress related disorder Liver disease Impact of stress on disease state Reference 

Depression 
Non-alcoholic fatty liver disease 

(NAFLD) 

Increased severe ballooning of 

hepatocytes in subclinically and 

clinically depressed patients with 

NAFLD  

Youssef et al., 2013 

Depression/ anxiety Toxic liver injury 

Acute toxic and non-toxic liver 

injury is associated with ↑ 

depression scores 

Suh et al., 2013 

Depression/ anxiety/insomnia Cirrhosis 

 ↑ AST and ↓heart rate variability 

correlate with cirrhotic patients that 

have depression, anxiety or insomnia 

Ko et al., 2013 

Depression Chronic Hepatitis C 

↑ Hospital anxiety and depression 

scale scores in patients with chronic 

hepatitis C 

Stewart et al., 2012 

Depression Hepatitis C 

Higher depression and neuroticism 

scores correlated with upregulated 

IL-6 and IFN-β levels. Higher levels 

of IL-8 correlated with chronic 

Hepatitis C 

Pawlowski et al., 2014 
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Table 1.4 Pre-clinical studies examining the impact of stress on hepatic function. 

Preclinical 

studies 

Stress model Effect on hepatic function Reference 

Subordinate colony 

housing (CSC) 

paradigm  

↓ hepatic triglyceride levels , ↑ hepatic oxidative stress (↑HMOX) and ↑ hepatic 

inflammation (↑ TNF-α & MCP-1) 
Czech et al., 2013 

Social isolation/ tail 

pinch test 

Greater alteration of lobular structure. Inflammation, ↑ hepatocyte anisocytosis 

and nuclear staining, presence of bi-nucleated cells 
Vásquez et al., 2014 

Restraint stress ↑ inflammatory cells, spotty focal necrosis, ↑hepatic IL-1, IL-6, TNF-α and IFN-γ Li et al., 2013 

Restraint stress 
↑ hepatic GCC receptor expression and ↑ translocation of receptor  in vitro and in 

vivo 
Zhang et al., 2014 

Restraint stress 
↑ ALT and AST with corresponding histological changes associated with liver 

injury.↑ serum corticosterone. 
Yang et al., 2014 

Restraint stress 
↑ lipolysis and increases inflammation cytokines secretion, ↑ hepatic IL-6 and 

TNF-α levels 
Liu et al., 2014 

Extreme fear from 

killing 

Histological abnormalities: large vacuole formation, deformed nuclei of 

hepatocytes, damaged endothelial cells and expansion of central vein, congested 

blood vessels, fatty degeneration, necrosis 

Khayyat, 2013 

Tail clip ↓ expression of ATP-binding cassette transporters ABCG5 and ABCG8 genes  Gao et al., 2013 

 

 

 

Chronic social 

isolation stress 

(CSIS)  

 

Hepatic oxidative stress:↓GSH and GSH reductase activity; ↑ GSH S-transferase 

and catalase activity 

Histological abnormalities: portal infiltration of Kupffer cells and rare eosinophils 

↑ hepatic inflammation (↑ IL-1β,TNF-α and also iNOS but not IL-6) 

 

 

 

Todorović et l., 2016 

Abbreviations: GSH- glutathione; HMOX- Heme Oxygenase; IL-1β-Interleukin 1β; TNF-α- Tumor necrosis factor α; IL-6- Interleukin 6 ; iNOS- inducible nitric oxide 

synthase. 
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1.9 The Endocannabinoid System  

The use of marijuana for both recreational and medical purposes has been well established over 

the past 20 years [for review see (Mechoulam et al., 2000; Russo, 2007; Russo, 2014)]. 

However, it was the discovery of ∆9-tetrahydrocannabinol (∆9-THC), the main psychoactive 

component of cannabis in the 1960s that sparked the increased interest in the physiological and 

pharmacological mechanisms underlying the effect of cannabinoids (Gaoni et al., 1964; Gaoni 

et al., 1971). Although initially speculated that ∆9-THC mediated its effects by disruption of 

the cell membrane fluidity (due to its lipophilic nature), several observations suggested that 

receptors were likely involved. Studies in the 1980s identified that adenylate cyclase activity 

was inhibited by ∆9-THC and its synthetic analogue (Howlett, 1985; Dill et al., 1988) and that  

∆9-THC  action was mediated through the Gi/o protein, indicating involvement of a receptor-

mediated process (Dill et al., 1988). Subsequent studies went on to identify cannabinoid-

sensitive sites by which cannabinoids elicited their effects and the cannabinoid receptor 1 (CB1) 

(Devane et al., 1988; Matsuda et al., 1990) and cannabinoid receptor 2 (CB2) (Munro et al., 

1993) were identified. Following the discovery of these receptors, further research went on to 

discover endogenous ligands of these receptors and they were coined “endocannabinoids” and 

further characterization of the lipid signaling system; the endocannabinoid system. The first 

and best characterized endogenous cannabinoid compound identified was N-

arachidonylethanolamine (anandamide; AEA) (Devane et al., 1992) which was later followed 

by the identification of a second endocannabinoid; 2-arachodonoyl glycerol (2-AG) 

(Mechoulam et al., 1995; Sugiura et al., 1995). The endocannabinoid system ultimately is 

composed of these endogenous compounds, which bind to specific receptors and the enzymes 

responsible for endocannabinoid synthesis and degradation. The following sections of this 

thesis will provide an overview of all components of the endocannabinoids including 

biosynthesis, receptors, signalling and degradation pathways. 
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1.9.1 Endocannabinoid Biosynthesis  

It is well-established that endocannabinoids are produced “on demand” from membrane lipid 

precursors rather than being stored in vesicles (Di Marzo et al., 1998). As shown in Fig.1.6, 

AEA is produced in a two-step calcium-dependent enzymatic process from the precursor N-

arachidonoylphosphatidylethanolamine (NAPE). NAPE is the general precursor of all N-

acylethanolamines NAEs in what is known as the transacylation–phosphodiesterase pathway. 

Firstly, the increase in Ca2+ levels results in the transfer of arachidonic acid from 

phosphatidylcholine (PC) to the primary amino group of phosphatidylethanolamine (PE) by 

the enzyme N-acyltransferase (NAT) (Di Marzo et al., 1994). This is followed by hydrolysis 

of NAPE to AEA and phosphatidic acid (PA) via the Ca2+-sensitive, NAPE-selective, 

phospholipase D enzyme (NAPE-PLD) (Di Marzo et al., 1994; Muccioli, 2010) Although this 

is the primary pathway for AEA biosynthesis, it has also been shown that AEA may be 

synthesised via a phospholipase-C dependant pathway or via hydrolysis of NAPEs by α/β-

hydrolase 4 (ABH4) (Liu et al., 2008a) (Fig 1.6). 
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Figure 1.6 Major pathway for synthesis of anandamide (AEA). Note the alternative 

pathway for AEA biosynthesis involving phospholipase C (PLC) and α/β-hydrolase 4 (ABH4). 

Taken from (Fonseca et al., 2013). 
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Similarly, 2-AG synthesis involves a two-step enzymatic reaction that is also Ca2+-dependent. 

First, the membrane phospholipid phosphatidylinositol (PI) is converted to into 

phosphatidylinositol-4,5-bisphosphate (PIP2) which is then hydrolysed by PLC to produce the 

second messenger inositol 1,4,5-triphosphate (IP3) and 1, 2-diacylglycerol (1, 2-DAG). This is 

followed by subsequent conversion of 1, 2-DAG to 2-AG by diacylglycerol lipase (DAGL) 

(Bisogno et al., 2003; Tanimura et al., 2010). Alternatively, it has been suggested that 2-AG 

synthesis can arise from the hydrolysis of phosphatidylinositol by phospholipase A1 (PLA1), can 

in turn generate an 2-arachidonyl-lysophospholipid intermediate which may be hydrolysed to 2-

AG by lyso-phospholipase C (Lyso-PLC) (Ueda et al., 1993) (Fig 1.7). 

 

 

Figure 1.7 Major pathway for synthesis of 2-arachidonoylglycerol (2-AG). Note the 

alternative pathway for 2-AG biosynthesis involving phospholipase A1 (PLA1) and then lyso-

phospholipase C (lyso-PLC) activities. Taken from (Fonseca et al., 2013).   
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1.9.2 Cannabinoid Receptors 

Both cannabinoid receptors 1 and 2 are G-protein coupled receptors. CB1 receptors are 

expressed primarily, but not exclusively, in the brain of both humans and rodents (Glass et al., 

1997; Egertová et al., 2000; Mackie, 2008). CB1 was originally described as the neuronal 

cannabinoid receptor due to its widespread expression throughout the CNS and the various 

behavioural effects associated with cannabinoid use. However, it has also been identified that 

the CB1 receptor is expressed in various other tissues including the heart, lung, pancreas, 

prostate, muscle, ovary, bone marrow, thymus and liver (Bouaboula et al., 1993; Galiègue et 

al., 1995; Casu et al., 2003; Cota et al., 2003; Osei-Hyiaman et al., 2005; Cavuoto et al., 2007; 

Cota, 2007; Bermúdez-Silva et al., 2008; Thors et al., 2010). Similarly, CB2 receptors are also 

expressed in the brain, contrary to the once thought idea that they were limited to peripheral 

tissues and cells of the immune system (Gong et al., 2006; Onaivi et al., 2006). However, CB2 

receptors are also widely expressed in peripheral tissues, notably tissues of the immune system 

including the thymus, spleen, tonsils, and immune cells (Munro et al., 1993; Galiègue et al., 

1995; Shire et al., 1996; Brown et al., 2002). 

The general consensus is that endocannabinoids mediate many of their effects through these 

two G-protein coupled receptors (GPCR). AEA shows high affinity for the CB1 receptor and 

acts as a full/ partial agonist while showing a lesser binding affinity for CB2 receptors (Howlett 

et al., 2000; Di Marzo, 2006). In contrast, 2-AG shows a high affinity for and acts as a full 

agonist at both CB1 and CB2 receptors, however with less binding activity when compared to 

AEA (Sugiura et al., 2000). On the other hand, it has been identified that endocannabinoids 

including AEA and 2-AG may also bind to other receptors to elicit their effects (see section 

1.9.2.2). 
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1.9.2.1 CB1 and CB2 receptors in the liver  

Components of the endocannabinoid system, including CB1 and CB2 receptors are present in 

liver tissue. There is a high expression of the CB2 receptors during embryonic development, 

followed by a decline during development (Buckley et al., 1997). Expression of both CB1 and 

CB2 receptors in the liver under normal physiological conditions is relatively low or absent 

(Kondo et al., 1998; Teixeira-Clerc et al., 2006; Bazwinsky-Wutschke et al., 2017). In several 

studies, both AEA and 2-AG have been detected in a normal control liver (Kondo et al., 1998; 

Julien et al., 2005; Bátkai et al., 2007; Siegmund et al., 2007), along with high expression of 

the enzyme responsible for the metabolism of AEA; fatty acid amide hydrolase (FAAH) in 

hepatocytes (Cravatt et al., 1996; Siegmund et al., 2006). Basal levels of AEA and 2-AG were 

previously identified in hepatocytes and Kupffer cells (Bátkai et al., 2007). Studies have 

identified an active role of endocannabinoids in regulating fat metabolism and de novo 

lipogenesis in the liver via CB1 (Osei-Hyiaman et al., 2005; Osei-Hyiaman et al., 2008). 

Furthermore, endocannabinoids acting via CB1 receptors expressed on hepatocytes have been 

identified to promote neural progenitor cell proliferation and are involved in the control of liver 

regeneration (Mukhopadhyay et al., 2011; Pisanti et al., 2015). Nevertheless, it has been shown 

that there is a significant upregulation in the endocannabinoid system in several liver 

pathologies including viral hepatitis (Shahidi et al., 2014) and cirrhosis (Caraceni et al., 2010) 

and these observations inspired investigation into their pathophysiological significance (for 

further detail see section 1.9.6). 
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1.9.2.2 Other endocannabinoid receptors 

Unlike many other GPCRs, cannabinoid receptors appear to have more than one endogenous 

agonist [for review see (Di Marzo et al., 2012)]. In addition to CB1 and CB2 receptors, 

endocannabinoids bind to other receptors including peroxisome proliferator-activated receptors 

(PPARs), GPR55, GPR119 and transient receptor potential vanilloid 1 (TRPV1) (Huang et al., 

2002; Overton et al., 2006; Ryberg et al., 2007; Sun et al., 2007). 

PPARs are nuclear receptors of which there are three isoforms (PPAR α, δ and γ). PPARs are 

widely expressed in the liver under normal physiological and disease conditions (Zardi et al., 

2013). They play an important role in the regulation of inflammation, metabolism, energy 

homeostasis, insulin sensitivity and food intake (Kersten et al., 2000; Rakhshandehroo et al., 

2007; Stienstra et al., 2007; Ahmadian et al., 2013). AEA, 2-AG and analogues of ∆9-THC 

have been shown to produce anti-inflammatory effects when bound to PPAR-γ and 

neuroprotective effects mediated by PPAR- α [for review see (O'Sullivan et al., 2010)].  

Transient receptor potential (TRP) receptors are non-selective cation channels that are 

expressed throughout the brain, the vasculature and also the liver (Tóth et al., 2005; Rychkov 

et al., 2011; Li et al., 2012; Tóth et al., 2014). It has been reported that cannabinoids and 

endocannabinoid can bind directly to the vanilloid receptor 1 of the TRPV1 receptor (Di Marzo 

et al., 2002). Furthermore, increased evidence has shown that AEA acts as both a partial and a 

full agonist at TRPV1 receptors, depending on several factors including receptor reserve in 

those tissues, metabolism and uptake and CB1 receptor activation [for review see (Ross, 2003)]. 

Additionally, GPR55, which was once known as the “orphan receptor” has been demonstrated 

to be activated by AEA and 2-AG (Ryberg et al., 2007). For a more detailed review on 

cannabinoid receptors see (Brown, 2007; Di Marzo et al., 2012; Kendall et al., 2016; 

O'Sullivan, 2016).  
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1.9.3 Other endocannabinoids and related analogues 

In addition to AEA and 2-AG there are other, less studied endocannabinoids including N-

arachidonoyl-dopamine (NADA) (Bisogno et al., 2000), oleamide (Leggett et al., 2004), 2-

arachidonyl glycerol ether (noladin ether) (Hanuš et al., 2001) and O-arachidonoyl 

ethanolamine (virodhamine) (Porter et al., 2002). Additionally, AEA analogues N-

oleoylethanolamide (OEA) and N-palmitoylethanolamide (PEA) have been identified 

(Lambert et al., 1999a; Lambert et al., 2007). These N-acylethanolamines (NAEs) are 

metabolically similar to AEA and have been shown to exert cannabinoid-like effects. They are 

synthesised in a way similar to AEA and are primarily broken down by the same enzyme 

responsible for the metabolism of AEA; fatty acid amid hydrolase (FAAH). However, unlike 

AEA, NAEs display little to no activity at CB1 and CB2 receptors (Sheskin et al., 1997; Lambert 

et al., 1999b; Griffin et al., 2000) instead they show activity at other receptors including PPARs 

and GRP55 (Fu et al., 2003; Lo Verme et al., 2005). It is also thought that these NAEs can 

indirectly potentiate endocannabinoid signaling via an “entourage effect”, meaning they can 

preserve receptor-active endocannabinoids by acting as alternative substrates for metabolic 

enzymes. Thus, they can potentiate the effect of other endocannabinoids such as AEA on the 

CB1 or TRPV1 receptors (Lambert et al., 1999a; Smart et al., 2002; Ho et al., 2008). In addition 

to producing this entourage effect, OEA and PEA can also bind to and directly elicit their 

effects via other cannabinoid receptors including PPAR-α, PPAR-γ, TRPV1 (LoVerme et al., 

2005; Rockwell et al., 2006; Bonezzi et al., 2016; O'Sullivan, 2016; Karwad et al., 2017), 

GPR55 and GPR119  (Overton et al., 2006; Godlewski et al., 2009; Borrelli et al., 2015). Thus 

indicating that OEA and PEA provide an alternative signaling pathways that can act in concert 

with or independently from AEA. 
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Table 1.5 Components of the endocannabinoid system 

Endocannabinoid system 

Endocannabinoids AEA, 2-AG 

N-acylethanolamines  OEA, PEA 

Synthesizing enzymes NAPE-PLD, DAGL 

Degrading enzymes  FAAH, MAGL 

Receptors  CB1, CB2, TRPV1, GRP55, GRP119, PPARs 

 

1.9.4 Endocannabinoid signaling 

As previously mentioned (section 1.9.1), the synthesis and release of endocannabinoids from 

cells is dependent of an increase in intracellular calcium levels following an activity dependent 

depolarization of the cell (Di Marzo et al., 1994).  In the brain, endocannabinoids are released 

by post-synaptic cells and bind to receptors on the pre-synaptic membrane in a process that is 

called retrograde neurotransmission (Alger, 2002; Kreitzer et al., 2002; Vaughan et al., 2005). 

However, it has also been suggested that in other cell types, endocannabinoids act in an 

autocrine and paracrine manner (De Fonseca et al., 2005; Stella, 2009). CB1 and CB2 receptors 

are also coupled to calcium and potassium ion channels and activity at these receptors allows 

for the reduction of intracellular Ca2+ and an increase in K+ ions in order to inhibit 

neurotransmitter release [for review see (Kano et al., 2009)]. 

Primary actions of the endocannabinoids are via their activation of the cannabinoid receptors. 

CB1 and CB2 receptors are Gi/o-protein-coupled receptors that act to inhibit adenylyl cyclase 

(AC) thus levels of cyclic AMP which ultimately causes a reduction in protein kinase A activity 

thus reduced gene transcription (Deadwyler et al., 1995) (Fig. 1.8). In addition to this, 

activation of CB1 and CB2 receptors can stimulate MAPK and result in changes in gene 

expression (Bouaboula et al., 1995). Cannabinoid receptor signaling is discussed in detail in 

several recent reviews (Gómez et al., 2008; Di Marzo et al., 2015; Turcotte et al., 2016; Lu et 

al., 2017). 
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Figure 1.8 GPCR signalling. CB receptor activation by endocannabinoids down-regulates the 

pro-inflammatory immune response via adenylate cyclase. Upon cannabinoid receptor 

activation, the α subunit of the Gi protein interacts with adenylate cyclase to inhibit its activity. 

This results in a decrease of cAMP production, which leads to inactivation of protein kinase A 

(PKA). This preventing activation, nuclear translocation and DNA binding of NF-κB and other 

transcription factors. These events ultimately lead to the down-regulation of pro-inflammatory 

mediator gene expression. Modified based on (Cabral et al., 2009). 

 

 

 

  

 

 

 

 

 

Fig removed due to copyright 



43 

 

1.9.5 Endocannabinoid reuptake and inactivation  

Following endocannabinoids mediating their effects at their receptors, endocannabinoid 

signaling is rapidly terminated by a series of controlled events ultimately leading to cell 

sequestration by enzymatic hydrolysis. Endocannabinoid reuptake from the extracellular space 

is facilitated via endocannabinoid membrane transporters (EMT) and endocannabinoid 

inactivation takes place intracellularly (Hillard et al., 1997; Beltramo et al., 2000). 

AEA is broken down into to arachidonic acid (AA) and ethanolamine. This reaction is primarily 

mediated by the enzyme FAAH (Cravatt et al., 1996) (Fig. 1.9). FAAH has also been identified 

as a degrading enzyme for other NAEs such as OEA and PEA (Cravatt et al., 1996; Ahn et al., 

2008). However, it is important to note that AEA can also be degraded by other enzymes 

including N-acylethanolamine-hydrolyzing acid amidase (NAAA). However, the activity of 

this enzyme has been highlighted mainly in macrophages and is important when there is an 

accumulation of NAEs around inflammatory sites and areas of tissue damage (Tsuboi et al., 

2005; Tsuboi et al., 2007). 

Monoacylglycerol (MAGL) is the primary enzyme responsible for up to 85% of 2-AG 

degradation into AA and glycerol (Saario et al., 2005; Blankman et al., 2007) (Fig. 1.9). 

However, it has also been demonstrated that the enzymes α/β-hydrolase 4 (ABH4), ABH12 

and also FAAH contribute to the breakdown of 2-AG (Di Marzo et al., 1998; Maccarrone et 

al., 2000; van der Stelt et al., 2002). While hydrolysis of AEA and 2-AG by FAAH and MAGL 

are the primary routes of inactivation, it is important to note that these endocannabinoids can 

be broken down by cyclooxygenase-2 (COX-2) leading to production of  eicosanoids and 

prostaglandins, cytochrome P450 enzymes and also lipoxygenases (LOX) (Kozak et al., 2000; 

Kozak et al., 2002; Snider et al., 2007) and for review [see (Turcotte et al., 2015)]. The 

resulting components from these reactions can then have specific effect on endocannabinoids.  
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Figure 1.9 Summary diagram of endocannabinoid synthesis, signaling and inactivation. 

Abbreviation: AEA, anandamide; 2-AG, 2-arachydonoylglycerol; ∆9-THC, ∆9-

tetrahydrocannabinol ; DAG, diacylglycerol; DAG lipase, diacylglycerol lipase; EMT, 

endocannabinoid membrane transporter; FAAH, fatty acid amide hydrolase; MAGL, 

monoacylglycerol lipase; NAPE, N-acyl-phosphatidylethanolamine; NAPE-PLC, N-

acylphosphatidylethanolamine-selective phospholipase-C; Lyso-PLC, lyso-phospholipase C; 

PIP2, phosphatidylinositol-4, 5-bisphosphate; NAPE-PLD, N-acylphosphatidylethanolamine 

selective phospholipase-D; NAT, N-acyltransferase; PE, phosphatidylethanolamine; PLC, 

phospholipase C; CB1/2, cannabinoid receptors 1 and 2; TRPV1, transient receptor potential 

vanilloid type 1; GRP55/ GRP119, G-protein couple receptors 55 and 119.Taken from 

(Patsenker et al., 2016). 
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In summary, the endocannabinoid system is composed of receptors, endogenous cannabinoid 

ligands, transporters and the enzymes responsible for their synthesis and degradation, this 

system is expressed throughout cells and tissues in the body. Furthermore, it modulates a host 

of physiological functions including liver function and the stress response (Esch, 2005; Hill et 

al., 2010; Izzo et al., 2011; Riebe et al., 2011; Liu et al., 2016). Furthermore, alterations in this 

system have been implicated in pathological conditions including liver disease and stress-

related disorders (Mallat et al., 2008; Hill et al., 2010; Mallat et al., 2011; Hillard, 2018). Given 

this, it is possible that alterations in this system could underlie the interaction between stress 

and liver function. The following sections in this thesis will provide a detailed overview of the 

endocannabinoid system in both liver disease and stress. 
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1.10 The endocannabinoid system and liver disease 

As previously described, the presence of the endocannabinoid system in the liver under normal 

physiological conditions has been reported as considerably low and sometimes absent. 

However, in recent years, it has been established that the endocannabinoid system plays an 

important role in a wide range of acute and chronic liver pathologies including hepatic 

ischemia/reperfusion (I/R) injury (Kurabayashi et al., 2005), viral hepatitis (Shahidi et al., 

2014), NASH (Shi et al., 2014), ALD (Jeong et al., 2008), fibrosis (Teixeira-Clerc et al., 2006) 

and cirrhosis (Caraceni et al., 2010). As such it has been proposed that targeting this system 

could ameliorate the injury itself and/or reduce complications associated with these life-

threatening hepatic diseases.  

Several studies have identified that there is a significant up regulation in CB1 and CB2 receptors 

following in liver disease or injury (Xu et al., 2006; Jeong et al., 2008; Mai et al., 2015; Dai et 

al., 2017) (Table 1.6). In liver disease, the upregulation of these receptors act in opposite 

directions: activation at CB1 contributing to increased fibrogenesis, inflammation and 

hepatocyte death (Giannone et al., 2012; Tian et al., 2017) while activation at CB2 is associated 

with anti-inflammatory/ anti-fibrogenic properties (Julien et al., 2005; Mendez-Sanchez et al., 

2007; Louvet et al., 2011) [for reviews see (Siegmund et al., 2008; Huang et al., 2011; Mallat 

et al., 2011)] (Fig. 1.10). This upregulation of CB1 has been identified on hepatocytes, HSC, 

and endothelial cells (Bátkai et al., 2007; Mallat et al., 2007; Mallat et al., 2008). Several 

studies have identified that pharmacological inhibition or genetic deletion of CB1 receptors has 

been shown to be hepatoprotective. In vitro work has shown that the degree of steatosis is 

increased in cultured hepatocytes following treatment with the selective CB1 agonist 

arachidonyl-2-chloroethylamide (ACEA) (De Gottardi et al., 2010). Accordingly, 

administration of CB1 receptor antagonists prevented ethanol-induced fatty liver (Jeong et al., 

2008), significantly reduced fibrosis (Giannone et al., 2012) and diet-induced hepatic steatosis 
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(Osei-Hyiaman et al., 2008) in vivo. Furthermore, CB-/- mice are resistant to ethanol-induced 

steatosis (Jeong et al., 2008), have a reduced fibrogenic response and injury in CCl4-induced 

liver fibrosis (Teixeira-Clerc et al., 2006) and suppressed hepatocarcinogenesis (Suk et al., 

2016). Thus, the data to date indicate that CB1 receptor activation is associated with 

exacerbation of liver injury and that antagonism of CB1 receptors may provide a therapeutic 

target for liver disease. However, given the possible CNS associated side effects of CB1 

receptor antagonists, investigation into antagonists that are devoid of central complications are 

warranted. To date, peripherally restricted CB1 antagonist AM6545 has been shown to prevent 

development of hepatic steatosis (Tam et al., 2010; Bowles et al., 2015) without unwanted 

central effects. Furthermore, CB1 receptor changes have an effect on complications in end stage 

liver disease. Upregulation of CB1 on vascular endothelial cells was shown to alter hepatic 

haemodynamics by causing vasodilation in the liver which ultimately causes ascites (Bátkai et 

al., 2001).   
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Figure 1.10 CB1 and CB2 receptor expression and functions in the liver. Abbreviations: 

ALD, alcoholic liver disease; HCC, hepatocellular carcinoma; NASH, nonalcoholic 

steatohepatitis; PBC, primary biliary cirrhosis; PSC, primary sclerosing cholangitis; TG, 

triglyceride; VLDL, very low density lipoprotein. Taken from (Patsenker et al., 2016). 
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CB2 receptor are expressed on activated HSC and myofibroblasts in culture, when treated with 

2-AG (Siegmund et al., 2007). Furthermore, localization of CB2 receptors has been indicated 

on bile duct epithelial cells, and in hepatocytes of patients with cirrhosis, NASH and HCC 

(Julien et al., 2005; Xu et al., 2006; Mendez-Sanchez et al., 2007). CB2 activation is known to 

be hepatoprotective and antifibrotic in contrast to the detrimental effects of CB1 receptor 

activation on liver function,  (Lotersztajn et al., 2008). CB2 receptors have a notable role for 

reducing inflammatory mediators following hepatic I/R injury (Bátkai et al., 2007) and 

inhibition of HSC growth, thus reducing fibrosis (Julien et al., 2005).  Accordingly, CB2
-/- mice 

were seen to develop enhanced fibrosis and delayed liver regeneration in response to CCl4-

induced injury (Julien et al., 2005; Teixeira-Clerc et al., 2010). In contrast, activation of CB2 

receptors with the selective agonist JWH-133 was found to significantly attenuate cellular 

markers of fibrosis (Muñoz-Luque et al., 2008), and LPS/GalN-induced liver injury while 

significantly improving mortality rate in mice (Tomar et al., 2015). JWH-133 was also found 

to accelerate liver regeneration following CCl4-induced fibrosis (Teixeira-Clerc et al., 2010). 

Thus, molecules targeting the CB1 and CB2 receptors represent potential therapeutic agents for 

the treatment of liver diseases.  

Although the majority of studies aim to target CB1 and CB2 receptors, enhancing levels of the 

endocannabinoids AEA and 2-AG have also been identified as a potential target. Similar to 

receptor expression, circulating and tissue levels of AEA and/or 2-AG are increased, in various 

liver pathologies (Jeong et al., 2008; Caraceni et al., 2010; Dai et al., 2017) (Table 1.6). AEA 

has been shown to be produced by Kupffer cells and lymphocytes and 2-AG is produced by 

hepatocytes and hepatic stellate cells (Mallat et al., 2013). Clinical evidence indicates that 

increases in plasma and hepatic concentrations of AEA, but not 2-AG correlates to the degree 

of liver dysfunction in patients with cirrhosis and acute hepatitis when compared to healthy 

controls (Biswas et al., 2003; Caraceni et al., 2010). Similar data has been obtained in animals 
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studies.  Circulating level of 2-AG correlated with the increase in plasma transaminases and 

histological damage following hepatic I/R injury (Kurabayashi et al., 2005; Ishii et al., 2010). 

Significant upregulation of these endocannabinoids have been linked to increased cell death in 

the liver in vitro and mechanisms have proposed that these effects are not mediated via CB1 or 

CB2 receptors (Biswas et al., 2003; Sarker et al., 2003; Siegmund et al., 2007) but rather by 

downstream ROS production. Furthermore, in vitro studies by Siegmund and colleagues have 

identified that FAAH is protective against both 2-AG and AEA-induced apoptosis in 

hepatocytes (Siegmund et al., 2005; Siegmund et al., 2007; Siegmund et al., 2013). 

Interestingly, it was identified that inhibition or inactivation of FAAH coupled with GSH 

depletion results in up to 70% hepatocyte cell death in vitro (Siegmund et al., 2006), indicating 

a protective effect of FAAH in endocannabinoid-induced hepatocyte cell death. In addition, 

FAAH-/- mice have been demonstrated to have GSH depletion, 8-fold higher hepatic levels of 

AEA (compared to sham) and resulting increased injury following BDL (Siegmund et al., 

2006). This provides in vivo evidence to support the protective effects of FAAH in liver injury, 

however mechanisms by which this occurs remain to be established. Overall, increasing 

endocannabinoid levels seem to be a protective mechanism initially by inducing apoptosis in 

the main fibrogenic cells (HSCs) and not hepatocytes. Moreover, animal work has identified 

that enhancing 2-AG tone following the administration of the MAGL inhibitor JZL184 

significantly reduces LPS/GalN-induced liver injury in mice (Cao et al., 2013). As previously 

mentioned (section 1.9.2), 2-AG, but not AEA, binds to CB2 receptors. Thus, this evidence 

suggests that increasing 2-AG tone and activation of CB2 receptors is protective in these models 

of liver injury. Overall, the wealth of literature suggests an important role of the 

endocannabinoid system in various liver diseases. 

 

 



51 

 

Table 1.6 Summary of changes in the endocannabinoid system in liver  

 

Model  Animal/Species Main Findings Reference 

Cirrhosis Humans 

Increased circulating AEA, PEA and OEA in patients with cirrhosis and 

correlated with parameters of liver function Caraceni et al., 2010 

Liver Fibrosis Humans 

Increased CB1 and CB2 expression correlated to the degree of fibrosis in 

patients with chronic hepatitis B Dai et al., 2017 

HCC Humans 

Increased expression of CB1 and CB2 in liver samples from patients with 

HCC compared to control Xu et al., 2006 

Hepatic I/R 

injury Rats Increased plasma levels of 2-AG in rats following long and short ischemia  

Kurabayashi et al., 

2005 

Cirrhosis Rats Increased hepatic expression of CB1 and CB2 receptors in cirrhotic rats 

Muñoz-Luque et al 

2008 

Fibrosis Rats Reduced fibrosis following administration of CB1 receptor antagonist Giannone et al., 2012 

Hepatic I/R 

injury Mice 

Increased 2-AG and AEA levels in the liver of mice following hepatic I/R 

injury, attenuation of liver injury following MAGL inhibition with JZL184 Cao et al., 2013 

Fibrosis/ 

cirrhosis Mice Enhanced CCl4-induced liver injury in CB2-/- mice  Julien et al., 2005 

ALD Mice 

Reduction in ethanol-induced fatty liver following administration of CB1 

receptor antagonist Jeong et al., 2008 

NASH in vitro Increased expression of CB1 receptors in HepG2 fatty liver cells Shi et al., 2014 

Steatosis in vitro 

Increased steatosis in cultured hepatocytes following CB1 agonist 

arachidonyl-2-chloroethylamide (ACEA)  

De Gottardi et al., 

2010 
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1.11 The endocannabinoid system and stress 

Increasing evidence has highlighted a bidirectional interaction between stress and the 

endocannabinoid system (Finn, 2010; Hill et al., 2010). Endocannabinoids play an important 

role in the normal physiological response to stress.  The release of glucocorticoids in response 

to stress via the HPA axis can be regulated by endocannabinoid signaling in order to maintain 

homeostasis (Di et al., 2003; Cota et al., 2007; Riebe et al., 2011). For example, 

endocannabinoids have been shown to decrease endogenous corticosterone levels enhanced by 

acute stress (Surkin et al., 2018) while acute restraint stress enhances endocannabinoid function 

in the hippocampus of rats (Wang et al., 2012). Similarly, an increase in 2-AG levels in the 

brain have been identified following repeated restraint stress (Patel et al., 2009). However, 

chronic stress exposure has been associated with anxiety and depressive-like behaviours, and 

has been linked to disruption in normal endocannabinoid signaling, leading to the inability to 

cope with chronic stress (Lutz et al., 2015).  Chronic restraint or immobilization stress has been 

shown to impair the endocannabinoid signaling in the paraventricular nucleus of the 

hypothalamus (Wamsteeker et al., 2010). Accordingly, chronic stress has been associated with 

a downregulation of CB1 receptors in several brain regions (Hill et al., 2005; Morena et al., 

2016). Furthermore, chronic treatment with corticosterone in mice increases levels of AEA but 

reduces 2-AG levels in the liver, which is associated with a significant reduction in mRNA 

expression of FAAH (Bowles et al., 2015). In addition, similar to liver disease, the use of 

cannabinoid based drugs to activate or inhibit signaling and enzyme activity have been 

investigated. Binding of CB1 agonists to receptors produce an anxiogenic effects (Haller et al., 

2002) and blocking with AM251 or rimonabant produce anxiolytic effects (Rodgers et al., 

2005). Similarly, genetic CB1-/- mice display depressive and anxiety-like behaviours (Haller et 

al., 2002). 
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In addition to cannabinoid receptor mediated changes in response to stress, the use of FAAH 

inhibitors PF3845 and URB597 have also been shown to produce anxiogenic and anti-

depressive effects in rodents following stress  (Duan et al., 2017; Wang et al., 2017). 

Thus, initially, the endocannabinoid system acts as a negative regulator to reduce stress-

induced elevation in stress hormones in response to acute stress. In several stress paradigms, 

stress reduces levels of AEA, increases levels of 2-AG, increases FAAH activity. The role of 

the endocannabinoid system and stress is discussed in detail in several recent reviews (Gorzalka 

et al., 2008; Riebe et al., 2011; Morena et al., 2016). However, little work to date has been 

carried out on stress-related changes in the EC system in the liver in normal or disease state. 

  



54 

 

1.12 Overall Research objectives 

Stress is a key in regulating physiological homeostasis however, dysregulation of the stress 

response can lead to the exacerbation of several disease states including liver disease. As such, 

the necessity to further understand the impact of a pre-existing stress in the development of 

acute liver injury is vital for the development of novel treatment strategies.  Furthermore, as 

previously discussed, there are a considerable amount of data from both in vitro and in vivo 

studies demonstrating a role for the endocannabinoid system in modulating liver injury/disease 

and also stress. Therefore, this system represents a potential therapeutic target in the treatment 

of stress-induced aggravation of liver diseases. Therefore, the main objective of the work 

presented herein was to enhance our understanding of the impact of stress; both physical and/or 

genetic susceptibility to stress (WKY rat strain) on LPS/GalN-induced acute liver injury. A 

further objective was to investigate potential role of the hepatic endocannabinoid system and 

if endocannabinoid modulation of such responses was further altered in the presence of stress. 

 

Hypothesis: Physical and/or genetic susceptibility to stress exacerbates acute liver injury 

induced by LPS/GalN,  effects mediated at least in part by modulation of the endocannabinoid 

system.  

Specific aims: 

1. To investigate the effect of chronic stress (repeated restraint stress ± genetic 

susceptibility to stress/ stress-sensitive phenotype) on hepatic functioning, endocrine 

and inflammatory responses  

2. To investigate the potential differences in the development of LPS/GalN-induced liver 

injury between SD and WKY rats. 

3. To investigate the development of LPS/GalN-induced liver injury following chronic 

stress in SD and WKY rats. 
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4. To investigate the effect of LPS/GalN on hepatic microcirculation, inflammation and 

hepatocellular injury during the early phase injury in SD and WKY rats in vivo. 

5. To investigate the role for the endocannabinoid system in inducing stress related 

exacerbations in liver injury. 

6. To investigate the role of a peripherally restricted CB1 receptor antagonism or CB2 

receptor agonism on LPS/GalN-induced inflammatory responses and liver injury. 
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Chapter 2 

 

Materials and Methods 
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2.1 Animal husbandry 

Experiments were carried out on male and female Sprague Dawley and Wistar Kyoto rats 

(weight 240-280g; Envigo, UK), housed singly in plastic bottomed cages (48cm x 20cm x 

27cm) containing wood shavings as bedding.  The animals were maintained at a constant 

temperature (20-24°C) and humidity (45-65%) under standard lighting conditions (12:12 h 

light–dark, lights on from 0700 to 1900 h). All experiments were carried out during the light 

phase between 0700 h and 1900 h. Food and water were available ad libitum. Animals were 

habituated to handling and/or received an intraperitoneal (i.p.) injection of sterile saline (0.89% 

NaCl) for 2-3 days prior to experimentation in order to minimize the influence of the injection 

procedure on biological endpoints. The experimental protocol was carried out in accordance 

with the guidelines of the Animal Care and Research Ethics Committee, National University 

of Ireland Galway under license from the Health Products Regulatory Authority (HPRA) and 

in compliance with the European Communities Council directive 2010/63/EU. 

 

2.2 Animal sacrifice and tissue collection 

Humane experimental endpoint for all studies was carried out by anaesthetic overdose using 

isoflurane at a dosage of 5% by inhalation method followed by decapitation using a guillotine. 

 

2.2.1 Blood collection and liver removal  

Following anaesthesia, an incision was made along the midline of the rat’s abdomen to expose 

the abdominal cavity.  

The diaphragm was cut to expose the heart and cardiac blood was drawn into a heparinized 

syringe from the right atrium, following which, it was immediately transferred into 15ml tubes, 

inverted and stored at 4°C. Following centrifugation at 4,000g for 15mins, plasma aliquots 
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were collected and stored at -80oC until further analysis. In addition, the liver was excised 

weighed and segments were either snap-frozen on dry ice and stored at -80°C for further 

analysis or placed in 10% neutral buffered formalin (10%NBF: HT501128 Sigma, Ireland) for 

24hours prior to processing for histology. The liver weight to body weight ratio was calculated 

as a percentage as follows:  

Liver weight: body weight ratio as % = (liver weight/body weight) x 100% 

 

2.3 Histology 

2.3.1 Tissue processing 

Following 24 hours in 10% NBF, the liver tissue segments were placed in 70% ethanol and 

processed in an automated tissue processor (ASP200S, Leica Microsystems, Wetzlar, 

Germany) before embedding in paraffin wax blocks. 5µm wax sections were then cut on a 

microtome (RM2125room temerature, Leica, Leica Microsystems, Wetzlar, Germany) and 

placed on glass slides before Haematoxylin and Eosin (H&E) staining.  

 

2.3.2 Haematoxylin & Eosin Staining  

The staining method entails application of haematoxylin, which is a basic dye that binds with 

basophilic structures such as nucleic acids in the cell nucleus resulting in a blue stain. Eosin is 

an acidic dye which stains eosinophilic structures in the cytoplasm bright pink.  

Slides were deparaffinised in xylene followed by rehydration in graded alcohols (100%, 95%, 

70% and 50%) before being rinsed in running tap water. Slides were then placed in Mayer’s 

Haematoxylin (MHS16, Sigma Aldrich, Ireland) and examined periodically until blue stained 

nuclei were identified. If necessary, slides were differentiated in 1% acid alcohol, followed by 

rinsing in running tap water to optimise nuclear staining. Slides were then stained with Eosin 
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(E4009, Sigma Aldrich, Ireland), rinsed in tap water and dehydrated by passing through graded 

alcohols (50%, 70%, 95%, and 100%). Slides were then cleared in xylene before mounting in 

DPX mounting medium (06522, Sigma Aldrich, Ireland). For detailed procedure see appendix 

(Appendix 1). 

 

2.3.3 Histopathological scoring  

Histopathological analysis was performed by examining H&E stained tissue sections under 

light microscopy (Leica DM500, Leica Microsystems, Wetzlar, Germany). A semi-quantitative 

grading system was used to identify the progression of the injury based on a modified version 

of Suzuki’s criteria on a scale of 0-4 (Chen et al., 2012), whereby 0: indicates no discernible 

injury; 1: slight immune cell infiltration; 2: hepatocyte ballooning/degeneration; 3: loss of 

hepatic structure, increased apoptotic bodies/ massive immune cell infiltration and 4: massive 

sinusoidal congestion with loss of hepatic structure (see figure 2.1). The grading of the slides 

were blinded to sample identity and 5-10 observations were scored per slide and an average of 

the histopathological score obtained.  
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Figure 2.1. Representative images of each histopathological score.  

 

2.4 Clinical chemistry 

Plasma levels of alanine aminotransferase (AL3801), aspartate aminotransferase (AS3804), 

glutamate dehydrogenase (GL441), gamma glutamyltransferase (GT3817), alkaline 

phosphatase (AP3803) and bile acids (BI3863) were determined using an automatic 

biochemical analyser (Randox Imola, RX4900, Co. Antrim, UK) in accordance with 

manufacturer instructions. All clinical chemistry was carried out in the Veterinary Diagnostic 

Laboratories, University College Dublin. 
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2.5 Determination of Corticosterone levels using Enzyme Immunoassay  

Quantification of corticosterone in plasma samples was performed with the Corticosterone 

Enzyme Immunoassay (EIA) Kit according to the manufacturer’s instructions (Item no. 

500655, Cayman Chemical Company, Cambridge Biosciences, UK). Plasma samples were 

defrosted on ice and spun at 14,000g at 4oC for 15mins. Samples were then diluted 1:20 with 

EIA buffer to ensure samples were within the range of the standard curve. 100μl of EIA buffer 

was added to Non-Specific Binding (NSB) wells, and 50μl of EIA buffer was added to 

Maximum Binding (B0) wells in the 96-well plate provided. 50μl of S1-S8 corticosterone EIA 

standards (5,000, 2,000, 800, 320, 128, 51.2, 20.5 and 8.2 pg/ml using EIA buffer) and 50μl of 

each diluted sample were added in duplicate into designated wells on the plate. 50μl of 

Corticosterone AChE Tracer was then added to each well except Blank wells. Following this, 

50μl of Corticosterone EIA Antiserum was added to each well except the Blank and NSB wells. 

The plate was covered with an adhesive plate cover and incubated for 2hrs at room temperature 

on an orbital shaker, after which wells were washed five times with wash buffer. After washing 

was completed, 200μl of Ellman’s Reagent was added to each well, the plate was then covered 

with adhesive cover and incubated on an orbital shaker for 60-90mins in the dark to allow 

optimum development which was obtained when the absorbance of the B0 wells were between 

0.3-1.00 units (blank subtracted). The plate was read at a wavelength of 412nm approximately 

60-90mins after incubation on a μQuant Bio-Tek plate reader (Mason Technology, Dublin). 

NSB average readings were subtracted from all sample and standard readings to eliminate non-

specific binding of the tracer to the plate. The subtraction of NSB from B0 average readings 

gives the corrected B0 (or corrected maximum binding) to obtain the amount of bound protein 

B. Sample corticosterone levels were subsequently determined from a standard curve of 

Ln(B/B0/(1-B/B0)) versus log corticosterone concentration (pg/ml) (GraphPad Prism). The 
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detection limit for the assay was 78.25pg/ml and all sample readings were above this limit of 

detection. Final concentration of corticosterone was expressed as ng/ml plasma. 

 

2.6 Bradford Protein Assay  

Standard protein solutions (0-1500μg/ml) were prepared from a stock (2mg/ml) solution of 

bovine serum albumin (BSA: cat no: A8022: Sigma-Aldrich, Ireland) (Table 2.1). 

 

Table 2.1. BSA standards. 

Conc  

μg/ml  

0  100  250  500  750  1000  1500  

μl stock 

BSA  

-  10  25  50  75  100  150  

μl H2O 

or PBS  

200  190  175  150  125  100  50  

Tot Vol 

μl  

200  200  200  200  200  200  200  

 

15μl of samples or standards were pipetted into designated wells on a 96 well plate followed 

by 235μl of Bradford reagent (B6916: Sigma-Aldrich, Ireland). The plate was left at room 

temperature for 10 mins to facilitate optimum colour development and absorbance then read at 

595nm.  

Protein content of samples were extrapolated from standard linear regression plots of protein 

concentration μg/ml versus optical density (O.D.) at 595nm (GraphPad Prism) (Fig. 2.2). 
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Figure 2.2. Bradford protein standard curve 

 

2.7 Determination of cytokine protein levels using ELISA  

Plasma and liver TNFα (cat# 900-K73), IL-1β (cat# 900-K91) and IL-6 (cat# 900-K86) protein 

concentrations were determined using specific rat enzyme-linked immunosorbent assays 

(ELISAs) performed using antibodies and standards obtained from PeproTech, London, UK. 

Liver tissue (30-40mg) was homogenized in 1ml of lysis buffer [137mM NaCl, 20mM Tris-

HCl (pH 8.0), 1% NP40, 10% glycerol, 1mM phenylmethylsulfonyl fluoride (PMSF), 10μg/ml 

aprotinin, 1μg/ml leupeptin, 0.5mM sodium vanadate] using an Ultra-Turrax Polytron tissue 

disrupter (Fisher Scientific, Ireland) followed by centrifugation at 14,000g for 15 mins. The 

supernatant was removed and stored at -80ºC until cytokine and protein determination.  
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Maxisorb Nunc microtitre plates (Biosciences Ltd. Dublin) were coated with 100μl of rabbit 

or goat anti-rat cytokine antibodies + D-mannitol (1.0-2.0 μg/ml in PBS), covered with an 

adhesive plate cover and left at room temperature overnight.  

Plates were then aspirated washed three times with 300μl wash buffer (0.05% Tween 20 in 

PBS, pH 7.4) on a ELx50 BIO-TEK plate washer (Mason Technology, Ireland) and blocked 

for at least an hour at room temperature with 300μl reagent diluent (1% BSA in PBS, pH 7.4). 

Standards for each cytokine were prepared (5000-0 pg/ml) in lysis buffer. 

Following blocking, the plates were washed a further three times, following which 100 μl 

aliquots of samples or standards were added, and plates were incubated at room temperature 

for 2 hr.  

After three washes, 100μl of specific biotinylated anti-goat or -mouse detection antibody (100-

400ng/ml) was added to each well and plates incubated for 2 hr at room temperature. After 

three washes, 100μl of horseradish peroxidase conjugated to streptavidin (1:2000) was added 

to each well, and plates were incubated for 30 mins at room temperature. Following three 

washes, 100 μl of 2, 2′-Azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) substrate 

solution was added and the plate was incubated at room temperature until adequate colour 

development.  

Absorbance was read immediately at 405nm on a microplate reader (Infinite F50, Tecan, UK). 

Cytokine levels were extrapolated from standard curves of cytokine level (pg/ml) versus optical 

density (O.D.) at 405nm (GraphPad Prism). The Bradford protein assay was used to determine 

protein concentration in liver samples. Cytokine levels in the liver were expressed as ng-pg/g 

protein and in plasma as pg/ml plasma. Assay detection limits were 63pg/ml for IL-1β and 

TNFα and 31pg/ml for IL-6.  
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2.8 Caspase -3 activity assay 

2.8.1 Release of pNA (4-nitroaniline) from tissue samples 

Approximately 30-40mg of tissue was homogenized in Lysis Buffer (50 mM HEPES-KOH, 5 

mM EGTA, 10 mM KCl, 2 mM MgCl2 pH 7.2) using an Ultra-Turrax Polytron tissue disrupter 

(Fisher Scientific, Ireland). The supernatant was removed and incubated with substrate buffer 

(Lysis Buffer, 2 mM DTT, caspase substrate) on a 96 well plate for 1.5 hours at 37oC. Negative 

control was added to the plate (lysis buffer + reaction buffer + substrate buffer). During this 

incubation period a Bradford Assay (see Method 2.6) on remaining supernatant was performed 

to determine the protein concentration. The O.D. reading obtained from the incubation plate 

was proportional to the amount of pNA in the samples and this reading was converted to µg/pg 

protein using the standard curve as prepared in the next section. 

 

2.8.2 Generation of pNA calibration curve 

Protease activity was quantified by generating a pNA calibration curve. 0, 2.5, 5, 10 and 20 

nmol solutions of pNA were prepared in DMSO from 100mM stock solution. These were then 

pipetted onto a 96 well plate in triplicate and read on a spectrophotometer at 405nm, O.D. 

values were obtained and standard curve was constructed of concentration of pNA (µmoles) vs 

O.D. at 405nm. Using O.D. readings from the samples, caspase-3 activity was calculated in 

samples by interpolating unknown sample concentrations of pNA from the standard curve. 

Caspase activity was calculated using the slope of the curve: 

Units caspase activity = ΔO.D. X 1/slope ΔO.D. = the difference in O.D. between an un-

induced control and its corresponding induced sample. Caspase-3 activity was expressed as 

nmole/mg protein/min. 
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Figure 2.3 pNA standard curve 

2.9 Glutathione assay 

2.9.1 Sample preparation  

Approximately 30mg of tissue was homogenized in PBS (P4417, Sigma Aldrich, Ireland) using 

an Ultra-Turrax Polytron tissue disrupter (Fisher Scientific, Ireland) and a proportion of tissue 

homogenate was taken for protein determination by Bradford assay (Method Section 2.6). 6N 

perchloric acid was added to the remaining homogenate to precipitate protein, following which 

samples were vortexed. 

The samples were vortexed and then centrifuged at 15,000g for 20 mins at 4˚C. For GSSG 

determination, 10uL of the resulting supernatant was removed, mixed with 4uL N-

ethlmaleimide (NEM) (40mM in 0.1M sodium phosphate-EDTA buffer) and incubated at room 

temperature for 30 min. Following this incubation, 36uL of 0.1M NaOH was then added and 

the sample was vortexed and stored on ice, for analysis within 30 min. 
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2.9.2 Standards 

GSH and GSSG standard solutions were prepared in 0.1M sodium phosphate-5mM EDTA and 

0.1M NaOH respectively. Known amounts were mixed with 10uL ο-phthalaldehyde (OPA) 

and the volume was made up to 1ml with 0.1M sodium phosphate-(5mM EDTA) or 0.1M 

NaOH. Standards were made up in duplicate. GSH standards ranged from 1 to 20 nmol/ml. 

GSSG standards ranged from 0.1- 1.25nmol/ml. For GSH and GSSG measurement, 10uL of 

sample and 10uL OPA solution (1mg/ml in reagent grade methanol, freshly prepared) were 

added to 180uL 0.1M sodium phosphate-(5mM EDTA) or 0.1M NaOH (for GSSG samples). 

The sample was incubated at room temperature for 15 mins and fluorescence was measured on 

a Perkin Elmer Viktor3 fluorimeter (Perkin Elmer, Waltham, MA, USA) at excitation and 

emission wavelength of 420nm and 355nm respectively. The amount of GSH and GSSG 

present in the samples was determined from the standard curve and expressed as nmol GSH 

per mg protein and nmol GSSG per mg protein (Fig. 2.4). 
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Figure 2.4. GSH and GSSG standard curves 
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2.10 Analysis of gene expression using quantitative Real-Time Polymerase Chain 

Reaction (qRT-PCR) 

2.10.1 Isolation of mRNA from tissue samples 

Total RNA was isolated from liver samples using the Nucleospin RNA II total RNA isolation 

kit (Macherey-Nagel, Fisher Scientific, Ireland) in accordance with the manufacturer’s 

instructions. 354µl of RA1 lysis buffer (supplied with kit) containing 1% β-mercaptoethanol 

(Sigma-Aldrich, Ireland) was added to approximately 30mg of tissue prior to the 

homogenistaion of samples using an Ultra-Turrax Polytron tissue disrupter (Fisher Scientific, 

Ireland) for approximately 20 seconds. Sample homogenates were then added to NucleoSpin 

filter columns (violet) in collection tubes and filtered by centrifugation at 14,000rpm for 1min. 

The filter was then discarded and 350µl of 70% molecular grade ethanol (E7023: Sigma-

Aldrich, Ireland) was added to each sample lysate and mixed by pipetting up and down 

approximately 10 times. Each sample mix was then placed in another set of Nucleospin 

columns (blue) and centrifuged at 14,000rpm for 30 seconds to allow the binding of the RNA 

to the silica column. Following centrifugation, the blue columns were placed in new collection 

tube and 350µl of Membrane Desalting Buffer (MDB; supplied with kit) was added and 

underwent further centrifugation at 14,000rpm for 1min. The next step in the protocol was to 

digest the genomic DNA contained in the samples by using 10% v/v rDNase solution prepared 

in DNase reaction buffer (supplied with kit). 95µl of this rDNase solution was added directly 

onto the center of each silica column and incubated at room temperature for 15 minutes. This 

was preceded by the addition of 200µl of RA2 buffer (supplied with kit) to each column and 

centrifugation at 14,000rpm for 30 seconds to inactivate the rDNase. Following this, the blue 

columns were placed in a new collection tubes and 600µl of RA3 wash buffer (supplied with 

kit) was added to the center of each blue column and centrifuged at 14,000rpm for 30 seconds. 

The flow-through was discarded and a further 250µl of RA3 buffer was added to each column 
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followed by centrifugation at 14,000rpm for 2mins. The columns were then placed in RNase-

free 1.5ml microtubes (provided with kit) and the RNA was eluted from the blue column by 

the addition of 60µl of RNase-free H2O (supplied with kit) and centrifugation at 14,000rpm for 

1min. The eluted RNA was then stored at -80oC for until qualification, quantification and 

reverse transcription (see diagram below for the RNA protocol using Nucleospin, Macherey-

Nagel). 

 

 

 

    

 

 

  

 

 

30mg tissue(max) keep on dry ice. Do not let thaw. 

Prepare RA1+10% B-mercapto(350ul RA1+3.5ul B-mercapto) 

For 8 samples 3ml+30ul beta mercapto 

Add 354 ul RA1 mix to each tube then add tissue and homogenise 

Place violet column in 2ml collection tube. 

Add homogenate. Spin @ 11000g for 1 min. 

Discard filter. 

Add 350 ul 70% ethanol to sample lysate.                                                 

(Make up using molecular grade ethanol and RNAse free water) 

 Mix by pipetting up+down 10 times                                                                  

Place blue column in new 2ml collection tube.                                               

Add lysate. Spin @ 11000g for 30 seconds.  

Place blue column in new 2ml collection tube. 

Add 350ul MDB (membrane desalting buffer)  

Spin 11000g for 1 min. 

Make up working Dnase mixture.                                                                
(for each sample add 10ul reconstituted DNase to 90ul reaction buffer for 

rDNase)                                                                                                

Add 95ul of DNase solution to centre of the column.              

Leave at room temerature for 15 mins.  

Place column into new 2ml collection tube. 

Add 200ul of RA2 solution to centre of the column.                        

Spin at 11000g for 30 secs. 

RNA Isolation using NucleoSpin, Macherey-Nagel 
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2.10.2 RNA qualification, quantification and equalisation 

The quantity and quality of the isolated RNA was assessed using the NanoDrop® ND-2000 

UV-Vis Spectrophotometer (Mason Technology, Ireland). The RNA samples were analysed 

by pipetting 2µl of the sample directly onto the measurement pedestal.  RNA quantity was 

determined by measuring O.D. at 260nm (1.0 O.D. unit being equivalent to 40 µg/ml of RNA). 

The quality of the RNA was determined by measuring the O.D.260/O.D.280 ratio, with a ratio of 

1.8-2.1 being indicative of pure RNA. All RNA samples with a ratio > 1.8 were deemed 

acceptable. After RNA quantification, all samples were then equalised to yield the same final 

concentration (2-4µg/20µl) using RNase-free H2O. Equalised RNA samples were stored at -

80oC until reverse transcribed.  

 

 

 

  

 

 

Add 600ul of RA3 solution to centre of the column. 

Spin at 11000g for 30 secs. 

Discard contents of tube and place column back into collection tube. 

Add 250ul of RA3 solution to centre of the column. 

Spin at 11000g for 2 mins. 

Place column into 1.5 ml collection tube (provided with kit, RNase free) 

Add 60ul of RNase free water to centre of the column. 

Spin at 11000g for 1 min. 

Cap tubes and store eluted RNA at -80. 



71 

 

2.10.3 Reverse Transcription of mRNA to cDNA 

A high capacity complementary DNA (cDNA) reverse transcription kit (Cat # 4368814: 

Applied Biosystems, UK) was used to reverse transcribe equalised RNA samples to cDNA. 

10µl of equalised RNA from each sample added to a new 0.2ml RNase-free tube and an equal 

volume of 2X master mix was added. The 2X master mix contained the following per sample: 

2µl 10× room temerature Buffer, 0.8µl 25× dNTP mix, 2µl 10× room temerature Random 

Primers, 4.2µl RNase-free H2O and 1µl Multiscribe Reverse Transcriptase. The samples were 

then spun on a mini centrifuge for 10 seconds and loaded onto a ‘MJ research’ thermo cycler 

(Bio-Rad, Fannin, Dublin) and incubated at 25oC for 10mins, 37oC for 2 hours, 85oC for 5mins 

followed by a final incubation which maintained the cDNA at 4oC. The resultant cDNA was 

frozen at -80oC until quantitative real time-polymerase chain reaction (qRT-PCR). 

 

2.10.4 qRT-PCR for the determination of gene expression 

Gene expression of inflammatory targets (see Table 2.2) was assessed using commercially 

available Taqman gene expression assays (Applied Biosystems, UK) containing specific 

forward and reverse target primers, and FAM-labelled MGB target probes. β-actin was used as 

an endogenous control to normalize gene expression between samples, and was quantified 

using a β-actin endogenous control gene expression assay containing specific primers, and a 

VIC-labelled MGB probe (Assay IDs for the genes of interest are provided in Table 2.2 below). 
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 Table 2.2 List of Taqman gene expression assays used 

 

Target Gene Assay Number 

Inflammatory cytokines 

IL-1β Rn00580432_m1 

IL-6 Rn0056142_m1 

TNF-α Rn99999017_m1 

Cannabinoid Receptors  

Cnr1 (CB1) Rn02758689_s1 

Cnr2 (CB2) Rn03993699_s1 

Endocannabinoid catabolic enzymes  

Faah Rn00577086_m1 

Magl Rn00593297_m1 

Adhesion molecules 

Vcam-1 Rn00563627_m1 

Icam-1 Rn00564227_m1 

LPS receptor components  

TLR4 Rn00569848_m1 

LY96 (MD2) Rn01448830_m1 

Endogenous Control 

β-actin Rn_4352340E 

 

Previously stored cDNA samples were diluted at 1:4 with RNAse-free H2O and 5µl of each of 

the diluted samples was added in duplicate to a MicroAmpTM optical 96 well plate (Applied 

Biosystems, UK). A reaction mixture was also prepared and stored on ice for each target gene, 
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consisting of a multiplex of the following per sample: 0.625µl of target primers/probe, 0.625µl 

of β-actin primers/probe and 6.25µl of Bioline master mix. 8µl of the master mix was then 

added to each well giving a total reaction volume of 13µl. Non template controls (NTC) 

containing the master mix using RNase-free H2O instead of cDNA was also included for each 

target gene. Plates were then covered with optical adhesive plate covers and centrifuged at 

1000rpm for 30 seconds to ensure complete mixing of the cDNA and the master mix. The plate 

was then positioned in the RT-PCR thermocycler (ABI prism 7500, Applied Biosystems, UK) 

and pre-set to run the following Relative Quantification protocol: Step 1: 50oC for 2mins, Step 

2: 95oC for 10mins and Step 3: 95oC for 15 seconds followed by 60oC for 1 minute. Step 3 was 

repeated 40 times and the fluorescence was read during the annealing and extension phase 

(60oC) for the duration of the programme (outlined in figure 2.5 below). 

 

  Figure 2.5 The thermal cycles in a qRT-PCR reaction 
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2.10.5 qRT-PCR data analysis 

Amplification plots and copy threshold (Ct) values were examined using Applied Biosystems 

7500 System SDS Software 1.3.1 (Fig 2.6). Ct values for each sample were analysed after 

setting the threshold to the linear exponential phase of the amplification plots and exporting to 

Microsoft Excel for final analysis. The 2-ΔΔCT method was used to determine gene expression 

(Livak et al., 2001). This method is used to assess relative gene expression by comparing gene 

expression of experimental samples to control samples, allowing determination of the fold 

change in mRNA expression between experimental groups. This method involves 3 steps: (1) 

Normalisation to endogenous control (β-actin) where ΔCt is determined: ΔCt = Ct Target gene 

- Ct Endogenous control; (2) Normalisation to control sample where ΔΔCt is determined: ΔΔCt 

= ΔCt Sample - average ΔCt of Control group; and (3) where the fold difference is given by 2-

ΔΔCt. The 2-ΔΔCt values for each sample were then expressed as a percentage of the average 

of the 2-ΔΔCt values for the control group. In this manner the percentage increase or decrease 

in mRNA expression between experimental groups was determined.  
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Figure 2.6 Examples of amplification plots for (a) the endogenous control β-actin and (b) a gene of interest TNF-α. 

a) b) 
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2.11 Western immunoblotting 

Approximately 30mg of liver tissue was lysed in 400μl of RIPA lysis buffer containing protease 

and phosphatase inhibitors (see Appendix 2) and homogenised using an ultrasonic sonicator 

(Mason Technology, Dublin) for approximately 20 seconds. Homogenate was placed on a 

shaker for 45min at 4oC with gentle agitation to allow for complete dissociation of nucleo-

protein complexes followed by centrifugation at 13,000g at 4°C for 20min. The supernatant 

was collected and protein content was determined by Bradford assay (see Method 2.6). Samples 

were then diluted in ice-cold lysis buffer to give equal protein concentrations (30µg in 15µl of 

each sample) followed by the addition of (5µl) of 4x sample buffer containing 20% 2-

mercaptoethanol (see Appendix 2). Lysates were heated at 95°C for 5min and proteins were 

then separated by SDS–PAGE electrophoresis using 9% or 12% polyacrylamide gels (see 

Appendix 3 and 4). The separated proteins were then wet transfer electroblotted onto a 

nitrocellulose membrane (Cat# 9004-70-0, Bio-Rad, Ireland) as described below (see 

Appendix 4). Membranes were then rocked in blocking solution (5% milk, 0.1% Tween 20 in 

TBS) for 1hr at room temperature. Individual membranes were then incubated in primary 

antibody diluent for respective primary antibodies (primary antibodies diluted in 5% milk, 

0.1% Tween 20 in TBS- (see Appendix 5) and β-actin (1:10,000 dilution in 5% milk, 0.1% 

Tween 20 in TBS) for 3hrs at room temperature and then overnight at 4oC containing the 

respective primary diluted antibodies (see Appendix 5) and βactin (mouse monoclonal 

antibody, Sigma: cat no, A5441). The following day, after four 5min washes in wash buffer 

(0.1% Tween 20 in TBS), membranes were then rocked at room temperature for 1hr in 

secondary antibody solution (1:10,000 dilution in 1% milk, 0.1% Tween 20 in TBS) for 

relevant secondary antibodies (goat anti-rabbit, LI-COR Biosciences, UK; IRDye, cat no. 926-

32211) and βactin (donkey anti-mouse, LI-COR Biosciences, UK; IRDye, cat no. 926-68022). 

After washing in wash solution membranes were place in distilled water following which they 
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were analysed using the fluorescence O.D.YSSEY CLx scanner (LI-COR Biosciences UK). 

Densitometry analysis of integrated band density was carried out using Image Studio Lite 

software V5.0 (LI-COR Biosciences UK) and IR band intensities for target protein expression 

(see appendix 5) and β-actin (~42-kDa) for each sample were generated. Using Image Studio 

software, a rectangle was drawn around each individual visible band on the gel of interest, to 

determine the optical density values which were then exported to an excel file and normalised 

to the respective integrated optical density for β-actin (endogenous control). 

 

2.12 Measurements of sickness behaviour 

2.12.1 Body Temperature 

Body temperature was measured using a rectal probe aided by Vaseline (Omron EcoTemp 

Smart Digital Thermometer). This was assessed at the time of injection and at specific times 

post injection. 

 

2.12.2 Home Cage Activity  

The Opto-M3 Dual Axis system (Columbus Instruments, Columbus, OH, USA) was used to 

monitor horizontal and vertical locomotor activities as previously described (Bree et al., 2015; 

Bree et al., 2016). Home cage activity (HCA) was recorded before the commencement of the 

study to ensure that animals were subdivided into groups with comparable activity. The system 

evaluated movement of animals in 2 horizontal planes, one horizontal infrared beam set at 5cm 

and on at 11.75cm from the bottom of the cage. Each plane consisted of a 16 beam matrix 

spaced 2.54cm apart, and there was an infrared emitter and detector per beam located across 

the width of the cage. The total number of beams broken per interval was calculated and data 

sent to a central computerized system, which displayed outputs as X-total/horizontal activity 

(total number of beams broken in the lower plane) and Z-total/vertical activity (total number 

http://www.boots.ie/webapp/wcs/stores/servlet/ProductDisplay?productId=1125239&storeId=10552
http://www.boots.ie/webapp/wcs/stores/servlet/ProductDisplay?productId=1125239&storeId=10552
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of beams broken in the upper plane) over 5-minute time bins, which were then totaled and 

analyzed in 30min time bins. Activity in the lower (X) plane represents horizontal locomotor 

activity, and activity in the upper (Z) plane represents vertical or rearing activity. Activity was 

recorded for up to 48hrs post injection or 10days following restraint stress (as described above). 

2.13 Intravital fluorescence microscopy (IVFM) 

Intravital fluorescence microscopy technique used in vivo fluorescence microscopy to 

quantitatively assess hepatic microcirculation and immune cell migration. 

2.13.1 Preparation of fluorescent probes 

Fluorescent probes used in this method are shown in Table 2.3. Stock solutions of the 

fluorochromes Rhodamine 6G (Rh6G) and bisbenzimide (Hoechst 33342) were prepared at a 

concentration of 1mg/mL in saline (Sigma Aldrich, Ireland). 
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Table 2.3 Fluorescent probes and microcirculatory parameters assessed using IVFM 

Fluorescent 

probe 

Excitation 

wavelength 

(nm) 

Emission 

wavelength 

(nm) 

Concentration 
Volume 

given 

Microcirculatory 

parameter 

FITC-RBC 450-490 520 4mg/ml 0.3ml 
Perfusion, RBC 

velocity 

Rh6G 546-580 450 1mg/ml 0.2ml 
Leukocyte 

recruitment 

Ho33342 330-390 590 1mg/ml 0.2ml Hepatocyte nuclei 

 

2.13.2 Preparation FITC-stained RBC 

Blood was collected by cardiac puncture into a heparinized syringe. Blood was inverted in the 

tube and then stored at 4˚C. Blood was aliquoted in to 500uL and spun for 8 mins at 600g 

(2600rpm) at 4˚C (Eppendorf centrifuge 5415R). Supernatant was removed and the red blood 

cells (RBC) were re-suspended and in PBS-EDTA (see Appendix 6) and spun for 8 mins at 

600g (2600rpm) at 4˚C. This wash step was carried out three times. After last wash, supernatant 

was removed and cells were then re-suspended in FITC solution (see Appendix 6) and left to 

incubate at room temperature for at least 1 hour.  A sample was diluted 1:100 for cell counting 

(10uL sample + 990uL bicine buffer) using a haemocytometer in order to determine the cell 

number to be injected (see Appendix 7).  
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After 1hr, samples were spun for 3 mins at 600g (2600rpm) at 4˚C the supernatant was removed 

and the cells were washed in bicine buffer. The wash step was carried out 5 times, following 

the final wash, the supernatant was removed and fresh bicine buffer was added to cells and re-

suspended and stored at 4˚C until use (good for approx. 4-5 days). 

2.13.3 Preparation of animals for cannulation  

Rats were anaesthetized with isoflurane at a concentration of 4% and the rat’s abdomen and 

left leg were shaved (Fig. 2.7A). Cannulation of the left femoral vein was then performed under 

general anaesthesia with a mixture of ketamine and xylazine (90mg/kg + 10mg/kg, IP). 

Animals were placed in a supine position and body temperature was maintained at 35˚C using 

a thermoregulated heating pad placed underneath the animal. Using an operating microscope 

(Leica M651; 12V, 100W; Leica Microsystems, Wetzlar, Germany), an incision was made left 

of the midline over the leg (Fig. 2.7B). The femoral vein was exposed and freed from the 

surrounding tissues and the distal end of the vessel was ligated using 4.0 vicryl sutures (Fig. 

2.7C). Another suture was placed loosely around the proximal end of the vessel (Fig. 2.7D). A 

saline filled cannula attached to a needle (24 gauge) was gently inserted to the lumen of the 

vessel and the loose suture was then tightened around the vessel over the cannula (Fig. 2.7E). 

The cannula was then secured further by tying another knot with the distal suture (Fig. 2.7F). 

 

2.13.4 IVFM procedure  

Following the insertion of the cannula for the intravenous injection of fluorochromes, a midline 

laparotomy was performed with left and right sided subcostal extension (Fig. 2.7G). Using a 

saline soaked cotton applicator, the surrounding intestines and the upper lobes of the liver were 

retracted and the left lobe of the liver was mobilized further from the cavity following the 
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dissection of the median and caudate ligaments. The animals were placed on a specially 

designed microscope platform with the left lobe placed with the underside facing up on a 

plastacine stage (Fig. 2.7H). A glass cover slip was then placed on the exposed surface of the 

liver to prevent the tissue drying out (Fig. 2.7H). The plastacine stage and/or the cover slip was 

adjusted in order to have the liver as horizontal as possible in order to ensure the clearest focus 

under the microscope. Images from the microscope were projected onto a camera (CCD: low 

light; KAPPA-CF 8/1 FMC, Messtechnik GmbH, Gleichen, Germany) and recorded on a video 

recording system (Panasonic AG-7355, Oaska, Japan) for further frame-by-frame offline image 

analysis. Following this procedure, the animal were euthanized by anaesthetic overdose. 
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Figure 2.7    Cannulation of femoral vein (A-F) and preparation of liver for IVFM (G-H).
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2.13.4 Offline analysis 

Offline qualitative and quantitative image analysis was carried out using the NIH ImageJ 

software. Spatial calibration was performed using a calibration slide (Carl Zeiss Inc) as shown 

in Figure 2.8. Using images acquired with water immersion objective lenses x10, x20, x40, 

sinusoidal perfusion, sinusoidal diameter, leukocyte rolling, leukocyte adhesion, blood vessel 

diameter and red blood cell (RBC) velocity was determined. Diameters of blood vessels were 

determined using the straight line tool on ImageJ. Frame by frame analysis of RBC velocity, 

sinusoidal perfusion, sinusoidal diameter, leukocyte rolling and adhesion are described in more 

detail below. 
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Figure 2.8 Screen display of length calibration of NIH ImageJ software using Zeiss calibration 

slide (purchased from Zeiss). A) Image of calibration slide at magnification x20 was grabbed 

and opened offline on ImageJ. B) Straight line was drawn using the straight line tool. C-D) 

Length was changed from pixels to known distance on calibration slide (0.1mm). E-F) 

Calibration accuracy was confirmed by making several manual measurements.  
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2.13.4.1 Sinusoidal RBC velocity  

Distance travelled by single RBC was measured using ImageJ and duration of time taken to 

travel was calculated from the superimposed video timer (arrow). RBC velocity was measured 

in 5-10 random sinusoids in 5-10 lobules per rat. RBC velocity was then calculated using the 

formula: 

Velocity (µm/s) = distance (µm)/time (s) 

 

Figure 2.9 Calculation of RBC velocity. A) A single FITC- labelled RBC (circled) was 

identified on screen and the frame was advanced (B). The distance and time taken were 

recorded and velocity calculated. Scale bar represents 100µm. 
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2.13.4.2 RBC velocity leukocyte recruitment 

Leukocyte recruitment within the microvasculature of this liver in this thesis was quantified by 

the number of leukocytes that interacted with the wall of the central vein (CV). Leukocytes that 

interact temporarily with the endothelial lining for <20 seconds are considered to be rolling 

leukocytes, while stationary or adhering leukocytes remained attached to the endothelium for 

>20 seconds (Fig. 2.10). Leukocyte recruitment within the CV was expressed as number of 

rolling or adhering leukocytes per CV from images acquired using x20 objective. Eight to ten 

fields were measured and the investigator was blinded to treatment groups. 

 

Figure 2.10 Leukocyte recruitment. A) Rolling leukocyte (arrow), B) adhering leukocytes 

(arrow heads). Scale bar represents 100µm. 
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2.13.4.3 Sinusoidal perfusion and cell death 

Qualitative analysis of sinusoidal perfusion was performed using x10 and x20 objectives. 

Homogeneous liver perfusion was assessed in following the administration of FITC-labelled 

RBCs. Direct observation of sinusoidal blood flow allowed for the identification of fully 

perfused, partially perfused and irregularly perfused sinusoids and lobules (Figure 2.11 A-B). 

Similarly, qualitative identification of bisbenzimide (Hoechst 33342) staining of hepatocyte 

nuclei was carried out. Bisbenzimide has been used to identify viable and apoptotic nuclei 

(Kamiura et al., 2013). Apoptotic cells were identified by hyper-fluorescent bisbenzimide 

staining. Bisbenzimide was not taken up by dead cells, and these areas were associated with 

irregularly perfused areas (Fig. 2.11 C-D).  

 

Figure 2.11 Qualitative analysis of sinusoidal perfusion (A-B) and bisbenzimide staining (C-

D). A) Homogeneous perfusion of liver and C) bisbenzimide staining of hepatocyte nuclei. B-

D) Partial (arrow) and irregular perfusion (*) and hyper-fluorescent apoptotic nuclei of 

damaged liver. Scale bar represents 100µm. 
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2.14 Magnetic Luminex Assay (Bioplex) 

2.14.1 Determination of cytokine protein levels using Magnetic Luminex Assay 

Plasma cytokine (TNF-α, IL-6, IL-1β, IL-10, IL-18) and chemokine (CCLX2) protein 

concentrations were determined using specific Magnetic Luminex assays cat# LXSARM 

performed using antibodies and standards obtained from R&D Systems Europe Ltd, UK.  

Plasma was isolated from whole blood by centrifugation at 5000g for 15min, plasma removed 

and stored in aliquots at -80oC until analysis. Prior to analysis, if necessary samples were 

diluted in Calibrator diluent. 

 

2.14.2 Assay protocol 

The Standard cocktail was reconstituted with 1ml of Calibrator diluent and allowed to stand 

with gentle agitation for 15 mins at room temperature following which an 8 point standard 

curve was prepared by carrying out a 3 fold serial dilution. The highest standard for each 

analyte was as follows, IL-1β 35,170pg/ml, TNF-α 125,080pg/ml, IL-10 14,380pg/ml, IL-6 

427,350 pg/ml and CXCL2 41,240 pg/ml. Calibrator diluent served as a blank for the assay. 

Following centrifugation at 1000g for 30 seconds and gentle vortexing the Microparticle and 

Biotin Antibody cocktails were prepared by diluting 500µL of each in 5 mls of Assay diluent. 

The Microparticle cocktail was prepared within 30 mins prior to use and placed in a light 

protected mixing tube. Prior to use Streptavidin-PE was also prepared by adding 220µL to 5.35 

mls of wash buffer.  

50µL of microparticle cocktail was added to each well of a 96 well plate followed by 50µL of 

either standard or samples. Samples and standards were assayed in duplicate. The plate was 

then sealed and shaken on an orbital shaker at 800rpm for 2hr at room temerature. The plate 
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was then placed on a magnet holding device (cat# 171020100, Fannin Ltd, Dublin) for one 

minute to allow beads to attach following which the contents were discarded and the plate 

washed with 100µl of wash buffer and allowed to stand for 1 minute. This wash step was 

repeated 3 times. Care was taken to ensure that the magnetic holder was kept firmly in place at 

all times. 

50µL of Antibody cocktail mix was then added to each well and the plate was covered and 

shaken for 1 hr at room temerature after which the plate was washed as above a further 3 times. 

50µL of Streptavadin-PE was then added to each well, and the plate was incubate for a further 

30 mins, washed 3 times and the beads re-suspended in 100µL wash buffer. Following 2 mins 

incubation and shaking the plate was then read on a Luminex Analyser (Bio-rad bio-plex 200 

system) set to the following operating parameters. 

 Microparticle region 13, 20, 25, 26, 28, 33 

 50 events/bead 

 Sample size 100µL 

 Collect Median Fluorescence Intensity(MFI)  

Luminex analyser software (Bio-plex manager v6.1) collected the Median Fluorescence 

Intensity (MFI) and cytokine levels were extrapolated from standard curves of cytokine 

concentration (pg/ml) versus MFI. Data were fitted to either a five parameter logistic (5-PL) 

curve fit or linear regression best line (GraphPad Prism). 
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2.15 Endocannabinoid and N-acylethanolamine extraction and quantification using 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

2.15.1 Preparation of Standards 

Non-deuterated stock solutions were prepared in 100% acetonitrile for N-arachidonyl 

ethanolamide (AEA), 2-arachidonylglycerol (2AG), N-oleoyl ethanolamide (OEA) and N-

palmitoyl ethanolamide (PEA) (Cayman Chemicals, Cambridge Biosciences, UK) at 

concentrations of 2.5mg/ml for AEA, PEA, OEA and 0.5mg/ml for 2AG. A single stock 

solution mix of all the above standards was then prepared containing 2AG at a concentration 

of 5µg/ml and AEA, PEA and OEA at 0.5µg/ml in 100% acetonitrile. Stock solutions of the 

deuterated form of AEA (d8), 2AG (d8), OEA (d2) and PEA (d4) (Cayman chemicals, 

Cambridge Biosciences, UK) were prepared in 100% acetonitrile, each at a concentration of 

100µg/ml. From these stocks, a deuterated homogenising buffer mix was prepared containing 

2AG (d8) at 100ng/400µl and AEA (d8), OEA (d2) and PEA (d4) at 5ng/400µl in 100% 

acetonitrile. The deuterated homogenizing buffer was then dispensed into 20ml aliquots and 

stored with non-deuterated standards at -80oC.  

 

2.15.2 Preparation of standard curve and samples 

A 10 point standard curve was prepared in acetonitrile by carrying out a 4 fold serial dilution 

of the non-deuterated standard giving a concentration range of 18.75ng to 71.5fg for AEA, 

PEA and OEA and 187.5ng to 715fg for 2AG. 400µl of the deuterated homogenising buffer 

was then added to 150µl of each point of the standard curve giving a final deuterated 

concentration of 100ng for 2AG (d8) and 5ng for AEA (d8), OEA (d2) and PEA (d4). 
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Quantitation of the concentration of endocannabinoids and N-acylethanolamines was carried 

out essentially as previously described (Kerr et al., 2012; Kerr et al., 2013a; Kerr et al., 2013b; 

Henry et al., 2014). Samples were homogenized with a Branson sonicator for approximately 

10 seconds in 400μL in homogenizing buffer containing deuterated internal standards. 

Homogenates were centrifuged for 15 min at 4ºC at 14,000g and equal volume of the 

supernatant was collected from each sample. Samples and standards were evaporated to 

dryness in a centrifugal evaporator (Thermo SPD131DDA-230, Fischer Scientific, Ireland) and 

subsequently resuspended in 65 μL 65% ACN. Reconstituted samples were then separated 

using a Zorbax® C18 column (50 × 2.1 mm internal diameter, 1.8µm particle size) by reversed-

phase gradient elution initially with a mobile phase of A (HPLC grade water with 0.1% formic 

acid) and B (acetonitrile with 0.1% formic acid), maintained at a flow rate of 200µL/min. 

Analytes were eluted under gradient elution (Table 2.4) and the total run time was 12 min 

which included a post run equilibration of 5 mins. 

Table 2.4. Gradient used to elute analytes 

Time(min) %B(CH3CN, 0.1% formic 

acid) 

%A (H2O, 0.1% formic 

acid) 

0 65 35 

3 100 0 

4 100 0 

7 100 0 

7-12 post run  65 35 

 

Using this method, AEA, 2-AG, PEA and OEA levels were identified at the retention times as 

follows: 3.5 min, 4.7 min, 4.6 min and 5.2 min, respectively. Detection of each analyte was 

carried out using an Agilent 1100 HPLC system coupled to a triple quadrupole 6460 mass 

spectrometer (Agilent Technologies UK) using electrospray-positive ionisation and multiple 
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reaction monitoring (MRM) mode. Analytes were further quantified using Masshunter 

Quantitative Analysis Software (Aligent Technologies, UK) by radiometric analysis. A 

standard curve of relative response vs. relative concentration for each analyte was used to 

calculate the amount of the analytes in unknown samples and expressed as nmol or pmol per 

gram of tissue. The limits of detection for analyte quantifications were as follows; 1.3pmol g− 1, 

12.1pmol g− 1, 1.5pmol g− 1, 1.4pmol g− 1 for AEA, 2-AG, PEA and OEA respectively. 

Thus retention times in combination with parent---daughter transition monitored by MRM 

allowed the unique identification of each analyte and its corresponding deuterated internal 

standard (Table 2.5). 

Table 2.5 Parent-Daughter transitions (mass charge ratios (m/z)) for the deuterated (internal 

standard) and non-deuterated forms of each analytes. 

Analyte Parent----Daughter transition 

AEA 348.3---------62.1 

2AG 379.3---------287.2 

PEA 300.3---------62.1 

OEA 326.0---------62.1 

AEA(D8) 356.3---------63.1 

2AG(D8) 387.3---------294.2 

PEA(D4) 304.3---------62.1 

OEA(D2) 328.3---------62.1 
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2.16 Behavioural measurements of anxiety-like behaviour 

All testing was carried out by an experimenter blind to group identity, and the arenas were 

thoroughly cleaned with a mild disinfectant solution (washing liquid and warm water) and dried 

between each testing session. 

 

2.16.1 Open Field Test 

On the experiment day, each animal was removed from the home cage during the light phase 

and brought to a separate procedure room. Animals were placed singly into the centre of a 

brightly lit (lux 210- 230) novel open field arena (diameter 75cm) with a white floor (plastic 

covered wood flooring) and reflective walls (height 50cm, aluminium). A camera was 

positioned above the arena and the test was recorded for subsequent analysis. Locomotor 

activity (distance moved, cm), time spent in the inner (diameter 35cm) and outer zone (diameter 

40cm) and transition between inner and outer zones was assessed using a computerised video 

tracking system (EthoVision® XT11.5, Noldus, Wageningen, Netherlands) over a 5min period 

as previously described (Burke et al., 2016a). Reduced time spent in the inner zone of the open 

field test (OFT) is generally interpreted as a measure of anxiety-like behaviour. 

 

2.16.2 Elevated Plus Maze 

The elevated plus maze (EPM) consisted of a plus-shaped wooden maze with two closed arms, 

enclosed by walls (height 30cm), and two open arms (Figure 2.12). Each arm was 50cm in 

length and 10cm in width, and the arms were inter-connected by a central platform and elevated 

50cm from the room floor. A video camera was positioned over the maze and the light levels 

were fixed for the open arms (lux 120-130) and the closed arms (lux 35-40).  On the experiment 
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day, rats were placed on the central platform with their head pointing towards one of the closed 

arms.  Reduced time spent in the open arms(s) and percentage of entries in the open arms in 

relation to the total number of arm entries are routinely used as experimental indices of anxiety-

like behaviour. Entries in arms were defined as entry of the rat’s centre of gravity into the arms. 

Distance moved in each section was seen as indices of general locomotion. These behaviours 

were recorded and analyzed using a computerized video tracking system (EthoVision® 

XT11.5, Noldus, the Netherlands) for a 5min period.  

 

 

 

 

 Figure 2.12 Photograph of the EPM for the assessment of anxiety-like behaviour 

 

2.17 Statistical Analysis 

SPSS (IBM, New York, USA) statistical package was used to analyse all data. Normality and 

homogeneity of variance was assessed using Shapiro–Wilk and Levene test where p > 0.05, 

respectively. Where appropriate, when comparing the means of two unrelated groups, 



95 

 

parametric data were analysed using unpaired t-test and non-parametric data were analysed 

using an independent sample Mann-Whitney U-test. One-way analysis of variance (ANOVA) 

was used to compare the mean of more than two groups while assessing one factor, whereas 

two-way ANOVA was used to compare the mean of more than two factors in more than two 

groups. One- or two-way repeated measures ANOVA was employed to compare the mean of 

two or more groups over time, while assessing one or two factors. Where data were non-

parametric, Kruskal-Wallis analysis by ranks was applied to compare the mean of more than 

two groups. Post-hoc analysis was performed using Fisher's LSD test or Student-Newman 

Keuls (SNK) test where appropriate. Data were considered significant when p<0.05. All graphs 

representing data were constructed using GraphPad Prism 5.0 and results expressed as group 

means + standard error of the mean (SEM). 
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Chapter 3  

Investigation of the impact of chronic stress on 

liver function in SD and WKY rats 
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3.1 Introduction 

Stress is a key mechanism required for normal physiological function and required for 

maintaining homeostasis. However, aberrant activation or dysregulation of this stress response 

has been implicated in predisposing to, and exacerbating, the pathological processes underlying 

a variety of disease states including irritable bowel syndrome (Bhatia et al., 2005; Qin et al., 

2014), chronic pain disorders [for review see (Hannibal et al., 2014)], depression [for review 

see (Hammen, 2005; Yang et al., 2015)], anxiety (Cameron, 2006) and non-alcoholic fatty liver 

disease (Liu et al., 2014). More specifically, it has become more evident that stress has an 

important role to play in liver injury or disease [for review see (Chida et al., 2006; Vere et al., 

2009)]. Clinical studies have demonstrated that in the presence of a liver disease, there is a high 

incidence of developing depression and anxiety (Bianchi et al., 2005; Stewart et al., 2012; 

Nardelli et al., 2013). More recently, a meta-analysis revealed a significant association between 

high levels of anxiety/ psychological stress and liver disease mortality in patients (Russ et al., 

2015). Moreover, growing evidence has shown that pre-existing stress can impact normal liver 

function.  

Wistar rats exposed to acute fear of killing for 120 seconds, present with abnormal liver 

histology including damage to endothelial cells, congestion of blood vessels, necrosis and the 

formation of large vacuoles in hepatocytes with fatty degeneration and damaged sinusoids 

(Khayyat, 2013). In addition to this, there have been reports that exposure to various stress 

paradigms can also result in an increase in serum transaminases (Sakakibara et al., 2011; Li et 

al., 2013; Liu et al., 2014). For example, both an acute restraint stress (Li et al., 2013), chronic 

restraint stress and electric foot shock (Liu et al., 2014) resulted in a significant increase in 

blood ALT and AST levels in two different mouse strains. Similarly, continuous social 

isolation in C57BL/6 mice over a 13 week period resulted in elevations in plasma ALT and 

AST, however neither was statistically significant (Sakakibara et al., 2011). In addition to this, 



98 

 

mice exposed to restraint stress exhibited severe pathological changes in hepatic tissue; 

including an increase in inflammatory cell infiltration, spotty and focal necrosis (Li et al., 

2013).  

One mechanism by which the stress system acts to maintain homeostasis is by responding to 

signaling molecules, including cytokines, produced by immune mediated inflammation. The 

interrelationship between stress and hepatic inflammation has been well documented [for 

review see (Swain, 2000; D'Mello et al., 2011)]. An acute and /or repeated stress in the form 

of social isolation (Sakakibara et al., 2011) and restraint stress  (Li et al., 2013; Liu et al., 2014; 

Yang et al., 2014) alters the expression of inflammatory mediators such as IL-1β, IL-6, TNF-

α and IFN-γ in the liver following stress (Li et al., 2013). More recently, 6 weeks of chronic 

social isolation stress (CSIS) in rats produced a similar increase in hepatic levels of IL-1β, 

TNF-α and iNOS expression in addition to histological changes including infiltration of 

Kupffer cells and some eosinophils primarily around the portal vein (Todorović et al., 2016). 

In addition to altered histology, plasma liver enzymes and increased inflammation, exposure 

of rats to acute tail clipping stress has been shown to alter genes that are essential for normal 

lipid metabolism in the liver (Gao et al., 2013).  

Previously the aforementioned studies demonstrate that both physical and psychosocial 

stressors can influence normal hepatic function. However, another commonly used model used 

to investigate the effect of stress-related disorders is the Wistar Kyoto (WKY) rat. The WKY 

rat is a well-established stress-sensitive animal model that demonstrates heightened stress-

induced changes in behaviour due to its stress-hyper-responsive and anxiety/depressive-like 

phenotype (Tejani-Butt et al., 1994; Rittenhouse et al., 2002; De La Garza II et al., 2004; 

Malkesman et al., 2005; Burke et al., 2010; Gibney et al., 2010). The WKY rat has been well 

characterized as having an exaggerated hypothalamus-pituitary-adrenal axis (HPA) in response 

to a number of stressors or to stressful situations compared to other strains (Solberg et al., 2001; 
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Rittenhouse et al., 2002). In addition, changes in colonic function and increased susceptibility 

to develop stress-induced ulcers have been noted (Paré, 1989; Paré et al., 1993). However, to 

our knowledge, there have been no studies to date that examine the changes in liver function 

in this model. Therefore, the aim of the current study was to examine the potential effect of 

chronic stress on the endocrine and inflammatory responses in the WKY rat and whether these 

can result in alteration in hepatic function. 

Hypothesis: Chronic stress (repeated restraint stress ± genetic susceptibility) results in 

enhanced alterations in endocrine and inflammatory responses thus leading to alterations in 

hepatic functioning thus causing injury. 

1. To confirm the anxiety-like behaviours in the stress-sensitive WKY rat strain. 

2. Investigate if repeated restraint stress alters home cage activity and endocrine response 

to stress in SD and WKY rats. 

3. Examine if the repeated restraint stress elicits different inflammatory responses and 

liver injury in SD and WKY rats. 
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3.2 Materials and Methods 

3.2.1 Animals 

The following experiment was carried out on male Sprague-Dawley and Wistar Kyoto rats 

(weight 250-350g, Envigo, Blackthorn, UK). The rats were singly housed for approximately 4 

days prior to experimentation in clear plastic bottomed cages (48cm x 20cm x 27cm),  had free 

access to both food and water and were kept under a standard 12:12 light cycle (07:00hr-

19:00hr) at a constant temperature (21±2ᵒC). Animals were habituated to handling prior to 

testing and weighed daily. All experimental tests were carried out in accordance with the 

guidelines of the Animal Care and Research Ethics Committee, National University of Ireland, 

Galway under licence from the HPRA and in compliance with the European Communities 

Council directive 2010/63/EU. 

3.2.2 Experimental design: 

All rats were subjected to baseline behavioural tests for anxiety-like behaviours (Open field 

and Elevated Plus Maze). Briefly, rats were placed in the OF arena for a 5 min period. At the 

end of the 5 min, they were immediately placed into the EPM for 5 min and then returned to 

their homecage (see chapter 2 for method). Rats were then randomly assigned to one of two 

test groups for SD and WKY rats: non-stressed (n=8) or restraint stress (n=8). Non-stressed 

(NS) control animals were removed from their cage, weighed and handled daily while the 

restraint stress (RS) groups were placed in a plastic restrainer for 2 hr The restraint procedure 

was performed between 8am and 1:30pm on 10 consecutive days. Homecage activity was 

monitored during this time using the Opto M3 Dual Axis system (Columbus Instruments, 

Columbus, OH, USA) as previously described (see chapter 2 for methods). Animals were 

anaesthetized immediately after last stress procedure using Isoflurane anaesthesia protocol (see 
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chapter 2 for methods) and blood samples were obtained by cardiac puncture into heparinized 

tubes. Blood samples were then centrifuged at 14,000g for 15min at 4ºC and plasma was 

removed and stored at -80 ºC until determination of liver enzymes (ALT and AST) and 

corticosterone. Livers were removed, weighed and washed with PBS. Segments of liver were 

snap-frozen on dry ice for protein analysis or caspase-3 activity measurement or placed in 10% 

neutral buffered formalin solution and then processed for histology (for method see chapter 2).  

3.2.3   Statistical Analysis  

All statistical analyses were carried out using SPSS statistical package (IBM SPSS Statistics 

v21 for Microsoft Windows; SPSS Inc., Chicago IL, USA). Normality and homogeneity of 

variance was assessed using Shapiro-Wilk and Levene’s test. Data were analysed using a two-

way analysis of variance (ANOVA) or repeated measures ANOVA followed by Student-

Newman Keuls (SNK) and LSD post-hoc tests to identify where the differences were. Where 

the data were non-parametric, a Kruskal Wallis ANOVA was carried out followed by 

subsequent Mann Whitney U tests to identify the differences between treatment groups. The 

significance level was set at p<0.05. Graphical illustration of the data were constructed using 

GraphPad prism software for Windows version 6.07 (GraphPad Software, La Jolla, CA, USA). 

All data are presented as means ± standard error of the mean (SEM). 
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3.3 Results 

3.3.1 WKY rats display anxiety-like behaviour and reduced locomotor activity in the open 

field and elevated plus maze 

The open field and elevated plus maze are well-established behavioural paradigms used to 

assess anxiety-like behaviours in rodents. Mann Whitney U tests revealed that WKY rats 

showed a significant reduction in total distance moved in the OF as well as a significant 

reduction in time spent in the inner zone of the OF compared to SD rats [duration inner zone: 

U=74.00, p<0.05; total distance moved: U=7.00, p<0.001] (Fig 3.1 a, b). Again in the EPM, 

total distance moved by WKY rats was significantly decreased when compared to SDs 

[U=4.00, p<0.001)] (Fig. 3.1c). Although the classical anxiety measure of time spent in the 

open arms was not significantly different between SD and WKY, an independent t-test revealed 

that WKY rats display a trend for a decreased frequency in the open arms (t29=1.990, p=0.056) 

(Fig. 3.1d).  
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Figure 3.1. WKY rats display anxiety-like behaviour in the open field and elevated plus 

maze test.  a) Total distance moved in OF, b) duration of time spent in inner zone in OF, c) 

total distance moved in EPM and d) frequency to enter the open arms. Data expressed as mean 

± SEM (n = 15-16 per group). *p<0.05, **p<0.01, ***p<0.001 vs SD. 
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3.3.2 Restraint stress significantly increases home cage locomotor activity in SD and 

WKY rats 1hr post-stress 

Repeated measures ANOVA revealed a significant effect of stress [F (1, 23) = 36.834, p<0.001] 

and strain [F (1, 23) = 10.752, p<0.01] on horizontal and vertical locomotor activity in SD and 

WKY rats but no effect of day [F (4.782, 109.99) = 1.772, p>0.05]. Post hoc analysis identified an 

increased home cage activity in response to restraint stress. Analysis revealed was no effect of 

day (p>0.05) on home cage activity over the 9 day period, thus this consistent increase over the 

in both rat strains suggests that the rats do not acclimatize to the RS over the 9 day period 

(Fig.3.2 a-d).  

Home cage activity was represented as 0-60 mins post restraint over the 9 day period. Post hoc 

analysis revealed that restraint stress significantly increased horizontal (p<0.01) and vertical 

activity (p<0.05) over 9 days and this effect is significantly reduced in WKY rats subject to 

chronic restraint stress when compared to SD counterparts (p<0.05) (Fig. 3.2 e-f). 
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Figure 3.2 Effect of restraint stress on home cage activity. a,c) Horizontal and b,d) vertical 

activity 6 hr after restraint period on day 1 and day 9. e) Horizontal and f) vertical activity 

1 hr post restraint over the 9 day period. Data expressed as mean ± SEM (n = 8 per group). 

p<0.05 vs corresponding control (non-stressed group); + p<0.05 vs SD stressed.   
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3.3.3 Plasma corticosterone is significantly increased following chronic RS, an effect 

blunted in WKY rats 

Corticosterone levels are known to be upregulated following activation of the HPA axis due to 

stress.  A Kruskal-Wallis test revealed an overall significant difference in plasma corticosterone 

levels [χ2
3=15.817, p<0.01]. Subsequent Mann-Whitney U tests identified that restraint stress 

significantly increased plasma corticosterone levels in both SD and WKY rats, an effect that 

was blunted in the WKY rat strain [SD: U=1.000, p<0.01; WKY: U=12.000, p<0.05; SD RS 

vs WKY RS: U=9.000, p<0.05]. 
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Figure 3.3 Effect of restraint stress on plasma corticosterone levels in SD and WKY rats 

immediately after last stress exposure. Data expressed as mean ± SEM. Data expressed as 

mean ± SEM (n = 8 per group). **p<0.01vs SD non stressed, +p<0.05 vs WKY non-stressed; 

# p<0.05 vs SD stressed. 
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3.3.4 Restraint stress does not alter plasma alanine aminotransferase or aspartate 

aminotransferase in SD or WKY rats.  

A two-way ANOVA identified that there was a significant effect on ALT and AST levels 

[ALT: F (1, 28) = 9.803, p<0.001; AST: F (1, 28) = 3.616, p<0.05]. Post hoc analysis revealed that 

WKY rats have a significantly lower ALT compared to SD rats, irrespective of restraint stress 

(Fig.3.5a). WKY rats also were found to have significantly increased AST levels at baseline, 

again an effect not altered by restraint stress. All values, although statistically significant, 

remain within the normal range of values for ALT and AST in rodents. 
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Figure 3.4 Effect of restraint stress on plasma liver enzyme levels.  Plasma levels of a) ALT 

and b) AST immediately following last period of restraint stress. Data expressed as mean ± 

SEM (n=8). **p<0.01 vs SD non-stressed; +p<0.05 vs corresponding SD. 
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3.3.5 Restraint stress does not result in structural changes in liver tissue 

A semi-quantitative grading system was used to identify the presence/progression of injury in 

slides stained with haematoxylin and eosin (H&E), whereby 0 was designated to no discernible 

injury, and 4 indicated severe hepatic injury (for method see chapter 2). No structural 

differences were observed between SD and WKY rats with or without the presence of restraint 

stress (Fig. 3.5a-d). A two way ANOVA identified no statistically significant difference 

between the histopathological score given to the treatment groups (Fig. 3.5e). 

Two-way ANOVA revealed that WKY rats displayed a lower liver to body weight ratio 

compared to SD rats [strain: F (1, 28) = 16.428, p<0.001], an effect not altered by chronic RS 

[stress: F (1, 28) = 0.008, p=0.932] (Fig.  3.5f). 
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Figure 3.5 Effect of restraint stress on histopathology. Representative  H&E images of a) NS-SD, b) NS-WKY, c)RS-SD and d) RS-WKY 

(x400 magnification; scale bar 50µm). e) Histopathological score of H&E sections and f) liver-body ratio and hepatic structure in NS and RS SD 

and WKY rats. **p<0.01 vs SD counterparts. 
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3.3.6 Restraint stress does not alter pro-inflammatory cytokines in liver tissue 

Although restraint stress tended to increase hepatic pro-inflammatory cytokines in WKY rats, 

a two way ANOVA revealed that there were no significant changes in pro-inflammatory 

cytokine levels in liver tissue following restraint stress in SD or WKY rats [TNF-α: F (3, 28) = 

1.276, p= 0.302; IL-6: F (3, 28) = 1.276, p= 0.302; IL-1β: F (3, 28) = 2.028, p= 0.133]( Fig. 3.5a-

c). 
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Figure 3.6 Effect of stress on hepatic pro-inflammatory cytokine levels. Hepatic levels of 

a) TNF- α, b) IL-6 or c) IL-1β in WKY and SD at baseline or following restraint stress. Data 

expressed as mean± SEM (n=8 per group). 
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3.3.7 Caspase-3 activity was not altered in liver tissue in SD or WKY rats following 

restraint stress 

Caspase-3 activity is a marker of apoptosis. A two way ANOVA revealed that caspase-3 

activity was not altered in liver tissue following restraint stress in SD or WKY rats [F (3, 28) = 

0.564, p= 0.643] (Fig. 3.7). 
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Figure 3.7 Effect of restraint stress on hepatic caspase-3 activity. Hepatic caspase-3 activity 

in WKY and SD at baseline or following restraint stress. Data expressed as mean± SEM (n=8 

per group).  
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3.4 Discussion 

The present study demonstrates that although the presence of chronic stress, either physical, 

genetic or a combination of both, alters home cage behaviour and corticosterone levels, it did 

not alter hepatic inflammation, normal functioning or the histopathology of the liver. However 

we do show that the WKY rats display reduced locomotor activity along with reduced time in 

the inner zone of the open field and reduced entries to the open arms of the elevated plus maze 

thus confirming the anxiety-like behaviour of this strain. Furthermore, these rats display a 

reduced home cage locomotor activity prior to and in the presence of stress when compared to 

their SD counterparts and this is associated with altered plasma corticosterone (CORT) levels 

in this strain. Hepatic pro-inflammatory mediators TNF-α, IL-6 or IL-1β were not altered 

following restraint stress in either strain. The WKY rat strain displayed a lower level of plasma 

ALT but higher AST when compared to SD rats at baseline but this is not altered further by 

chronic restraint stress. These data, in addition to the absence of increases in caspase-3 activity 

or histopathological changes, indicate that chronic restraint stress alone does not induce liver 

injury in either strain of rat. 

The hyper-responsivity to stress and anxiety- and depressive-like behaviours exhibited by 

WKY rats has been well characterized (Paré, 1992; Paré et al., 1993; Rittenhouse et al., 2002; 

Will et al., 2003). In this study, we confirmed that the WKY strain display anxiety-like 

behaviours in the EPM and OF tests. We demonstrated in this study that WKY rats exhibit a 

decrease in total locomotor activity in the OF and distance moved in the inner zone as well as 

frequency to enter the inner zone compared to SD rats similar to previous studies (Paré, 1992; 

Ferguson et al., 2004; Nosek et al., 2008). Although WKY rats show a reduction in time spent 

in the open arms (not significant p=0.056), this still offers a trend to the classical anxiety-like 

behaviour seen in these animals. It has been postulated that this is a tendency of the WKY 

strain to be more indecisive than other strains of rat and the ambivalent nature of this strain is 
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similar to mannerisms seen in patients diagnosed with clinical depression (Leykin et al., 2011). 

In both the OF and EPM tests, the WKY strain displayed hypolocomotion, indicating that these 

animals have an altered emotional reaction to a novel arena rather than an overall deficit in 

locomotor activity (Burke et al., 2016b). As seen in previous literature, WKY rats have been 

shown to have normal locomotor activity in the running wheel (Ferguson et al., 2003a), a 

wheel-turn avoidance test (Paré, 1992) and the rotarod test (Ferguson et al., 2003b). Thus, this 

decrease in locomotor activity in these anxiety-/depressive- like tests are a reflection of their 

specific behaviour (freezing) in response to a novel or aversive arena and not due to their lack 

of moving. 

In their home cage, WKY and SD rats subjected to restraint stress show an increase in 

horizontal and vertical locomotor activity for 1 hr post-stress and this effect is blunted in the 

WKY rat strain. Interestingly, our data shows that this increase seen in both strains is 

consistently elevated over the 9 days post-stress, thus implying that neither SD nor WKY rats 

acclimatize to the chronic stress over the 9 day period.  In addition to behavioural alterations, 

chronic activation of the stress axis results in the increased production of glucocorticoids 

(cortisol in humans and corticosterone in rodents). Our results are consistent with previous 

studies that found no difference in baseline corticosterone (CORT) levels between WKY rats 

and SD or WKY and Wistar rats (Solberg et al., 2001; Rittenhouse et al., 2002; De La Garza 

II et al., 2004). Furthermore, both SD and WKY showed an increase in plasma CORT 

following chronic restraint stress which is consistent with other stress paradigms such as the 

forced swim test (Rittenhouse et al., 2002) and restraint stress. However, unlike previous 

studies that indicate WKY rats display heightened CORT levels due to their exaggerated HPA 

axis activity, we identified a significantly lower plasma CORT levels when compared to SD 

counterparts immediately following the last restraint stress exposure. It is possible that the 

CORT levels were unlikely to have peaked immediately after the last stress exposure. Blood 
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was collected early in the light phase and not during the diurnal elevation of HPA axis activity 

that has been previously been reported in this strain (Gunter et al., 2000; Solberg et al., 2001). 

The role of hepatic inflammation, stress and liver disease has been identified [for review see 

(Swain, 2000; Vere et al., 2009; D'Mello et al., 2011)]. However, little is known clinically 

about the effect of chronic stress/stress-like disorders on liver function. Preclinical evidence 

has identified that in addition to behavioural and endocrine changes, acute restraint for 3 hr 

(Fernández et al., 2000; Zhu et al., 2014) or 18hr (Zhai et al., 2012; Li et al., 2013) has been 

shown to increase serum ALT and AST levels. Furthermore, some studies revealed 

concomitant histological changes associated with restraint stress (Li et al., 2013; Zhu et al., 

2014). In contrast, our data demonstrates that 2 hr of restraint over 10 days failed to cause any 

histopathological changes or increases in plasma liver enzymes associated with injury in this 

model. Previous work identified that although 3 hr of restraint resulted in elevated serum 

transaminases, levels in mice restrained for 6 hr showed a marked decline back towards 

baseline levels (Zhu et al., 2014). It is possible that the lack of significant histological changes 

or elevation in ALT or AST in our study could be attributable to the length of time which 

animals were stressed, as other models of stress identified significant changes in these 

parameters at 4 weeks (Sakakibara et al., 2011) and 12 weeks (Liu et al., 2014) after stress. 

Pro-inflammatory cytokines have been strongly linked to various liver pathologies including 

alcoholic liver disease, non-alcoholic fatty liver disease and cirrhosis (Tilg, 2001; Ju et al., 

2016; Tilg et al., 2016). Furthermore, previous data suggests that hepatic inflammation is 

associated with these changes in liver histology and plasma ALT and AST levels seen in 

preclinical models of stress. Preclinical models of social isolation and the physical tail pinch 

test lead to increased hepatic inflammation associated with increased Kupffer cell and 

eosinophil infiltration in liver histology and increase hepatic inflammation (Vásquez et al., 

2014; Todorović et al., 2016). Furthermore, restraint stress has been shown to cause an increase 



115 

 

in hepatic pro-inflammatory cytokine such as IL-6 and TNF-α (Liu et al., 2014) and IL-1 β, 

and IFN-γ (Li et al., 2013).  In addition to increased cytokine levels, damage to the liver 

induced by immobilization stress has been associated with increased cell damage and caspase-

3 activation. Caspase-3 induced apoptosis was identified in mouse liver tissue in two models 

of immobilization stress; 3hr post-restraint stress (Zhu et al., 2014) and 6 hr post-stress water-

immersion restraint stress (Ohta et al., 2007). Unlike these studies, our data failed to show 

increased levels of pro-inflammatory cytokines hepatic levels of TNF-α, IL-6 or IL-1β or 

caspase-3 activity in either SD or WKY rats. Although there are trends for an increase in these 

cytokines in WKY rats subjected to restraint stress, none reach statistical significance. It is 

possible that differences in experimental design could attribute to the differences in our results 

compared to the literature. As many of these studies were carried out in mice, it could be that 

changes seen in rats could be seen at different times. Elevations in these parameters assessing 

hepatic damage could have been elevated in the early days of our stress protocol. However, 

further investigation into the time course of hepatic changes in the 10 day chronic stress regime.  

The mechanism of restraint-induced liver injury is not fully understood. Although we cannot 

rule out stress-induced changes in  other models of stress, the data herein indicates that in the 

10 day (2hr/day) restraint stress regime in SD and WKY rats causes differences in home cage 

behaviour and corticosterone levels but does not alter liver function. However, given the role 

of stress and liver injury/disease, further investigation into the effect of stress on an existing 

liver injury is warranted. 

3.4.1 Conclusion 

In conclusion, the present study demonstrates that chronic stress modulates behaviour and 

endocrine responses but is insufficient in altering hepatic function and inflammation.  
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Chapter 4 

Exacerbated LPS/GalN- induced acute liver 

injury in the genetically stress-sensitive Wistar 

Kyoto rat 

  



117 

 

4.1 Introduction 

Acute liver failure (ALF) is a rare, highly destructive and potentially life-threatening condition. 

Characterized by sudden onset of severe hepatic dysfunction, ALF has been associated with 

viral hepatitis, drug overdose, exposure to other drugs and toxins and unknown causes (Zhan 

et al., 2014; Punzalan et al., 2015). The severity of the acute liver injury (ALI) can vary but 

can lead ultimately to ALF and it is associated with hepatic encephalopathy (Felipo, 2013), 

multisystem organ failure (Punzalan et al., 2015) and with a 30-80% mortality rate depending 

on the etiology (Daas et al., 1995; Zanobbio et al., 2009). Despite the fact that the mechanisms 

underlying the development of ALI and ALF have been identified, generally liver transplant 

remains the most effective treatment (Polson et al., 2005; Bernal et al., 2010; Lee et al., 2011b; 

Akamatsu et al., 2013). 

Psychological and physical stress is well known to alter physiological function and has been 

shown to increase the risk of developing, and exacerbate already existing diseases including 

cardiovascular disease, GI disturbances and psychiatric illness. Accordingly, stress has also 

been shown to exacerbate liver disease [for review see (Vere et al., 2009)]. More recently, a 

meta-analysis revealed a significant association between high levels of anxiety/ psychological 

stress and liver disease mortality in patients (Russ et al., 2015). It is evident from the literature 

that there is a high prevalence of patients with chronic liver disease who also suffer from stress-

related disorders. Several studies have identified that patients with cirrhosis (Ko et al., 2013), 

hepatitis C (Stewart et al., 2012), non-alcoholic fatty liver disease (NAFLD) (Youssef et al., 

2013) and toxic liver injury (Suh et al., 2013) have a high instance of anxiety and/or depression. 

Thus, it is important that these co-morbid conditions be treated equally to prevent further 

damage.  

As highlighted in the introduction of this thesis, the administration of D-galactosamine (GalN) 

in combination with the bacterial endotoxin lipopolysaccharide (LPS) is a widely used model 
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to study inflammatory injury. The administration of GalN increases the lethality of LPS 

(Galanos et al., 1979). The binding of LPS to Toll-like receptor 4 (TLR4) on Kupffer cells in 

the liver results in the release of pro-inflammatory mediators including tumour necrosis factor 

alpha (TNF-α) and interleukins; IL-6 and IL-1β (Ambade et al., 2012; Tomar et al., 2015). 

Release of these immune mediators can result in the infiltration of inflammatory cells and 

apoptotic liver injury (Liu et al., 2008b). Furthermore, with the progression of LPS/GalN-

induced injury, studies have shown that there is an increase in reactive oxygen species (ROS) 

and decreased antioxidant capacity such as reduced glutathione (GSH) levels (Wei et al., 2014; 

Jiang et al., 2016; Yan et al., 2016). Given the reproducibility of the injury in this model and 

its popular use in the investigation of potential hepatoprotective treatments, it could serve as a 

suitable model to investigate the effects of stress on acute liver injury. 

As previously discussed, the genetically stress sensitive Wistar-Kyoto (WKY) rat strain has 

been widely used to study the impact of genetic susceptibility to stress on physiological 

function and as a model of stress-related disorders such as depression (Paré, 1992), anxiety and 

visceral hypersensitivity (Gunter et al., 2000). Several groups have use of the WKY rat in liver 

research to demonstrate cholesterol regulation in the liver following bile duct ligation 

(Kamisako et al., 2003) and the effect of the autonomic nervous system on carbon tetrachloride 

(CCl4)- induced liver disease (Hsu, 1995). However, no study to date has investigated if liver 

function or changes that occur in response to liver injury are altered in these stress-sensitive 

rats when compared to normo-stress sensitive comparators.  As such the objective of this study 

was to evaluate the effect of a sub lethal dose of LPS/GalN on the development of acute liver 

injury (ALI) in WKY stress-sensitive rats in comparison to the most widely used normo-stress 

sensitive strain of rat, Sprague Dawley (SD).   
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Hypothesis: Based on these data, we hypothesised that the genetically stress-sensitive WKY 

rat may develop a greater LPS/GalN-induced liver injury when compared to SD rats. 

Therefore the aim of this study describes in this chapter were to: 

1. Examine the development of LPS/GalN-induced liver injury in the WKY rat strain 

compared to SD rats. 
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4.2 Materials and methods 

4.2.1 Animals 

The following experiment was carried out on male Sprague-Dawley and Wistar Kyoto rats 

(weight 200±10g, Envigo, Blackthorn, UK). The rats were singly housed for approximately 4 

days prior to experimentation in clear plastic bottomed cages (48cm x 20cm x 27cm)  had free 

access to both food and water and were kept under a standard 12:12 light cycle (07:00hr-

19:00hr) at a constant temperature (21±2ᵒC). All experimental tests were carried out in 

accordance with the guidelines of the Animal Care and Research Ethics Committee, National 

University of Ireland, Galway under licence from the HPRA and in compliance with the 

European Communities Council directive 2010/63/EU. 

 

4.2.2 Experimental design 

Rats were then randomly assigned to one of six test groups: SD saline (n=8), SD LPS/GalN 

6hr (n=8), SD LPS/GalN 24hr (n=8), WKY saline (n=8), WKY LPS/GalN 6hr (n=8), WKY 

LPS/GalN 24hr (n=8). Animals were habituated to handling and received intraperitoneal (i.p.) 

injection of 0.89% NaCl sterile saline 1 day prior to experimentation in order to minimize the 

effect of the procedure on biological endpoints. The dose and time of administration of 

LPS/GalN was chosen based on in house pilot (see appendix 9 and 10) and published data (Wu 

et al., 2014b) demonstrating that this combination of doses induces liver injury with minimal 

mortality. Lipopolysaccharide (Escherichia coli, serotype 0111:B4, Sigma-Aldrich, Ireland, 

Ltd) and D-galactosamine hydrochloride (G0500, Sigma-Aldrich, Ireland, Ltd) were dissolved 

in 0.89% sterile saline. Rats were injected with a single injection of 20μg/kg LPS+ 200mg/kg 

GalN or saline and sacrificed 6 and 24 hr post injection. Blood samples were taken by cardiac 
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puncture into heparinized tubes and plasma was separated and stored at -80ºC until further use 

for liver enzyme analysis. Livers were excised quickly weighed and sections were snap frozen 

and stored at -80ºC until further protein analysis or caspase-3 activity, mRNA and protein 

analysis or placed in 10% neutral buffered formalin solution and then processed for histology 

(for method see chapter 2).  

 

4.2.3 Statistical Analysis  

All data are presented as means ± standard error of the mean (SEM). All statistical analyses 

were carried out using SPSS statistical package (IBM SPSS Statistics v21 for Microsoft 

Windows; SPSS Inc., Chicago IL, USA). Normality and homogeneity of variance was assessed 

using Shapiro-Wilk and Levene test. Data were analysed using a two-way analysis of variance 

(ANOVA) followed by Student-Newman Keuls (SNK) and LSD post-hoc tests to identify 

where the differences were. Where the data were non-parametric, a Kruskal Wallis ANOVA 

was carried out followed by subsequent Mann Whitney U tests to identify the differences 

between treatment groups. The significance level was set at p<0.05. Graphical illustration of 

the data were constructed using GraphPad prism software for Windows version 6.07 (GraphPad 

Software, La Jolla, CA, USA). 
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4.3 Results 

4.3.1 TLR4 and MD2 mRNA expression in the liver do not differ between SD and WKY 

rats 

Given that Toll-like receptor 4 is the primary receptor to which LPS binds to and results in 

initiation of inflammatory responses, this experiment investigated whether there were basal 

differences in TLR4 and MD2 expression between SD and WKY. An independent T-test 

identified that there was no basal differences in the mRNA expression in liver tissue of TLR4 

or MD2 between SD and WKY rats [TLR4: t13= 0.113, p>0.05; MD2: t13= 0.057, p>0.05]. 
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Figure 4.1 Basal TLR4 and MD2 mRNA expression in liver of SD and WKY rats. 
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4.3.2 LPS/GalN suppresses homecage activity to a greater extent in WKY rats  

The line graph which represents homecage activity in 1hr increments for up to 24hr post 

LPS/GalN administration (Fig. 4.2 a, c). Homecage activity was represented 0-6hr and 6-24 hr 

post-LPS/GalN injection (Fig. 4.3b, d). A Kruskal Wallis ANOVA identified an overall 

significant difference in both horizontal [χ2
7=38.949, p<0.001] and vertical [χ2

7=36.258, 

p<0.001] homecage activity. Subsequent Mann Whitney U tests revealed that LPS/GalN 

administration significantly reduces both horizontal and vertical activity in WKY rats when 

compared to SD counterparts (p<0.05).  
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Figure 4.2 Effects of LPS/GalN on homecage a-b) horizontal and c-d) vertical activity in SD and WKY rats 0-24hr post LPS/GalN administration. Data 

expressed as mean ± SEM (n=6-8). *p<0.05 **p<0.01vs SD 0-6hr saline control, +p<0.05 ++p<0.01 vs WKY 0-6hr saline control; # p<0.05 ##p<0.01 vs 6-

24hr saline control, ^ p<0.05 vs SD LPS/GalN counterparts.
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4.3.3 LPS/GalN leads to reductions in body weight and liver: body weight ratio in WKY 

rats  

A Kruskal-Wallis test revealed an overall significant difference in body weight gain 

[χ2
5=34.510, p<0.001] and liver to body weight ratio [χ2

5=24.162, p<0.001]. Subsequent Mann-

Whitney U tests identified that LPS/GalN significantly decreased weight gain in both SD and 

WKY rats 6 hr post LPS/GalN administration (p<0.01) (Fig. 4.3a). Similarly liver: body weight 

was also significantly reduced in SD (p<0.01) and WKY rats (p<0.05) (Fig. 4.3b). WKY rats 

display a further reduction in weight gain and liver: body weight ration 24 hr post LPS/GalN 

(p<0.01) when compared to saline treated controls and SD counterparts (Fig. 4.3 a-b). 
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Figure 4.3 a) Body weight gain and b) liver: body weight ratio following LPS/GalN 

administration. Data expressed as mean ± SEM. **p<0.01vs SD saline control, +p<0.05 

++p<0.01 vs WKY saline control; ## p<0.05 vs SD 24hr. 
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4.3.4 WKY rats display greater histopathological changes in response to LPS/GalN- 

induced ALI compared to SD counterparts  

Given the strain differences in ALI between SD and WKY rats seen in pilot data (see appendix 

9 and 10), this experiment examined the development of ALI 6 and 24 hr post LPS/GalN 

administration. Microscopic evaluation of liver sections (Fig. 4.4) revealed that LPS/GalN-

induced  structural changes a marked infiltration of immune cells into the sinusoids (6 hr) SD 

and WKY rats with more severe changes including congestion, degradation of hepatocellular 

architecture, haemorrhage and extensive apoptosis and necrosis (24 hr). WKY rats display a 

greater degree of injury at 24 hr compared to both saline control and SD counterparts indicated 

by massive haemorrhage and congestion of the sinusoids.  
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Figure 4.4. Histological examination of livers from SD and WKY rats (H&E staining x400). 

Normal hepatocyte (arrow), immune cell infiltration (circle), congestion in sinusoids 

(rectangle), ballooning/degeneration (arrow head). Scale bar = 50µm. 
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Control 
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4.3.5 WKY rats display elevated biochemical markers of liver injury in response to 

LPS/GalN compared to SD counterparts 

A Kruskal Wallis ANOVA identified an overall significant difference in plasma levels of ALT, 

AST and GLDH [ALT: χ2
7= 19.774, p<0.01; AST: χ2

7=16.514, p<0.05; GLDH: χ2
7=23.279, 

p<0.01]. In line with the histological findings, elevations in plasma ALT, AST and GLDH 

confirm that LPS/GalN administration induced ALI in both SD and WKY rats 6 and 24 hr post 

injection (Fig. 4.5. a, b and c), an effect that is exacerbated in the WKY strain significantly at 

24 hr (p<0.01). 
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Figure 4.5. Effect of LPS/GalN on plasma liver function enzyme activity.  Plasma levels of A) 

ALT B) GLDH and C) AST are increased at 6 hr post LPS/GalN treatment in SD and WKY 

rats, with a further significant increase at 24 hr only seen in WKY animals. Data expressed as 

mean ± SEM (n=6-8). *p<0.05/p=0.053 vs SD saline; **p<0.01 vs SD saline; +p<0.05 vs WKY 

saline; ++p<0.01 vs WKY saline; #p<0.05 vs SD 24 hr; ##p<0.01 vs SD 24 hr. 
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4.3.6 Altered hepatic pro-inflammatory cytokine mRNA and protein levels in LPS/GalN-

induced ALI in WKY rats 

Given the evidence to support that TNF-α is a key mediator in LPS/GalN-induced injury model, 

we evaluated whether the genes encoding for TNF-α and IL-6 were elevated 6 and 24 hr post 

LPS/GalN injection. Analysis of mRNA data confirmed a significant differences on both TNF-

α [χ2
7=38.975, p<0.001] and IL-6 [χ2

7=45.140, p<0.001]. Subsequent Mann Whitney U tests 

showed a significant increase hepatic mRNA levels of both TNF-α (p<0.05) and IL-6 (p<0.01) 

6 hr post administration in WKY rats compared to SD counterparts (Fig. 4.6a-b). Although IL-

6 expression returned to baseline levels at 24hr post LPS/GalN in SD rats, expression remained 

significantly increased in WKY rats at this time point (Fig. 4.6b) (p<0.01). 

In addition, a two-way ANOVA revealed a significant effect of group on hepatic protein levels 

of pro-inflammatory cytokines [TNF-α: F (5, 34) = 4.701, p<0.01; IL-6: F (5, 34) = 6.980, p<0.001]. 

Post hoc analysis revealed that hepatic levels of TNF-α and IL-6 are significantly reduced 24 

hr post LPS/GalN when compared to SD counterparts (p<0.01) (Fig. 4.6c-d). 

A Kruskal Wallis ANOVA identified that there was a significant effect of group on hepatic 

levels of IL-1β [χ2
5=19.059, p<0.01]. Mann Whitney U tests revealed that LPS/GalN 

significantly increased hepatic levels of IL-1β, in both SD and WKY rats 6 hr post 

administration [SD: U=0.000, P<0.01; WKY: U=4.000,p<0.05], an effect potentiated in WKY 

rats (Fig. 4.6e). IL-1β protein levels returned to baseline 24 hr post LPS/GalN treatment in both 

SD and WKY rats.  
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Figure 4.6. Effect of LPS/GalN on hepatic mRNA expression of pro-inflammatory cytokines 

a)TNF- α and b) IL-6 mRNA levels (n=6-8) and protein levels of c) TNF- α, d) IL-6  and e) 

IL-1β (n=4-8) and at 6 and 24 hr post administration. **p<0.01/ p=0.083 vs SD saline control; 

+p<0. 05 ++p<0.01 vs WKY saline control; ^ p< 0.05 ^^ p<0.01 vs SD 6hr; ## p<0.01 vs SD 

24hr. Data expressed as mean ± SEM.  
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4.3.7 Hepatic Caspase-3 activity and cleaved caspase-3 protein expression is significantly 

increased in the liver of WKY rats following ALI 

Activation of caspase-3 has been identified as vital to induce hepatocyte apoptosis induced by 

LPS/GalN (Jaeschke et al., 1998). A Kruskal Wallis ANOVA identified that there was a 

significant effect of group on caspase-3 activity [χ2
5=12.825, p<0.05] and cleaved caspase-3 

protein expression [χ2
3=14.874, p<0.01]. Mann Whitney U tests revealed that WKY rats 

displayed a significant increase in caspase-3 activity 24 hr post injection in WKY rats when 

compared to saline control [U=11.000, p<0.05] and compared to SD counterparts [U=10.000, 

p<0.05] (Fig. 4.7a). WKY rats displayed a slight but not significant increase in cleaved caspase-

3 protein expression in the liver at baseline (p=0.055). Administration of LPS/GalN results in 

significantly increased cleaved caspase-3 protein expression in the liver 24hr following 

administration an effect not observed in SD counterparts [U=0.000, p<0.01], an indication of 

apoptosis in the liver of WKY animals when subjected to ALI (Fig. 4.7 b-d). 
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Figure 4.7 Effect of LPS/GalN on caspase-3 activity and protein expression. Hepatic levels of 

a) caspase-3 activity at baseline, 6 and 24 hr post LPS/GalN in SD and WKY rats. Hepatic 

protein expression of b and d) caspase-3 at baseline and 24 hr post LPS/GalN in SD and WKY 

rats c) Representative Western blot for cleaved caspase-3 expression. Data expressed as mean 

± SEM (n=8). P=0.055 vs SD control; # p<0.05, ##p<0.01 vs SD counterparts; +p<0.05 vs 

WKY control. 
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4.3.8 Hepatic glutathione levels are significantly decreased in the liver of WKY rats 

following ALI 

GSH depletion has been associated with numerous liver diseases and increases hepatocyte 

susceptibility to oxidative stress (Chen et al., 2013). Two-way ANOVA revealed a significant 

effect of group on reduced glutathione (GSH) levels in the liver [F (5, 37) = 3.126, p<0.05]. Post 

hoc analysis identified that hepatic levels of GSH did not significantly differ between SD and 

WKY rats at baseline however these were significantly decreased in WKY rats 24 hr post 

LPS/GalN administration, when compared to SD counterparts (p<0.01) and WKY controls 

(p<0.01) (Fig.4.8a). In comparison, Kruskal Wallis ANOVA identified that there was no 

significant difference of oxidized levels of glutathione (GSSG) between SD and WKY rat or 

altered by LPS/GalN at either 6 or 24hr post administration [χ2
5=2.655, p>0.05] (Fig. 4.8b). 
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Figure 4.8 Effect of LPS/GalN on hepatic glutathione (GSH) levels. Hepatic levels of a) 

reduced glutathione (GSH) and b) oxidized glutathione (GSSG) in SD and WKY rats in 

response to LPS/GalN administration. Data expressed as mean ± SEM (n=6-8 per group).  

##p<0.01 vs SD counterparts; ++p<0.01 vs WKY control. 
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4.4 Discussion 

The results of the present chapter demonstrates that the genetically stress-sensitive WKY rat 

exhibit an exacerbated liver injury in response to LPS/GalN, an effect accompanied by 

alterations in hepatic immune profiles and increased apoptosis. Specifically, LPS/GalN 

administered to the stress sensitive strain (WKY) results in marked histological changes as 

early as 6 hr post injection and enhanced hepatic apoptosis by 24 hr when compared to normo-

stress sensitive SD counterpart. Further support for an aggravated injury response to LPS/GalN 

in WKY rats arouse due to the accompanying significant elevation in plasma transaminases 

(ALT & AST) and GLDH especially at 24hr. Elevations in pro-inflammatory cytokines and 

caspase-3 activity are also seen in these animals. Furthermore, WKY rats display a significantly 

reduced hepatic glutathione levels 24 hr post administration indicating a reduction in 

antioxidant capacity in WKY rats following LPS/GalN.  

The hyper-responsivity to stress and anxiety- and depressive-like behaviours exhibited by 

WKY rats has been well characterized (Paré, 1992; Rittenhouse et al., 2002). As highlighted 

earlier, these rats provide a valuable means of assessing the impact of a genetic susceptibility 

to stress on physiological function and pathophysiology. To our knowledge this is the first 

study to examine the impact of a stress related phenotype on the development of ALI. The data 

herein demonstrate that although WKY rats exhibit significantly smaller livers (liver: body 

weight ratio), there were no differences in liver histopathology or the levels of liver enzymes 

at baseline between WKY and SD rats. Several rodent models have used various doses of 

LPS/GalN to induce acute liver injury however, with considerable mortality rates. Previous 

studies have shown that rats injected with 40μg/kg LPS+ 400mg/kg GalN (i.p.) was sufficient 

to induce liver injury in Wistar rats with minimal mortality (Wu et al., 2014b). Preliminary 

data in our lab identified that ALI could be established in both SD and WKY rat stains using 

the lower dose of 20μg/kg LPS+200 mg/kg GalN, which resulted in significant elevations in 



137 

 

plasma biochemical markers for liver injury and histological changes in both strains (see 

Appendix 9 and 10). In the current study, the WKY rat strain exhibit higher plasma levels of 

ALT, AST and GLDH and greater number of infiltrating immune cells, 6 hr post-LPS/GalN 

administration, and major hepatic damage (severe haemorrhage and robust elevations in levels 

of ALT AST and GLDH and increased apoptosis) at 24hr post administration when compared 

to normo-stress sensitive SD counterparts. Although this thesis did not identify specifically 

what immune cells are in fact infiltrating the sinusoids, future studies on this work should 

include investigation into this using other techniques including immunohistochemistry. Thus 

taken together WKY rats exhibit exacerbated liver injury in response to LPS/GalN 

administration.  

As stated previously, LPS/GalN-induced injury is initiated by the binding of LPS to TLR4 on 

Kupffer cells, resulting the release of pro-inflammatory mediators. The data herein 

demonstrates that there is no basal differences in TLR4 or MD2 between SD and WKY rats, 

which may indicate that the exacerbation in ALI seen in the WKY rat are associated with 

downstream signaling pathways and not signal transduction. 

LPS/GalN-induced injury has been shown to be mediated by TNF-α binding to the TNF- α 

receptor-1 which ultimately leads to hepatocyte apoptosis (Leist et al., 1995). The current study 

demonstrated that hepatic increases in TNF-α and IL-6 mRNA expression were observed in 

WKY, but not SD, rats 6 hr post administration, although protein levels were not altered at this 

time point. These differences in mRNA and protein levels could be attributed to the time point 

that the tissue was analysed (6 and 24hr). It is well documented that TNF-α signaling is 

activated approximately 60-90 mins following LPS (Schlayer et al., 1988; Tiegs et al., 1989) 

and thus it is likely that LPS/GalN resulted in increases in the protein levels of this cytokine at 

time points earlier than 6 hr, which in turn activated downstream NF-κB transcription pathway 

to increase in the expression and protein levels of this and other pro-inflammatory cytokines 
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such as IL-1β (Tiegs et al., 1989). Further discrepancies between mRNA and protein levels 

could come down to the use of whole tissues rather than plasma or specific cell types. It could 

be that there is an extra signal being picked up by the RT-PCR. 

In addition to this exaggerated immune response seen in the WKY strain, this study identified 

that WKY rats have a significantly increased hepatic caspase-3 activity and cleaved caspase-3 

protein expression when compared to SD rats 24 hr post LPS/GalN. Interestingly, although not 

significant, the WKY rats show an elevated baseline levels of cleaved caspase-3 protein 

compared to SD rats. Caspase-3 cleavage results in hepatocyte apoptosis following activation 

of intrinsic and extrinsic pathways by TNF-α [for review see (Tait et al., 2010)]. Hepatic 

apoptosis induced by LPS/GalN has been associated with increased caspase-3 in several studies 

(He et al., 2001; Hirono et al., 2001; Liu et al., 2008b; Wu et al., 2014a). In line with our 

hypothesis that the enhanced immune response to LPS/GalN in WKY rats results in the 

induction of hepatic apoptosis, this study found that caspase-3 activity and enhanced caspase-

3 cleavage in WKY rats at the time when liver injury was pronounced (24hr post LPS/GalN). 

Interestingly, the SD rats do not display an increase in caspase activity from baseline, 

concomitant with the histological and biochemical markers of injury seen. This may indicate 

that there may be other modalities of cell death in the model, however further investigation is 

warranted. 

Furthermore, increased oxidative stress damage is associated with LPS/GalN-induced liver 

injury (Shiratori et al., 1988; Quintero et al., 2002) as well as a decrease in antioxidant capacity 

(Choi et al., 2016). GSH is an important antioxidant that is found in high levels in the liver and 

protects against lipid peroxidation (Ahmad et al., 2002). Depletion of GSH has been identified 

as a factor contributing to TNF-α mediated apoptosis of in several liver pathologies [for review 

see (Yuan et al., 2009)]. Similarly, the data in this study demonstrates that the exacerbated ALI 

in the WKY rat strain 24 hr post LPS/GalN injection are associated with a reduction in GSH 
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and a trend for an increase (not significant) in glutathione disulfide (GSSG). Taken together, 

these data suggest that the stress hypersensitive WKY strain display a heightened immune, 

enhanced apoptotic response and reduced hepatic GSH levels in response to LPS/GalN 

administration, an effect which results in exacerbated liver injury in WKY compared to the 

normo-stress sensitive SD rat strain. 

4.4.1 Conclusion 

Taken together, the WKY rats display an increased inflammation and cellular damage 

following LPS/GalN administration. This could be due to other the interplay of cell death 

signaling and/or the higher susceptibility to cellular injury by LPS/GalN. Overall, the data 

demonstrates that the stress hypersensitive WKY strain display an exacerbated liver injury in 

response to LPS/GalN administration compared to the normo-stress sensitive SD rat strain. 

However, future studies are required to definitely identify the mechanisms underlying the 

differences between the two strains.  
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Chapter 5 

The effect of chronic restraint stress on 

LPS/GalN-induced acute liver injury 
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5.1 Introduction 

As highlighted in the introduction to this thesis, stress has been identified to aggravate 

symptoms of many disease states. More recently, the effect of chronic stress on the 

development of several liver pathologies has been investigated. Increasing evidence suggests 

that psychological/psychosocial stress or stress related disorders such as depression/anxiety are 

associated with exacerbation of various liver diseases (Elwing et al., 2006; Youssef et al., 2013; 

Pawlowski et al., 2014; Russ et al., 2015). A study carried out  by Fukudo and colleagues 

suggested psychosocial stress can cause exacerbation of alcohol-associated liver damage in 

patients with chronic hepatitis and fatty liver similar to that seen in preclinical studies (Fukudo 

et al., 1989). Furthermore, analysis of a patient database with biopsy-proven cases of NAFLD 

associated with symptoms of anxiety and depression, found a higher grade of hepatocyte 

ballooning in patients with depressive symptoms (Youssef et al., 2013). Similarly, in patients 

diagnosed with depression/anxiety disorders, subsequent development of NASH is associated 

with more severe liver histological abnormalities in patients (Elwing et al., 2006). 

In addition, increasing preclinical evidence has highlighted that exposure to chronic stress prior 

to the induction of liver injury can result in exacerbation of several liver pathologies.  In models 

of fibrosis (Panuganti et al., 2006) and NASH (Magdy et al., 2017), restraint stress has been 

identified as a contributor to exacerbated liver injury. Acute restraint stress followed by CCl4 

or allyl alcohol administration in mice was found to significantly increase plasma ALT levels 

in a time-dependent and dose-dependent manner (Panuganti et al., 2006). Chronic restraint 

stress (CRS) for 6 weeks has been shown to significantly increase biochemical and pathological 

markers associated with NASH liver disease when compared to NASH rats without chronic 

restraint stress (Magdy et al., 2017). Furthermore, these increases were associated with 

increased TNF-α expression in the liver, indicating increased inflammation associated with 

chronic restraint stress + NASH (CRS+NASH). Data collected by Yang and colleagues also 
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identified CRS impaired the tissue repair process carried out by mesenchymal stem cells in the 

liver following CCl4-induced liver injury and this was mediated by the release of corticosterone 

following the CRS (Yang et al., 2014). Furthermore, other models of stress have been shown 

to exacerbate liver injury. Electric foot shock stress has been identified to induced greater α-

galactosylceramide-induced hepatitis (Chida et al., 2004) and exacerbate CCl4-induced liver 

injury (Iwai et al., 1986). In a model of social disruption stress, hepatitis B virus-carrier mice 

were found to have exacerbated α-galactosylceramide-induced hepatitis when compared to 

wild-type mice (Sonoda et al., 2005).  Thus, taken together, these studies indicate that stress 

may be a predisposing factor to a more extensive liver injury following a hepatic insult. 

Our previous data (Chapter 4) demonstrated that genetic susceptibility to stress (modelled by 

the WKY rat strain), exacerbates acute liver injury induced by LPS/GalN administration. To 

our knowledge, this is the first study to examine the impact of restraint stress on LPS/GalN-

induced liver injury. Given the mounting evidence for a role of stress in enhancing liver damage 

in other models of liver disease, it is conceivable that chronic restraint stress can result in 

exacerbation of LPS/GalN acute liver injury in a normo-stress sensitive strain similar to that 

seen in the WKY rat strain. 

Hypothesis: We hypothesised that chronic restraint stress results in exacerbated LPS/GalN-

induced liver injury. Therefore, the aims of the studies described in this chapter were to: 

1. Examine the effect of chronic restraint stress on the development of LPS/GalN-induced 

liver injury in normo-stress sensitive SD rats. 

2. Examine the effect of chronic restraint stress in early stage development of LPS/GalN-

induced liver injury in normo-stress sensitive SD rats and the stress-sensitive WKY rat. 
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5.2 Materials and Methods 

5.2.1 Animals 

Experiment 1 was carried out on male Sprague-Dawley rats (weight 250-350g, in house bred, 

Charles River stock) kept under a standard 12:12 light cycle (15:00hr-03:00hr) at a constant 

temperature (21±2ᵒC). Experiment 2 was carried out on male SD and WKY rats (weight 250-

330g, Envigo UK) kept under a standard 12:12 light cycle (07:00hr-19:00hr) at a constant 

temperature (21±2ᵒC). All rats were singly housed for approximately 4 days prior to 

experimentation in plastic bottomed cages (48cm x 20cm x 27cm) with free access to both food 

and water. All animals were habituated to handling prior to testing and weighed daily. All 

experimental tests were carried out in accordance with the guidelines of the Animal Care and 

Research Ethics Committee, National University of Ireland, Galway under licence from the 

HPRA and in compliance with the European Communities Council directive 2010/63/EU. 

5.2.2 Experimental design: 

Experiment 1: 

Rats were randomly assigned to one of two test groups for SD: non-stressed (NS) + LPS/GalN 

(n=7) or restraint stress (RS) + LPS/GalN (n=8). Non-stressed (NS) control animals were 

removed from their cage, weighed and handled daily while the RS groups were placed in a 

plastic restrainer for 2 hr/day for 10 consecutive days. Immediately following the last stress 

exposure, all animals were administered a single i.p injection of LPS/GalN (20µg/kg LPS + 

200mg GalN/kg, injection volume of 2ml/kg). The restraint procedure was performed between 

4pm and 6:30pm over the 10 day period. Animals were anaesthetized 12-13 hr after the last 

stress procedure using Isoflurane and heparinized blood samples were obtained by cardiac 

puncture. Blood samples were then centrifuged at 14,000g for 15mins at 4ºC, plasma was 
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removed and stored at -80 ºC until determination of liver enzymes (ALT and AST). Livers 

were removed and weighed. Segments of liver were snap-frozen on dry ice for IL-1β protein 

analysis or caspase-3 activity or placed in 10% neutral buffered formalin solution and then 

processed for histology (for method see chapter 2).  

Experiment 2: 

Rats were randomly assigned to one of four test groups: SD NS+LPS/GalN (n=8), SD 

RS+LPS/GalN (n=8), WKY NS+LPS/GalN (n=8), WKY RS+LPS/GalN (n=8). Non-stressed 

(NS) control animals were removed from their cage, weighed and handled daily while the 

restraint stress (RS) groups were placed in a plastic restrainer for 2 hr/day for 10 consecutive 

days. Immediately following the last stress exposure, all animals were administered a single i.p 

injection of LPS/GalN (20µg/kg LPS + 200mg GalN/kg, injection volume of 2ml/kg). The 

restraint procedure was preformed between 9am and 12:30pm over the 10 day period. Rectal 

temperature was taken prior to and immediately following last stress as well as immediately 

prior to sacrifice. Animals were anaesthetized 2 hr after last stress procedure using Isoflurane 

and heparinized blood samples were obtained by cardiac puncture. Blood samples were then 

centrifuged at 14,000g for 15mins at 4ºC, plasma was removed and stored at -80 ºC until 

determination of liver enzymes (ALT and AST), cytokines and corticosterone determination. 

Livers were removed and weighed. Segments of liver were placed in 10% neutral buffered 

formalin solution and then processed for histology (for method see chapter 2).  

 

5.2.3   Statistical Analysis  

All statistical analyses were carried out using SPSS statistical package (IBM SPSS Statistics 

v21 for Microsoft Windows; SPSS Inc., Chicago IL, USA). Normality and homogeneity of 
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variance was assessed using Shapiro-Wilk and Levene’s test. Data were analysed using a two-

way analysis of variance (ANOVA) or repeated measures ANOVA followed by Student-

Newman Keuls (SNK) and LSD post-hoc tests to identify where the differences were. Where 

the data were non-parametric, a Kruskal Wallis ANOVA was carried out followed by 

subsequent Mann Whitney U tests to identify the differences between treatment groups. The 

significance level was set at p<0.05. Graphical illustration of the data were constructed using 

GraphPad prism software for Windows version 6.07 (GraphPad Software, La Jolla, CA, USA). 

All data are presented as means ± standard error of the mean (SEM). 
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5.3 Results  

5.3.1 Experiment 1 Restraint stress ± LPS/GalN significantly reduces body weight in SD 

rats 12 hr post injection   

Given that chronic stress has been shown to induce body weight loss (Awerman et al., 2010), 

this experiment investigated whether RS+LPS/GalN further reduced body weight. The weight 

gain seen over the 10 days of stress in the SD rat was not affected by RS (Fig. 5.1 a-b). Repeated 

measures ANOVA revealed that restraint stress does not significantly increase body weight 

gain over the 10 days of chronic restraint stress in SD rats compared to non-stressed controls 

(Fig 5.1 a-b). However, an independent t-test identified that 12 hr post administration of 

LPS/GalN following 10 days of restraint stress body weight was significantly lower when 

compared to non-stressed LPS/GalN controls [t(11)= -2.506, p<0.05]. 
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Figure 5.1 Effect of restraint stress on a) body weight over 10 days of chronic stress b) body 

weight 12hr post LPS/GalN injection. Data expressed as mean ± SEM (n=8). *p<0.05 vs SD 

non-stressed LPS/GalN control. 
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5.3.2 LPS/GalN administration following restraint stress results in significant structural 

changes in liver tissue 

The aim of this experiment was to investigate if RS+LPS/GalN altered liver: body weight ratio 

and histopathological score in SD rats similar to the weight loss seen in WKY rats post 

LPS/GalN. NS+LPS/GalN caused an infiltration of immune cells and slight congestion in the 

sinusoids (Fig 5.2a). RS+LPS/GalN caused massive congestion in the sinusoids along with 

major hepatocellular degeneration and immune cell infiltration (Fig. 5.2b). An independent t-

test revealed that following chronic RS, LPS/GalN in SD rats significantly reduced liver-to-

body weight ratio [t (10) = 4.886, p<0.01] (Fig 5.2c) and increased the histopathological score 

in this group [t11= -2.699, p<0.05] (Fig 5.2d).  
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Figure 5.2 Effect of NS+LPS/GalN and RS+LPS/GalN in SD rats. Representative histological 

images of SD rats following a) NS+LPS/GalN and b) RS+LPS/GalN (x400 magnification; 

scale bar= 50µm). Immune cell infiltration (circle); congestion of sinusoids (rectangle). Effect 

of NS+LPS/GalN and RS+LPS/GalN on c) liver-body weight ratio and d) histopathological 

score in SD. Data expressed as mean ± SEM (n=6-7). **p<0.01 vs SD non-stressed+ 

LPS/GalN; dotted line represents SD non-stressed control levels. 
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5.3.3 LPS/GalN administration following restraint stress significantly increases plasma 

alanine aminotransferase or aspartate aminotransferase in SD rats 

Since RS has been shown to increase plasma transaminase levels in other models of liver injury, 

this experiment examined whether an additive effect was seen when LPS/GalN was 

administered. Restraint stress in SD rats increased ALT and AST levels 12 hr post LPS/GalN 

injection when compared to NS-LPS/GalN comparators. Mann Whitney U tests confirmed that 

plasma levels of ALT [U=4.000, p<0.05] and AST [U=3.000, p<0.05] were significantly 

elevated in the RS+LPS/GalN groups (Fig. 5.3a, b). 
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Figure 5.3 Effect of RS±LPS/GalN on plasma liver enzyme levels.  Plasma levels of a) ALT 

and b) AST 12-13 hr post LPS/GalN in presence or absence of restraint stress. Data expressed 

as mean ± SEM (n=6-7). *p<0.05 vs SD NS+ LPS/GalN; dotted line represents SD non-

stressed control levels. 
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5.3.4 LPS/GalN administration following restraint stress does not significantly increase 

IL-1β levels in liver tissue  

The aim of this experiment was to investigate if chronic restraint stress exacerbates LPS/GalN-

induced increases in hepatic IL-1β levels in SD rats similar to the increase seen in WKY rats 

(chapter 4). Although there is a trend for an increase in hepatic IL-1β in SD rats subjected to 

RS+ LPS/GalN administration, a Mann-Whitey U test identified that this failed to reach 

significance [U=8.000, p=0.063] (Fig. 5.4). 
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Figure 5.4 Effect of RS±LPS/GalN on hepatic levels of IL-1β.  Data expressed as mean ± SEM 

(n=6-7). Dotted line represents SD non-stressed control levels. 
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5.3.5 Caspase-3 activity was not significantly altered in liver tissue in SD rats following 

restraint stress and LPS/GalN 

Caspase-3 activity is associated with LPS/GalN injury, this experiment investigated whether 

caspase-3 activity was increased by RS+LPS/GalN. Although there is a trend for an increase 

in caspase-3 activity in SD rats subjected to RS+ LPS/GalN administration, a Mann-Whitey U 

test identified that this failed to reach significance [U=10.000, p=0.116] (Fig.5.5). 
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Figure 5.5 Effect of RS±LPS/GalN on hepatic caspase-3 activity.  Data expressed as mean ± 

SEM (n=6-7). Dotted line represents SD non-stressed control levels. 
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5.3.6 Experiment 2 Restraint stress+ LPS/GalN significantly increases rectal temperature 

in WKY rats 

LPS/GalN is associated with hypothermia (Tiegs et al., 1990), therefore we evaluated the effect 

of NS+LPS/GalN and RS+LPS/GalN on body temperature in SD and WKY rats. LPS/GalN 

resulted in hyperthermia in WKY rats following chronic RS for 10 days. A Kruskal Wallis test 

revealed that there was a significant change in rectal temperature 2 hr post LPS/GalN injection 

[χ3
2 = 8.417, p<0.05]. Subsequent Mann Whitney U tests identified a significant increase in 

rectal temperature change in WKY rats following RS+LPS/GalN when compared to SD 

comparators 2 hr post injection [U=12.500, p<0.05] (Fig.5.6). 
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Figure 5.6 Effect of NS+LPS/GalN or RS+LPS/GalN on change in rectal temperature in SD 

and WKY rats 2hr post injection. Data expressed as mean ± SEM (n = 8 per group). #p<0.05 

vs SD RS+LPS/GalN counterparts.  
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5.3.7 Restraint stress followed by LPS/GalN administration results in significant 

structural changes in liver tissue 

Given RS+LPS/GalN-induced changes in experiment 1, we investigated the liver: body weight 

and histopathological changes following RS+LPS/GalN in SD and WKY rats. Normal 

histopathological structure in SD NS+LPS/GalN with slight structural differences in the 

RS+LPS/GalN group (Fig.5.7 a, c). WKY NS+LPS/GalN and WKY RS+LPS/GalN display 

similar altered hepatocellular structure, immune cell infiltration and congestion of sinusoids 

when compared each other and SD counterparts. A two-way ANOVA revealed a significant 

effect of strain [F (1, 28) = 22.567, p<0.001] but not stress [F (1, 28) = 3.413, p=0.075] on 

histopathological score. RS+LPS/GalN significantly increases histopathological score in SD 

(p<0.01) but not WKY rats (p=0.073) when compared to NS+LPS/GalN comparators 

(Fig.5.7f). However, WKY rats show a significantly greater histopathological score in the 

NS+LPS/GalN group when compared to SD NS+LPS/GalN (p<0.001) (Fig. 5.7f). 

A Kruskal Wallis test revealed a significant difference in liver-body weight temperature [χ3
2 = 

22.602, p<0.001]. Subsequent Mann Whitney U tests identified that WKY rats have a 

significantly lower liver: body weight ratio when compared to SD rats and this effect is 

unaffected by NS+LPS/GalN or RS+LPS/GalN (p<0.01) (Fig 5.7e). 
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Figure 5.7 Effect of LPS/GalN ± restraint stress on hepatic structure. Representative images  of a) SD and b) WKY rats NS+LPS/GalN and c) SD and d) WKY 

rats RS+LPS/GalN 2 hr post administration (x400 magnification; scale bar 50µm). Effect of LPS/GalN ± restraint stress on e) liver-body weight ratio and f) on 

histopathological score 2 hr post LPS/GalN administration. Data expressed as mean ± SEM (n=8). ##p<0.01 vs SD counterparts, **p<0.01 vs SD 

NS+LPS/GalN; p=0.073 vs SD RS+LPS/GalN counterparts.
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5.3.8 LPS/GalN administration following restraint stress significantly increases plasma 

AST in WKY rats  

Given that RS+LPS/GalN increases plasma transaminases, we examined the effect of 

RS+LPS/GalN in WKY rats compared to SD rats.  A Kruskal Wallis test revealed that there 

was a significant difference in ALT levels [χ3
2 =12.967, p=0.005]. Subsequent Mann Whitney 

U tests identified a decrease in WKY rats following LPS/GalN administration alone [U=4.000, 

p=0.009] or following chronic RS compared to SD counterparts [U= 10.000, p=0.037]. A two-

way ANOVA identified that there was a significant effect on AST levels [AST: F (3, 29) = 

10.070, p<0.001]. Post hoc analysis revealed that WKY rats have a significantly higher levels 

of AST following LPS/GalN alone compared to SD counterparts, an effect exacerbated by 

restraint stress only in WKY animals (p<0.01) (Fig.5.8b).  
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Figure 5.8 Effect of LPS/GalN ± restraint stress on plasma liver enzyme levels.  Plasma levels 

of a) ALT and b) AST 2 hr post LPS/GalN in presence or absence of prior chronic restraint 

stress for 10 days. Data expressed as mean ± SEM (n=7-8) *p<0.05/p=0.084/p=0.094, 

**p<0.01 vs SD NS+LPS/GalN; ++p<0.01 vs WKY NS+LPS/GalN; ##p<0.01 vs SD 

RS+LPS/GalN; dotted line represents SD non-stressed control levels. 
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5.3.9 LPS/GalN significantly increases plasma corticosterone levels in SD and WKY rats 

2 hr post injection, an effect that is potentiated in WKY rats 

This experiment evaluated the effect of LPS/GalN on plasma corticosterone (CORT) levels 

and whether RS would further alter this. Plasma corticosterone CORT levels were increased 2 

hr post LPS/GalN injection in SD and WKY rats from baseline values (dotted line). In 

NS+LPS/GalN, WKY rats displayed significantly higher levels of plasma CORT when 

compared to SD NS+LPS/GalN counterparts (Fig. 5.9). RS+LPS/GalN did not further increase 

plasma CORT levels in either strain. A two-way ANOVA identified that there was a significant 

effect of group on plasma CORT levels [F (3, 19) = 6.279, p<0.001]. Post hoc analysis revealed 

that WKY rats have a significantly higher levels of plasma CORT 2 hr post administration 

compared to SD counterparts (p<0.01) (Fig.5.9). 
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Figure 5.9 Plasma corticosterone levels in NS+LPS/GalN and RS+ LPS/GalN SD and WKY 

rats 2 hr post LPS/GalN injection. Data expressed as mean ± SEM (n=6). **p<0.05 vs SD 

counterparts; dotted line represents SD non-stressed control levels. 
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5.3.10 LPS/GalN increases plasma cytokine levels in WKY rats irrespective of restraint 

stress 

Given the upregulation of cytokines associated with LPS/GalN-induced liver injury, we 

examined the changes in circulating cytokine levels 2hr post LPS/GalN in NS or RS SD and 

WKY rats. WKY rats display elevated levels of cytokines and chemokine levels in the plasma 

in NS+ LPS/GalN and RS+ LPS/GalN 2 hr post injection when compared to SD counterparts. 

Although TNF-α levels in WKY rats following RS+LPS/GalN are increased, this did not reach 

statistical significance [t10 =-0.809, p>0.05] (Fig. 5.10a). Plasma levels of TNF-α in SD rats 

NS+ LPS/GalN and RS+ LPS/GalN were undetermined. 

Two- way ANOVA revealed a significant effect of strain on plasma levels of IL-6 and IL-1β 

[IL-6: F (1, 20) =30.055, p<0.001; IL-1 β: F (1, 20) =42.410, p<0.001]. Post hoc analysis identified 

that WKY rats have elevated levels of IL-6 and IL-1β in NS+ LPS/GalN and RS+ LPS/GalN 

groups 2 hr post injection when compared to SD counterparts (Fig. 5.10b, c). 

Although plasma levels of the anti-inflammatory cytokine IL-10 in SD rats NS+ LPS/GalN and 

RS+ LPS/GalN were undetermined, Mann Whitney U test found that there was a significant 

decrease in levels of IL-10 in WKY rats subjected to RS+ LPS/GalN when compared to NS+ 

LPS/GalN counterparts [U= 8.500, p<0.05] (Fig. 5.10d). 

A Kruskal-Wallis test revealed an overall significant difference in plasma levels of IL-18 and 

the chemokine CXCL2 [IL-18: χ2
3=21.041, p<0.001; CXCL2: χ2

3=8.346, p<0.05]. Subsequent 

Mann Whitney U tests identified that WKY rats have significantly increased plasma levels of 

IL-18 in both NS+ LPS/GalN and RS+ LPS/GalN groups 2 hr post injection when compared 

to SD counterparts (p<0.01) (Fig. 5.11e). Levels of CXCL2 were significantly decreased in SD 

rats following RS+LPS/GalN when compared to NS counterparts (p<0.05) while CXCL2 
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levels in WKY rats were significantly increased following RS+LPS/GalN when compared to 

SD counterparts (p<0.01) (Fig. 5.10f). 
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Figure 5.10 Plasma levels of cytokines in SD and WKY rats 2 hr post LPS/GalN injection with 

or without RS. Data expressed as mean ± SEM (n=6-8). *p<0.05 vs SD NS+LPS/GalN, 

^^p<0.01vs SD comparators, +p<0.05 vs WKY NS+LPS/GalN; # p<0.05 vs SD 

RS+LPS/GalN. N.D indicates values were undetermined.
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Table 5.1 Summary table of Chapter 5 results 

 

 

↑ indicates an increase, ↓ indicates decrease; - indicates no change 

Experiment 1 

Experiment 2 

Parameter 

SD NS+LPS/GalN 

(2hr) 

SD RS+LPS/GalN 

(2hr) 

WKY 

NS+LPS/GalN 

(2hr) 

WKY RS+LPS/GalN 

(2hr) 

Parameter 

SD 

RS+LPS/GalN 

(12hr) Temperature ↓ ↓ ↑ ↑ 

Liver:BW ↓ Liver:BW - - ↓ ↓ 

ALT ↑ ALT - ↑ n/s - - 

AST ↑ AST - ↑ n/s ↑ 
↑ no change from WKY 

NS+LPS/GalN 

Histological 

changes ↑ 

Histological 

changes 
-  

↑ ↑ 

↑ vs SD counterpart; no 

change from WKY 

NS+LPS/GalN 

Hepatic IL-

1β ↑ n/s CORT ↑ vs saline  
- 

↑ 

↑ vs SD counterpart; no 

change from WKY 

NS+LPS/GalN 

Caspase-3 

activity  ↑ n/s Plasma cytokines 

- - 
↑ 

↑ vs SD counterpart; no 

change from WKY 

NS+LPS/GalN 
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5.4 Discussion 

Given the increasing evidence for a role for stress in the exacerbation of pathophysiological 

features of liver pathologies, the current study, experiment 1, sought to evaluate the role of 

restraint stress (RS) in LPS/GalN-induced acute liver injury in SD rats. Experiment 2 sought 

to establish whether RS increased liver injury in the early stages of LPS/GalN-induced injury 

and if this is altered a stress-sensitive strain of rat. The data herein confirmed that RS 

exacerbated LPS/GalN-induced liver injury in the SD rat strain (exp1), and that WKY rats 

display a greater histopathological changes and heightened inflammatory and corticosterone 

responses following LPS/GalN, however this is not exacerbated by RS 2hr post-LPS/GalN 

(exp2). Thus, taken together, these results indicate that RS is capable of exacerbating 

LPS/GalN-induced liver injury in SD rats, however, further studies are required to definitely 

establish if RS can further exacerbate this injury in the WKY strain. 

Previous work has identified that chronic stress can exacerbate various models of liver injury 

(Chida et al., 2004; Panuganti et al., 2006; Magdy et al., 2017). Additionally, previous work 

in this thesis has identified that rats with a genetic susceptibility to stress (WKY rat strain) have 

an exacerbated LPS/GalN-induced liver injury (chapter 4). Given the extent of injury seen in 

the stress-sensitive WKY strain at 24hr following LPS/GalN we first wanted to establish what 

chronic restraint would do to LPS/GalN liver injury in normo-stress sensitive SD rats (expt1). 

As previously reported, LPS/GalN-induced liver injury has been associated with increased 

inflammation, hepatic apoptosis and liver damage (Liu et al., 2008b; Ambade et al., 2012). In 

accordance with previous work in this thesis, LPS/GalN in the absence of RS, resulted in 

infiltration of immune cells in the liver and a slight increase in caspase-3 activity from baseline 

(non-significant), however, no significant liver damage in SD rats 12 hr post-injection. 

Furthermore, data from chapter 4 identified ALT and AST elevations in both SD and WKY as 

early as 6hr post LPS/GalN, these levels returned to normal in SD rats by 24 hr but remained 
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significantly elevated in WKY strain. Also these changes were associated with histological 

damage. It is possible that the plasma levels of ALT and AST were not at their peak at this time 

to indicate liver damage. However, following 10 days of RS, LPS/GalN-induced injury in SD 

rats was significantly greater than NS+LPS/GalN rats; plasma transaminase levels were 

significantly increased and influx of immune cells and massive congestion of sinusoids were 

observed. Previous data from this thesis (chapter 4) revealed that both SD and WKY rats 

displayed elevations in ALT and AST, and these levels returned to normal in SD rats by 24 hr 

but remained significantly elevated in WKY strain. Also these changes were associated with 

histological damage. IL-1 signaling has been found to play a significant role in inflammatory 

damage (Chen et al., 2007). More recently, it has been associated with the pathogenesis of 

LPS/GalN acute liver damage and caspase activation (Gehrke et al., 2018). Furthermore, 

models of restraint stress have been shown to increase hepatic levels of IL-1β (Li et al., 2013). 

In the current study, although not statistically significant, the exacerbated RS+LPS/GalN liver 

damage was associated with a trend for an increase in hepatic levels of IL-1β and caspase-3 

activity. These results were similar to the exacerbated LPS/GalN-induced liver injury seen in 

the stress-sensitive WKY rat strain (Chapter 4). However, although various preclinical studies 

have shown that the RS is effective in exacerbating other models of liver injury by increasing 

plasma transaminase levels and histopathological damage (Sonoda et al., 2005; Panuganti et 

al., 2006; Magdy et al., 2017), none have looked into the inflammatory mechanisms associated 

with these exacerbations in liver injury. Interestingly, the striking increase in ALT and AST 

levels and associated histological damage are not associated with a significant increase in 

inflammation (indicated by IL-1β) or the classical signal for apoptosis (caspase-3 activity) in 

this study. So far, to our knowledge, the effect of RS on the LPS/GalN model prior to this study 

has not been described. Therefore, although this study has identified distinctive trends, due to 

the limited amounts of data on the effect of chronic RS in this model, further investigation into 
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other inflammatory markers and other markers of cell death are required in order to fully 

conclude mechanisms that may be underlying the exacerbated liver injury following 

RS+LPS/GalN in the SD rat. 

As such, experiment 2 evaluated the early stage development of LPS/GalN-induced injury and 

hepatic inflammation whether RS aggravates this 2hr post-LPS/GalN. The time course of the 

development of LPS/GalN liver injury can vary with different models (mice or rats) and also 

the dose of LPS/GalN given. Previous work has identified that levels of ALT, AST and necrosis 

score are similar to baseline levels 2-4hr post-LPS/GalN (Santucci et al., 1996). Experiment 2 

herein confirmed this in SD rats, however, WKY rats displayed a significant increase in AST 

and histopathological score in NS+LPS/GalN when compared to SD comparators. 

RS+LPS/GalN tended to increase ALT, AST and significantly increased histopathological 

score in SD, however only significantly increased AST levels in WKY rats. Hepatocellular 

injury following LPS/GalN administration is typically seen as early as 6-8hr post injection  

(Santucci et al., 1996; Liu et al., 2008b)[ for review see (Maes et al., 2016)]. It is possible it is 

too early to see any major liver injury (2hr post) in this model. However, since LPS/GalN injury 

results in hepatic inflammation mediated initially by TNF-α, evaluation of pro-inflammatory 

cytokines was essential in this model. 

WKY rats displayed an increase in pro-inflammatory cytokines TNF-α, IL-6 and IL-1β 

following LPS/GalN when compared to SD rats similar to previous results (chapter 4) and 

literature (Liu et al., 2008b; Gehrke et al., 2018). Furthermore, this study also showed that 

plasma levels of IL-18 and the anti-inflammatory cytokine IL-10, are increased 2hr post-

LPS/GalN only in WKY rats. These results were not were not potentiated by RS. Interestingly, 

the levels of TNF-α and IL-10 were undetermined in the plasma of SD rats. It is possible that 

markers for inflammation (such as mRNA expression) could be elevated in the tissue at this 

time point, however not to the extent that it is present in the plasma yet. Mechanistically, it is 
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possible that there are insufficient cell sensitization or inflammation with this low dose of 

LPS/GalN in the SD rat strain. 

Plasma level of IL-10 were significantly decreased in WKY rats following RS+LPS/GalN 

when compared to NS+LPS/GalN counterparts. Pre-treatment of mice with IL-10 has been 

identified to attenuate LPS/GalN-induced liver injury (Santucci et al., 1996), it could be that 

the increase seen in the WKY rats seen is a compensatory mechanism in order to reduce the 

elevated levels of TNF-α. Similar to these findings, it has been previously demonstrated that 

chronic RS results in decreased IL-10 mRNA expression in various brain regions in mice, and 

that this effect is still present after the cessation of stress (Voorhees et al., 2013). Chemokines 

are also involved in recruitment of inflammatory cells, resulting in hepatic inflammation and 

can lead to subsequent liver injury. LPS/GalN has been previously shown to increase hepatic 

mRNA of CXCL2 (Zhao et al., 2016; Yao et al., 2017; Gehrke et al., 2018). Similarly, we 

show that plasma levels of CXCL2 are elevated in SD and WKY NS+LPS/GalN (control levels 

not detected). Interestingly, we see a decrease in CXCL2 in SD RS+LPS/GalN, while WKY 

rats display increased levels of CXCL2. This elevation in the WKY rats is associated with an 

increase in AST levels and a decrease in IL-10 levels following RS+LPS/GalN. These results 

taken together may suggest a role for cytokines and chemokines in the aggravation of 

LPS/GalN-induced injury in WKY rats following RS, however, studies at later time points are 

required to investigate this further. In line with this increase in pro-inflammatory cytokine 

levels, LPS/GalN is associated with an increase in body temperature in WKY rats while SD 

rats displayed a decrease in body temperature. LPS is a known pyrogen (Steiner et al., 2006), 

however, LPS/GalN has previously been identified to cause a reduction in body temperature in 

rodents (Tiegs et al., 1989). These changes in temperature seen in both strains are not further 

changed in the presence of RS. The increased inflammatory markers in the WKY rats are likely 

to induce the initial increase in body temperature 2 hr post-injection.  
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As previously mentioned, plasma corticosterone (CORT) levels are elevated following stress 

and similar basal levels are seen in SD and WKY (Rittenhouse et al., 2002). Similarly, 

LPS/GalN has been shown to increase CORT levels in mice (Evans et al., 1991). In contrast to 

previous data in chapter 3 where restraint stress significantly increased CORT levels in both 

SD and WKY rats, experiment 2 identified that levels of CORT were increased only in WKY 

rats. Although levels of CORT in NS+LPS/GalN and RS+LPS/GalN are increased compared 

to baseline values (dotted line on graph), these differences are not statistically significant. It 

has previously been identified that levels of CORT are elevated immediately following RS and 

return to baseline approximately 2hr following the cessation of RS in SD and WKY rats 

(O'Mahony et al., 2011). Thus, it is possible that a similar phenomenon happened here in 

response to RS+LPS/GalN, whereby SD responded immediately to RS+LPS/GalN with 

elevated CORT levels immediately after stress and that levels could have returned to normal 2 

hr after stress. LPS given to SD and WKY rats (100µg/kg) has been shown to significantly 

increase CORT levels in both strains 2hr post injection, an effect greater in WKY rats 

(O’Mahony et al., 2013). Given their exaggerated HPA axis activity, it is possible that CORT 

levels remained elevated for longer following LPS/GalN in the stress-sensitive strain. Although 

the WKY displayed a significant increase in CORT levels following NS+LPS/GalN, this effect 

was not increased further in response to RS+LPS/GalN in either strain. This could be that 

CORT levels have plateaued for these animals due to the LPS/GalN and cannot be increased 

further. These increased levels of CORT are also associated with increased plasma cytokines 

in the WKY strain. Since glucocorticoids (such as CORT), have been shown to be anti-

inflammatory and immunosuppressive (Coutinho et al., 2011), it is also likely that the WKY 

rats have an elevated CORT release in order to combat the increased inflammation in response 

to LPS/GalN. Given the aggravated response to LPS/GalN seen in the previous chapter (chapter 

4), these data suggest that the increase in pro-inflammatory cytokines along with the elevated 
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levels of CORT could be driving the exacerbated LPS/GalN-induced liver injury in the stress 

sensitive strain seen at later time-points. 

 

5.4.1 Conclusion 

Overall these findings suggest that LPS/GalN is capable of enhancing histological changes as 

well as immune and endocrine responses only in WKY rats 2hr post-injection and these effects 

are not altered by restraint stress at this time-point. Furthermore, we have provided evidence 

that chronic restraint stress in a normo-stress sensitive SD strain of rat is capable of 

exacerbating LPS/GalN-induced liver injury similar to that seen in the WKY strain exposed to 

just LPS/GalN, however this may involve mechanisms independent of TNF-α mediated 

caspase-3 activation in the SD strain. Thus the data demonstrates a second model of chronic 

stress can exacerbate LPS/GalN induced liver injury, although future work is required to 

determine the mechanisms that underlay this. Furthermore, RS does not potentiate the effects 

of LPS/GalN in WKY rats during the early stages of LPS/GalN injury development. As such, 

future studies are required in order to determine whether RS can further exacerbate LPS/GalN-

induced liver injury in WKY rats at a later time-point. 
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Chapter 6 

The investigation into the hepatic 

microcirculatory, inflammatory changes and 

hepatocellular injury in response to LPS/GalN 

in vivo 
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6.1 Introduction 

After demonstrating that WKY rats display an exacerbated LPS/GalN-induced liver injury 

(chapter 4), we wanted to investigate the microcirculatory changes that may arise during the 

development of this injury. Intravital fluorescence microscopy (IVFM) is a well-established 

model used to investigate in vivo hepatic microvasculature and haemodynamics under 

physiological and pathological conditions [for review see (Vollmar et al., 2009)]. Live imaging 

of the liver using IVFM has been employed in several models of liver injury including hepatic 

I/R injury (Mabuchi et al., 2009), partial hepatectomy (PH) (Marlini et al., 2016), LPS/GalN 

liver injury (Eipel et al., 2007) and CCl4-induced cirrhosis (Vollmar et al., 1998).  

Hepatocellular damage in acute liver injury involves both inflammatory and oxidative stress 

activities (Jaeschke, 2011). As previously described in the literature and this thesis (General 

Introduction), LPS/GalN liver injury is associated with an increase in pro-inflammatory 

cytokines and hepatocellular apoptosis mediated primarily by the release of TNF-α (Leist et 

al., 1995). In addition to promoting apoptosis via TNF-α binding to TNF-receptor 1, TNF-α 

has also been identified to play a role in signaling leukocyte migration and further 

magnification of inflammatory injury, leading to hepatocellular death (Jaeschke et al., 1998; 

Eipel et al., 2004). Labelling of cells such a leukocytes with fluorescent dyes such as rhodamine 

6G (Rh6G) is a method used to quantify leukocyte-endothelial cell interactions in vivo (Menger 

et al., 1991; Vollmar et al., 1994; Lehr et al., 1999). Furthermore, IVFM can be used to evaluate 

in vivo staining of hepatocyte nuclei with the fluorescent dye bisbenzimide (Hoechst 33342). 

Bisbenzimide has been shown to be a useful dye in determining the density of viable and early 

apoptotic cells (Elstein et al., 1994) as well as the visualization of hepatic structure and 

sinusoids following liver injury induced by administration of CCl4 (Vollmar et al., 1998). In 

addition to hepatocellular damage/death, a common finding with chronic liver diseases is 

disruption in hepatic vasculature [for review see (Iwakiri et al., 2014)]. Sinusoids, capillary-
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like vessels in the liver directly connected to the portal system, serve as the first barrier to 

noxious stimuli. During the early stages of inflammation, in addition to contributing to defence 

mechanisms, the hepatic sinusoidal endothelial cells can also regulate blood flow (McCuskey, 

2000). Acute liver failure, endotoxemia and drug induced hepatotoxicity have been noted to 

result in sinusoidal perfusion failure [for review see (Vollmar et al., 2009)]. Red blood cells 

(RBC) stained with the fluorescent dye fluorescein isothiocyanate (FITC) are commonly used 

to measure blood flow and perfusion in the sinusoids of the liver. This provides another method 

in which hepatic microcirculation can be examined in pre-clinical models of liver disease. 

In line with this information, previous work using IVFM has demonstrated that LPS/GalN 

results in increased intrahepatic accumulation of leukocytes, severe decrease in hepatic 

microvascular perfusion and increased hepatocellular apoptosis 6hr post injection in mice 

(Eipel et al., 2007; Le Minh et al., 2007). However, to our knowledge, this is the first time the 

microcirculatory and inflammatory cascades have been assessed during the early stages of 

LPS/GalN liver injury in WKY rats. Given that the WKY rat strain have been shown to have 

increased inflammatory changes and aggravated LPS/GalN-induced liver injury at later time 

points (chapter 4), it could be that early changes in leukocyte-endothelial cell interactions or 

microcirculatory system in the liver are associated with increased liver damage later on. It is 

possible that LPS/GalN may damage to other hepatic cell types such as sinusoidal endothelial 

cells at earlier time points prior to hepatocyte cell death. This then could lead to premature 

hepatic microvascular injury and the worsening of total LPS/GalN-induced liver injury. Thus, 

evaluation of these parameters in vivo may be important into understanding possible 

mechanisms that could attribute to the severe LPS/GalN-induced liver injury seen in the WKY 

rat strain.  

Hypothesis: Based on this knowledge, we hypothesized that the WKY rat strain have 

heightened hepatic immune response during the early phase of LPS/GalN injury and that could 
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also be associated with changes in hepatic microcirculation and leukocyte-endothelial cell 

interactions. Furthermore, that oxidative stress from excess H2O2 could be altered in this strain. 

Thus, the aims of this study were to: 

1. Investigate the hepatic cytokine and adhesion molecule expression during the early 

phase of LPS/GalN liver injury in SD and WKY rats (experiment 1). 

2. Investigate the effect of LPS/GalN on hepatic microcirculation, inflammation and 

hepatocellular injury and the presence of oxidative stress during the early phase injury 

in SD and WKY rats in vivo (experiment 2).  
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6.2 Materials and Methods 

6.2.1 Animals 

Experiment 1 and experiment 2 was carried out on male SD and WKY rats (weight 250-330g, 

Envigo UK) and were kept under a standard 12:12 light cycle (07:00hr-19:00hr) at a constant 

temperature (21±2ᵒC). All rats were singly housed for approximately 4 days prior to 

experimentation in plastic bottomed cages (48cm x 20cm x 27cm) had free access to both food 

and water. Animals were habituated to handling prior to testing and weighed daily and received 

sterile saline injections (i.p.; 0.89% NaCl) for 2 days prior to testing in order to minimize the 

influence of the injection on biological endpoints.  All experimental tests were carried out in 

accordance with the guidelines of the Animal Care and Research Ethics Committee, National 

University of Ireland, Galway under licence from the HPRA and in compliance with the 

European Communities Council directive 2010/63/EU. 

 

6.2.2 Experimental design: 

Experiment 1: 

Rats were randomly assigned to one of four test groups: SD saline (n=8), SD LPS/GalN 2hr 

(n=8), WKY saline (n=8), WKY LPS/GalN 2hr (n=8). Rats were injected with a single 

injection of 20μg/kg LPS + 200mg/kg GalN or saline and sacrificed 2 post injection using 

isoflurane. Segments of liver were snap-frozen on dry ice for RT-PCR analysis (for method see 

chapter 2) of pro-inflammatory cytokines: TNF-α, IL-6 and IL-1β and adhesion molecules: 

vascular cell adhesion molecule-1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-

1). 



173 

 

Experiment 2: 

Rats were randomly assigned to one of six test groups: SD saline (n=4-7), SD LPS/GalN 2hr 

(n=4-7), SD LPS/GalN 4 hr (n=4-7), WKY saline (n=4-7), WKY LPS/GalN 2hr (n=4-7), WKY 

LPS/GalN 4 hr (n=6-8). Rats were injected with a single injection of 20μg/kg LPS+ 200mg/kg 

GalN or saline and left for 2hr or 4 hr. Rats were anesthetized using xylazine and ketamine 

(10mg/kg + 90mg/kg body weight) in an injection volume of 2ml/kg. Rats then underwent 

preparation for IVFM (for methods see chapter 2). In brief, femoral vein was cannulated for 

administration of fluorochromes; RH6G, FITC-RBCs or Ho33342 (see table 2.2 in methods 

chapter 2). Then a midline incision was made and the left lobe of the liver was exposed and 

IVFM was carried out. Following this procedure, the animal were euthanized by anaesthetic 

overdose without recovery from the initial anaesthetic (full method see chapter 2). 

 

6.2.3   Statistical Analysis  

All statistical analyses were carried out using SPSS statistical package (IBM SPSS Statistics 

v21 for Microsoft Windows; SPSS Inc., Chicago IL, USA). Normality and homogeneity of 

variance was assessed using Shapiro-Wilk and Levene’s test. Data were analysed using a two-

way analysis of variance (ANOVA) or repeated measures ANOVA followed by Student-

Newman Keuls (SNK) and LSD post-hoc tests to identify where the differences were. Where 

the data were non-parametric, a Kruskal Wallis ANOVA was carried out followed by 

subsequent Mann Whitney U tests to identify the differences between treatment groups. The 

significance level was set at p<0.05. Graphical illustration of the data were constructed using 

GraphPad prism software for Windows version 6.07 (GraphPad Software, La Jolla, CA, USA). 

All data are presented as means ± standard error of the mean (SEM). 
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6.3 Results  

6.3.1 Experiment 1: LPS/GalN significantly increases pro-inflammatory cytokine mRNA 

expression in the liver, an effect that is potentiated in WKY rats    

Given the increased evidence in this thesis that WKY rats display heightened inflammatory 

response to LPS/GalN, this experiment investigated if mRNA expression of cytokines were 

elevated in WKYs 2 hr post-injection. A Kruskal Wallis test revealed that there was a 

significant change in TNF-α, IL-6 and IL-1β mRNA expression in the liver [TNF-α: χ3
2 = 

22.731, p<0.001; IL-6: χ3
2 = 24.100, p<0.001; IL-1β: χ3

2 = 23.837 p<0.001] (Fig 6.1 a-c). 

Subsequent Mann Whitney U tests identified that LPS/GalN significantly increased  TNF-α, 

IL-6 and IL-1β expression in SD and WKY liver tissue 2 hr post administration [TNF-α: 

U=0.000, p<0.01;IL-6: U=0.000, p<0.01; IL-1β: U=0.000, p<0.01]. This increase in TNF-α 

and IL-6 was significantly heightened in WKY rats (Fig. 6.1a, b) (p<0.01) however, this failed 

to reach statistical significance for IL-1β expression (p=0.059) (Fig.6.2c). 
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Figure 6.1 Effect of LPS/GalN on a) TNF-α b) IL-6 and c) IL-1β mRNA expression in liver 

2hr post injection. Data expressed as mean ± SEM (n=8). **p<0.01 vs SD saline control; 

++p<0.01 vs WKY saline control; #p<0.05/p=0.059 vs SD counterpart. 
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6.3.2 LPS/GalN significantly increases VCAM-1 and ICAM-1 expression in the liver  

VCAM-1 and ICAM-1 are adhesion molecules that are involved with leukocyte transmigration 

(Cohen, 2002; Peng et al., 2014). This experiment sought to determine the mRNA expression 

of this two adhesion molecules 2hr-post LPS/GalN in the liver. A Kruskal Wallis test revealed 

that there was a significant change in VCAM-1 and ICAM-1 mRNA expression in the liver 

[VCAM-1: χ3
2 = 25.149, p<0.001; ICAM-1: χ3

2 = 25.343, p<0.001] (Fig 6.2 a-b). Subsequent 

Mann Whitney U tests identified that WKY rats display a significant reduction in basal ICAM-

1 expression in the liver when compared to SD counterparts (Fig 6.2 b). Furthermore, 

LPS/GalN significantly increased both VCAM-1 and ICAM-1 expression in SD and WKY 

liver tissue 2 hr post administration [VCAM-1: U=0.000, p<0.01; ICAM-1: U=0.000, p<0.01]. 

However, there was no statistical difference in this increase between SD and WKY rats 

(p>0.05) (Fig. 6.2a-b).  
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Figure 6.2 Effect of LPS/GalN on a) VCAM-1 and b) ICAM-1 mRNA expression in liver 2hr 

post-injection. Data expressed as mean ± SEM (n=8). **p<0.01 vs SD saline control; ++p<0.01 

vs WKY saline control. 
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6.3.3 Experiment 2 LPS/GalN significantly decreases leukocyte rolling in WKY rats and 

increases adhering in SD and WKY rats 

Leukocyte recruitment within the hepatic microcirculation can be quantified as either the 

number of rolling or adhering leukocytes within major vessels. Leukocytes are considered to 

be rolling is they temporarily interact (<20 secs) with the endothelium of the central vein (CV). 

A Kruskal Wallis test revealed that there was a significant change in leukocyte rolling and 

adhering in the liver [χ5
2 = 21.180, p<0.001] (Fig 6.3 a). Subsequent Mann Whitney U tests 

identified that WKY saline treated rats display a significant increase in leukocyte rolling when 

compared to SD saline treated comparators (p<0.05) (Fig 6.3 a). Furthermore, LPS/GalN 

significantly reduced rolling in WKY rats 2 and 4 hr post-injection when compared to WKY 

saline treated animals [WKY 2hr: U=0.000, p<0.01; WKY 4hr: U= 0.000, p<0.05]. LPS/GalN 

significantly decreased leukocyte rolling 4 hr post-injection when compared to SD counterparts 

(p<0.05). LPS/GalN did not alter leukocyte rolling in SD rats (Fig. 6.3a). 

Leukocytes are considered to be adhering when they interact (>20 sec) with the endothelium 

of the CV segment. A Kruskal Wallis test revealed that there was a significant change in 

leukocyte adhering in the liver [χ52 = 22.408, p<0.001] (Fig. 6.3b). LPS/GalN significantly 

increased leukocyte adhering in both SD 2hr (p<0.01) and 4hr (p<0.01) WKY rats 2hr (p<0.01) 

and 4hr (p<0.05) when compared to saline treated counterparts. However, there was no 

difference in this increase between SD and WKY rats (p>0.05) (Fig. 6.3b). 
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Figure 6.3 Effect of LPS/GalN on leukocyte a) rolling and b) adhering on blood vessel walls 

in the liver. Data expressed as mean ± SEM (n=4-7). **p<0.01 vs SD saline control; +p<0.05 

++p<0.01 vs WKY saline control; #p<0.05 vs SD counterpart. 
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6.3.4 LPS/GalN did not significantly alter sinusoidal or blood vessel diameter 

Constriction of blood vessels (BV) and shutting down of hepatic sinusoidal circulation have 

been associated with deterioration of liver function and liver disease (Iwakiri et al., 2014). In 

general, minimal differences were detected in both blood vessel and sinusoidal diameters 

following LPS/GalN treatment in SD and WKY rats. A Two-way ANOVA revealed that there 

was no significant difference of significant effect of strain [F (1, 28) = 0.007, p>0.05] or treatment 

[F (1, 28) = 0.289, p>0.05] on sinusoidal diameter (Fig. 6.4a). BV diameter also showed a trend 

for a decrease 2hr post LPS/GalN in WKY rats however a two-way ANOVA revealed no 

significant effect of strain [F (1, 29) = 0.487, p>0.05] or treatment [F (1, 29) = 0.267, p>0.05] on 

BV diameter (Fig. 6.4b). 
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Figure 6.4 Effect of LPS/GalN on diameters of a) sinusoids and b) blood vessels in the liver. 

Data expressed as mean ± SEM (n=4-7).  
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6.3.5 LPS/GalN did not significantly alter red blood cell (RBC) velocity or sinusoidal 

blood flow  

This study evaluated the microcirculatory changes that may be associated with LPS/GalN-

induced liver injury by means of FITC-labelled RBC to measure the velocity of flow and 

whether lobules were perfused in vivo. Although there was a trend for a reduction in RBC 

velocity in the sinusoids of saline treated WKY rats, a two-way ANOVA revealed that there 

was no statistically significant effect of strain [F (1, 28) = 0.895, p>0.05] or treatment [F (1, 28) = 

1.687, p>0.05] on RBC velocity in the sinusoids (Fig. 6.5a).Similarly, although there was a 

non-significant trend for a decrease in volumetric blood flow in the sinusoids, a two-way 

ANOVA also revealed that there was no significant effect of strain [F (1, 28) = 0.150, p>0.05] or 

treatment [F (1, 28) = 0.145, p>0.05] on volumetric blood flow (Fig. 6.5b).  

In addition, although no change was found in sinusoidal blood flow in perfused sinusoids, 

LPS/GalN administration was accompanied by sinusoidal perfusion failure in both SD and 

WKY rats (Fig 6.6& 6.7). Qualitative analysis of IVM videos identified well perfused sinusoids 

in saline treated control SD and WKY rats. SD and WKY rats show an decrease in the number 

of perfused sinusoids 2hr post LPS/GalN (Fig 6.7 C&D). 4hr post LPS/GalN, WKY rats were 

observed to have a substantial increase in bleeding associated with major congestion of the 

sinusoids, while SD rats show similar results to their 2hr counterparts (Fig 6.7 E&F). 
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Figure 6.5 Effect of LPS/GalN on diameters of a) RBC velocity and b) volumetric blood flow 

in the sinusoids. Data expressed as mean ± SEM (n=4-7).  
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Figure 6.6 Effect of LPS/GalN on sinusoidal perfusion (x10 magnification). Representative images (x200; bar represents 100µm) of hepatic 

sinusoids following injection of FITC-labelled RBCs. A) SD saline, B) WKY saline treated controls, C) SD and D) WKY rats 2hr post LPS/GalN, 

E) SD and F) WKY 4hr post LPS/GalN. Sinusoids not perfused (arrows) and massive congestion of sinusoids (circle). 
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Figure 6.7 Effect of LPS/GalN on sinusoidal perfusion (x20 magnification). Representative images (x200; bar represents 100µm) of hepatic 

sinusoids following injection of FITC-labelled RBCs. A) SD saline, B) WKY saline treated controls, C) SD and D) WKY rats 2hr post LPS/GalN, 

E) SD and F) WKY 4hr post LPS/GalN. Sinusoids not perfused (circle) and massive congestion of sinusoids (arrows).
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6.3.6 Increased bisbenzimide staining and microvascular injury following LPS/GalN 

The fluorescent dye bisbenzimide (Hoechst 33342) rapidly permeates cells and binds to the 

minor groove of DNA in nuclei. Thus, Ho33342 is used to detect viable cells and early 

apoptotic cells (Crowley et al., 2016). This study identified homogeneous uptake of Ho33342 

in saline treated SD and WKY rats and that there was no obvious difference between strains 

(Fig 6.8 A&B). Furthermore, normal hepatic cord structure was identified in both strains 

treated with saline (Fig. 6.9 A&B). 2 hr post administration LPS/GalN, on the other hand, 

resulted in hyper-fluorescent staining of hepatocyte nuclei indicating apoptosis predominantly 

in periportal areas in SD and WKY rats (Fig. 6.8 C&D). Differences in hepatocyte apoptosis 

and microvascular perfusion were apparent between strains 4hr post LPS/GalN (Fig. 6.8 E&F). 

Although, hyper-fluorescent nuclei were present in both strains (Fig. 6.9 E&F), there were 

greater areas of poorly perfused periportal sinusoids accompanied by absence of bisbenzimide 

staining in WKY rats (Fig. 6.9 F) 
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Figure 6.8 Effect of LPS/GalN on in vivo cell death (x10 magnification). Representative images (x100; bar represents 200µm) of hepatic lobules 

under UV filter following bisbenzimide (Ho33342) staining of A) SD saline, B) WKY saline, C) SD and D) WKY rats 2hr post LPS/GalN, E) SD 

and F) WKY 4hr post LPS/GalN. Normal distribution of hepatic cords observed in saline control livers (A-B). Treated livers display increased 

hyper-fluorescent hepatocyte nuclei (arrows), clusters of hyper-fluorescent nuclei (circles) and large areas of poorly perfused periportal sinusoids 

accompanied by an absence of bisbenzimide staining (*). 
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Figure 6.9 Effect of LPS/GalN on in vivo cell death. Representative images (x200; bar represents 100µm) of hepatic lobules under UV filter 

following bisbenzimide (Ho33342) staining of A) SD saline, B) WKY saline, C) SD and D) WKY rats 2hr post LPS/GalN, E) SD and F) WKY 

4hr post LPS/GalN. LPS/GalN livers display increased hyper-fluorescent hepatocyte nuclei (arrows), clusters of hyper-fluorescent nuclei (circles) 

and large areas of poorly perfused periportal sinusoids accompanied by absence of bisbenzimide staining (*). 
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6.4 Discussion 

Based on the data in previous chapters (chapters 4&5), identifying the difference in 

inflammatory response and resultant greater liver injury induced by LPS/GalN in WKY rats, 

this study investigated if changes in microcirculatory mechanisms could be involved. The 

results of the present chapter demonstrates that both SD and WKY rats displayed an increase 

in hepatic pro-inflammatory cytokine expression and this was associated with a significant 

increase in adhesion molecules VCAM-1 and ICAM-1 2hr post LPS/GalN (experiment1). 

Experiment 2 evaluated microcirculatory changes, leukocyte-endothelial cell interaction and 

hepatic cell death using IVFM. No significant difference in sinusoidal diameter or blood flow 

in perfused sinusoids was found in either strain however, WKY rats displayed sinusoidal 

perfusion failure 4hr post LPS/GalN to a greater extent than their SD counterparts. This was 

also associated with altered leukocyte-endothelial cell interaction. Thus taken together, the 

results indicate that the WKY strain has a heightened inflammatory response 2hr post 

LPS/GalN and that this may drive the hepatocellular damage and sinusoidal perfusion failure 

seen 4hr post LPS/GalN. Alternatively, the WKY rats could have a greater susceptibility to 

hepatocellular damage cause by GalN which then further aggravates the inflammatory response 

and sinusoidal perfusion failure. 

Similar to previous results in the literature LPS/GalN was associated with a significant increase 

in hepatic mRNA expression of pro-inflammatory cytokines TNF-α, IL-6 and IL-1β (He et al., 

2001; Liu et al., 2008b; Wu et al., 2014b; Ma et al., 2015). Moreover, hepatic mRNA levels of 

TNF-α and IL-6 are significantly higher in WKY rats and there is a trend (non-significant) for 

an increase in IL-1β in WKY rats compared to SD 2hr post LPS/GalN. Thus, similar to data 

presented in this thesis (chapter 4&5), the data herein reconfirmed that WKY rats display a 

heightened inflammatory response following LPS/GalN when compared to SD rats. Cytokines 

have previously been shown to be responsible for the upregulation of adhesion molecules 
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following LPS/GalN (Essani et al., 1995). VCAM-1 and ICAM-1 are involved in leukocyte 

transmigration to inflammatory sites [for review see (Muller, 2013)] and play an important role 

in the inflammatory process. The data herein demonstrated that LPS/GalN causes an increase 

in adhesion molecules VCAM-1 and ICAM-1 in both strain rats 2hr post injection. The results 

are consistent with previous studies which demonstrated an increase in VCAM-1 and ICAM-1 

in the liver following LPS/GalN (Essani et al., 1995; Jones et al., 1999; Pritchard et al., 2007; 

Peng et al., 2014). Interestingly, although we identified that expression of hepatic cytokines is 

significantly higher in WKY rats following LPS/GalN when compared to SD, the expression 

of VCAM-1 and ICAM-1 in the liver are not statistically different between strains. This 

indicates a comparable capacity for mRNA synthesis of these adhesion molecules in both 

strains at this time point.  

As post mortem results in experiment 1 indicated that WKY display elevated cytokine 

expression but similar expression of adhesion molecules following LPS/GalN administration 

when compared to SD, we wanted to further investigate LPS/GalN effects in vivo using IVFM. 

Substantial mechanistic data on changes in hepatic microvasculature, liver structure and the 

immune responses has been established in various models of liver damage using IVFM 

including hepatic I/R (Mabuchi et al., 2009), partial hepatectomy (Marlini et al., 2016), CCL4-

induced cirrhosis (Vollmar et al., 1998) and LPS/GalN liver injury (Eipel et al., 2007). 

Leukocyte recruitment is a vital part of the inflammatory process. Inflammation results in the 

release of mediators such as cytokines which can act a chemoattractant for immune cells to the 

site of injury (Ala et al., 2003). Leukocyte extravasation is a well-established multi-step 

mechanism involving the capture, rolling strong adherence and finally migration into the 

interstitial space between endothelial cells (Ala et al., 2003; Granger, 2010; Muller, 2013). Our 

data revealed that WKY rats have a significantly elevated number of rolling leukocytes in 

saline treated animals when compared to SD rats. Leukocyte rolling was established as 
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interaction of the cell with the endothelial wall of post sinusoidal venules (or central venules) 

in the liver for <20 seconds. This study showed a reduction in rolling leukocytes in WKY rats 

following LPS/GalN administration over time and this corresponded with an increase in 

leukocytes adhering to the endothelial wall. Interestingly, the SD rat strain did not display a 

similar effect. Although the primary site for extravasation into tissue would be in the sinusoids, 

leukocyte recruitment in the post sinusoidal venules has been identified to play an important 

role and initiative event in the intensification of hepatic injury (Chosay et al., 1997). Overall, 

these data indicated that the WKY rat strain have reduced leukocyte rolling over time in this 

model. Thus, it could be possible that LPS/GalN altered the expression of selectin adhesion 

molecules which are responsible for rolling (Ala et al., 2003), however, further studies into this 

are required. The next step in leukocyte migration to an inflammatory site is adhering to the 

endothelial cell wall of the post sinusoidal venules via adhesion molecules (such as VCAM- 

and ICAM-1), before undergoing transendothelial migration into the tissue. Here, we 

demonstrated that LPS/GalN resulted in approximately a 5 fold increase in adherent leukocytes 

to the endothelial wall, similar to previous studies (Eipel et al., 2007; Le Minh et al., 2007). 

Furthermore, this increase in leukocyte adherence following LPS/GalN was not statistically 

significant between strains which correlates with the increase in adhesion molecules VCAM-1 

and ICAM-1 2hr post LPS/GalN in experiment 1. Although we identified a heightened 

expression of pro-inflammatory cytokines, these did not correlate to an increase in leukocyte-

endothelial adherence or changes in adhesion molecules between strains. It is possible that 

these could be altered between strains at later time points. Furthermore, it is possible that the 

interplay between these hepatic cytokines and migration of leukocytes can affect normal 

functioning of other cell types involved in hepatic microcirculation in this model. 

Previous work in this thesis has shown that congestion of the sinusoids is a hallmark of 

LPS/GalN-induced liver injury (chapters 4&5). Here we demonstrated that hyper-fluorescent 
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nuclei were present in both strains 2hr post LPS/GalN and this was associated with a reduction 

in sinusoidal perfusion. Although in previous studies in this thesis we demonstrate no 

significant liver injury 2hr post LPS/GalN in either strain of rat (chapter 5), this chapter 

demonstrates that both apoptosis and initial suppression of microcirculatory perfusion is 

present 2hr post LPS/GalN. These results imply that these functional changes may occur prior 

to the cellular damage in this model. Furthermore, our data indicated that WKY rats displayed 

a greater sinusoidal perfusion failure associated with increased hepatocyte apoptosis 4hr post 

LPS/GalN compared to SD counterparts. However, we further showed that the greater area of 

poorly perfused periportal sinusoids was accompanied by absence of bisbenzimide staining in 

WKY rats 4hr post. Interestingly, this loss in functional sinusoidal density did not alter blood 

flow in neighbouring functional sinusoids. These results are consistent with previous work 

carried out in mice which demonstrated a progressive increase in hepatocyte cell death 

associated with a remarkably decreased microvascular perfusion 6hr post LPS/GalN 

administration (Eipel et al., 2007; Le Minh et al., 2007). Taken together, the data suggests that 

the WKY have greater dysfunction in sinusoidal perfusion following LPS/GalN which may be 

due to increased cytokines produced in response to LPS/GalN. However, given that there are a 

host of cell-cell interactions in the sinusoids, one cannot exclude the involvement of other 

mediators in the development of LPS/GalN liver injury at these early stages. 

6.4.1 Conclusion 

Taken together, this study demonstrates that the stress sensitive WKY rat strain display a 

heightened inflammatory response to LPS/GalN compared to SD. However, this was not 

associated with a higher expression of adhesion molecules in the liver. Furthermore, IVFM 

analysis of the liver revealed characteristic features of acute liver failure in LPS/GalN including 

intrahepatic white blood cell accumulation and sinusoidal perfusion failure. However, greater 

hepatocellular injury and sinusoidal perfusion failure was seen in the WKY rat strain, thus this 
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may be a driving force for the exacerbated LPS/GalN-injury seen in this strain. Overall, this 

study demonstrates, for the first time, microcirculatory and leukocyte-endothelial interactions 

in the WKY rat strain in early development of LPS/GalN liver injury.   
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Chapter 7 

Stress-induced alterations in hepatic 

endocannabinoid system prior to and following 

LPS/GalN-induced liver injury   
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7.1 Introduction 

The endocannabinoid system is expressed throughout the body and has been demonstrated to 

play a critical role in the modulation of a host of physiological functions including 

inflammation, cardiovascular responses, GI function, and activity of the central nervous system 

(CNS) [for reviews see (Massa et al., 2006; Di Marzo et al., 2011; Witkamp et al., 2014; 

O’Sullivan, 2015; Kendall et al., 2016)]. As highlighted in the introduction to this thesis, the 

two main and most well characterised endocannabinoids in the body are- AEA and 2-AG, 

which mediate much of their biological effects by activating the cannabinoid receptors; CB1 

and CB2. Thus there has been increased interest over the past decade in gaining greater 

understanding on the physiological role of these endocannabinoids and their receptors and thus 

as novel therapeutic targets for a variety of diseases and disorders. 

Data in the results chapters to date have demonstrated that stress (physical and genetic) 

exacerbates acute liver injury. Increasing evidence has highlighted a bidirectional interaction 

between stress and the endocannabinoid system (Finn, 2010; Hill et al., 2010). For example, 

endocannabinoid s have been shown to decrease corticosterone levels enhanced by acute stress 

(Surkin et al., 2018) while acute restraint stress enhances endocannabinoid function in the 

hippocampus of rats (Wang et al., 2012). In comparison, chronic restraint or immobilization 

stress has been shown to impair endocannabinoid signaling in the paraventricular nucleus of 

the hypothalamus (Wamsteeker et al., 2010). Overall, the general consensus is that stress 

exposure in several stress paradigms reduces levels of AEA, increases levels of 2-AG, increases 

FAAH activity and chronic stress and in particular, results in the downregulation of CB1 

receptors in several brain regions [for review see (Morena et al., 2016)]. However, little work 

to date has been carried out on stress-related changes in the endocannabinoid system in the 

liver. 
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In addition to the impact of physical stressors on the endocannabinoid system, several lines of 

evidence have demonstrated that the endocannabinoid system is altered in the genetically 

stress-sensitive WKY rat strain. For example, AEA levels in the frontal cortex and 

hippocampus are reduced while expression and activity of the primary AEA degradation 

enzyme FAAH are increased in WKY rats (Vinod et al., 2012). Furthermore, WKY rats display 

a significant reduction in AEA and 2-AG levels in the rostral ventromedial medulla and a 

reduction in the genes encoding for their synthesizing enzymes when exposed to an 

inflammatory pain stimulus (Rea et al., 2014). In addition, expression of FAAH in the 

lateral periaqueductal grey of WKY rats is reduced when compared to SD rats (Okine et al., 

2017). Thus, the published data to date indicate alterations in the endocannabinoid system in 

the brain of WKY rats, however it is unknown whether alterations also exist peripherally in the 

hepatic endocannabinoid system. 

In the liver, the endocannabinoid system has been identified as an important regulator of 

hepatic haemodynamics (Basu et al., 2014), lipid metabolism and fibrogenesis [for review see 

(Tam et al., 2011; Mallat et al., 2013)]. Endocannabinoids are produced in the liver by non-

parenchymal cells and hepatocytes and under normal physiological conditions levels of the 

endocannabinoid s are very low (Julien et al., 2005; Teixeira-Clerc et al., 2006). However there 

has been increased attention over the past decade on the role of the endocannabinoid  system 

in mediating the pathophysiology associated with chronic and acute liver diseases for example 

alcoholic liver disease (ALD) (Jeong et al., 2008) and cirrhosis (Caraceni et al., 2010). Data 

has revealed that circulating and tissue levels of AEA and/or 2-AG are increased, as well as an 

upregulation of cannabinoid receptors, in various liver pathologies (Jeong et al., 2008; Caraceni 

et al., 2010; Dai et al., 2017). AEA has been shown to be produced by Kupffer cells and 

lymphocytes and 2-AG is produced by hepatocytes and hepatic stellate cells (Mallat et al., 

2013). Furthermore, CB1 and CB2 levels have been shown to be significantly elevated 1 week 
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post liver fibrosis induced by CCl4 in mice (Mai et al., 2015). It has been demonstrated that 

genetic deletion or pharmacological inhibition of CB1 receptors in hepatocytes results in the 

loss of hepatic lipogenesis and synthesis of fatty acids, thus providing evidence for a role of 

presence of CB1 in the liver (Osei-Hyiaman et al., 2005). Furthermore, activation of CB1 

receptors in the liver has been reported to contribute to hepatocyte cell death and fibrogenesis, 

thus resulting in liver injury (Teixeira-Clerc et al., 2006). In contrast to the detrimental effects 

of CB1 receptor activation on liver function, activation of CB2 receptors has been shown to have 

anti-inflammatory/anti-fibrogenic properties and reverse injury in models of cirrhosis (Julien 

et al., 2005), NAFLD and ALD (Louvet et al., 2011). Furthermore, CB2-/- mice were seen to 

develop enhanced fibrosis in response to CCl4-induced injury compared to wild type mice 

(Julien et al., 2005). The model of livery injury used in this thesis is the LPS/GalN acute model 

of liver injury and to our knowledge only two studies have investigated the effect of 

cannabinoids in this model. Systemic administration of the CB2 agonist JWH133 was found to 

significantly attenuate LPS/GalN-induced liver injury and significantly improving mortality 

rate in mice (Tomar et al., 2015). Furthermore, enhancing 2-AG tone following the 

administration of the MAGL inhibitor JZL184 significantly reduces LPS/GalN-induced liver 

injury in mice (Cao et al., 2013). Thus, increasing 2-AG tone and activation of CB2 receptors 

elicits protective effects in the LPS/GalN model of liver injury.  

Our previous data (Chapters 4 and 5) have demonstrated that stress, be it genetic (WKY) or 

physical (restraint), exacerbates acute liver injury induced by LPS/GalN administration. Given 

the mounting evidence for a role of the endocannabinoid system in stress modulation and liver 

disease, it is possible that stress-induced exacerbation of LPS/GalN acute liver injury may be, 

in part, mediated by alterations in the hepatic endocannabinoid system. 
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Hypothesis: Based on the data, I hypothesised, that stress (physical and genetic susceptibility) 

results in alterations in the hepatic endocannabinoid system, effects which underlie the 

exacerbated livery injury following LPS/GalN administration. 

Therefore, the aims of the studies described in this chapter were to: 

1. Examine the effect of chronic restraint stress on hepatic endocannabinoid levels in 

normo-stress sensitive SD rats and the stress-sensitive WKY rat. 

 

2. Examine the effect of chronic restraint stress on endocannabinoid levels following 

LPS/GalN-induced liver injury in SD and WKY rats. 

 

3. Examine the effect of LPS/GalN-induced acute liver injury on endocannabinoid levels 

and expression of components of the endocannabinoid system in SD and WKY rats.  
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7.2 Materials and methods 

7.2.1 Animals 

The following experiment was carried out in male Sprague-Dawley and Wistar Kyoto rats 

(weight 250-350g, Envigo, Blackthorn, UK). The rats were singly housed for approximately 4 

days prior to experimentation in clear plastic bottomed cages (48cm x 20cm x 27cm)  had free 

access to both food and water and were kept under a standard 12:12 light cycle (07:00hr-

19:00hr) at a constant temperature (21±2ᵒC). Animals were habituated to handling prior to 

testing and weighed daily. All experimental tests were carried out in accordance with the 

guidelines of the Animal Care and Research Ethics Committee, National University of Ireland, 

Galway under licence from the HPRA and in compliance with the European Communities 

Council directive 2010/63/EU. 

 

7.2.2 Experimental design 

7.2.2.1 Experiment 1: The effect of chronic restraint stress on endocannabinoid levels in 

the liver in SD and WKY rats 

Rats were randomly assigned to one of four test groups: non-stressed (NS)-SD (n=8), NS-WKY 

(n = 8), restraint stress (RS)-SD (n=8) and RS-WKY (n=8). Non-stressed (NS) control animals 

were removed from their cage, weighed and handled daily while the restraint stress (RS) groups 

were placed in a plastic restrainer for 2 hr/day for 10 consecutive days. The restraint procedure 

was preformed between 8am and 1:30pm over the 10 day period. Immediately following the 

last stress exposure, all animals were anaesthetized using Isoflurane. Segments of liver were 

weighted and snap-frozen on dry ice and stored at -80ºC until assayed for endocannabinoid and 

N-acylethanolamine levels (for N-acylethanolamine data see appendix 14). 
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7.2.2.2 Experiment 2: The effect of chronic restraint stress on endocannabinoid levels 

following LPS/GalN-induced liver injury in SD and WKY rats  

Rats were randomly assigned to one of four test groups: NS+LPS/GalN-SD (n=8), 

NS+LPS/GalN-WKY (n=8),   RS+LPS/GalN- SD (n=8) or RS+LPS/GalN- WKY. RS and NS 

procedure was as previously described. Immediately following the last stress exposure, all 

animals were administered a single i.p injection of LPS/GalN (20µg/kg LPS+200mg GalN/kg, 

injection volume of 2ml/kg) and animals sacrificed 2 hr later. Segments of liver were weighted 

and snap-frozen on dry ice and stored at -80ºC until assayed for endocannabinoid and N-

acylethanolamine levels (for N-acylethanolamine data see appendix 15). 

 

7.2.2.3 Experiment 3: The effect of LPS/GalN administration on expression of 

cannabinoid receptors and endocannabinoid levels in the liver in SD and WKY rats 

SD and WKY rats were habituated to handling and received intraperitoneal (i.p.) injection of 

0.89% NaCl sterile saline 1 day prior to experimentation in order to minimize the effect of the 

injection procedure on biological endpoints. Lipopolysaccharide (Escherichia coli, serotype 

0111:B4) and D-galactosamine hydrochloride (Sigma-Aldrich, Ireland, Ltd) were dissolved in 

0.89% sterile saline. Rats were injected with a single injection of 20μg/kg LPS+200mg/kg 

GalN or saline (n=8/group) and sacrificed 6 and 24 hr post LPS/GalN or saline injection. 

Segments of liver were weighted and snap-frozen on dry ice and stored at -80ºC until assayed 

for mRNA expression of endocannabinoid related genes, endocannabinoid and N-

acylethanolamine levels (for N-acylethanolamine data see appendix 16). 
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7.2.3 Statistical Analysis  

All data are presented as means ± standard error of the mean (SEM). All statistical analyses 

were carried out using SPSS (IBM SPSS Statistics v21 for Microsoft Windows; SPSS Inc., 

Chicago IL, USA). Normality and homogeneity of variance was assessed using Shapiro-Wilk 

and Levene test. Data were analysed using a two-way analysis of variance (ANOVA) followed 

by Student-Newman Keuls (SNK) and LSD post-hoc tests to identify where the differences 

were. Where the data were non-parametric, a Kruskal Wallis ANOVA was carried out followed 

by subsequent Mann Whitney U tests to identify the differences between treatment groups. The 

significance level was set at p<0.05. Graphs were constructed using GraphPad prism software 

for Windows version 6.07 (GraphPad Software, La Jolla, CA, USA). 

  



202 

 

7.3 Results 

7.3.1 Experiment 1: Restraint stress significantly increase levels of anandamide in the 

liver of SD and WKY rats 

The aim of this experiment was to investigate if endocannabinoid levels were altered by chronic 

restraint stress in SD and WKY rats. A Kruskal Wallis ANOVA revealed a significant effect 

of group on levels of anandamide (AEA) in the liver [χ2
3 = 18.504, p<0.001] immediately after 

last stress exposure. Mann Whitney U tests identified that restraint stress increases AEA levels 

in the liver in both SD and WKY [U=0.000, p<0.01], an effect not altered by strain (p>0.05) 

(Fig. 7.1a). In comparison, a two way ANOVA revealed a significant effect of group on 2-AG 

levels in the liver [F (3, 22) = 3.296, p<0.05]. Post hoc analysis showed that restraint stress 

increases levels of 2-AG in WKY rats only (p<0.05) (Fig 7.1b). 
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Figure 7.1 The effect of chronic restraint stress on AEA and 2-AG levels in the liver of SD 

and WKY rats. Data expressed as mean ± SEM (n=6-8 per group). **p<0.01 vs NS-SD; 

+p<0.05, ++ p<0.01 vs NS-WKY; p=0.074 vs RS-SD counterparts. 
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7.3.2 Experiment 2: LPS/GalN did not further increase endocannabinoid levels in the 

liver 2hr post administration in SD or WKY rats 

This study investigated the effect of LPS/GalN administration on endocannabinoid levels in 

WKY and SD rats, and if these are altered by prior chronic restraint stress. Two-way ANOVA 

revealed an effect of strain [F (1, 22) = 10.483, p<0.001] but not stress [F (1, 22) = 0.042, p>0.05] 

on hepatic AEA levels. Post hoc analysis shows that hepatic levels of AEA are significantly 

lower in WKY rats following when compared to SD counterparts (p<0.05) (Fig 7.2a). Although 

there is a slight trend for an increase in hepatic levels of 2-AG, this was not statistically 

significant in either strain (p>0.05) (Fig 7.2b).  
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Figure 7.2 The effect of NS+LPS/GalN and RS+LPS/GalN in SD and WKY rats 2 hr post 

injection on a) AEA and b) 2-AG levels in the liver. #p<0.05 vs SD counterparts. Dotted line 

represents saline treated controls. 
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7.3.3 Experiment 3: LPS/GalN significantly increases endocannabinoid levels and 

reduces expression of degrading enzymes in WKY rats 

Given that stress-induced exacerbations of liver injury following LPS/GalN administration 

were observed 6 and 24hrs following administration (Chapter 4), this experiment examined if 

the hepatic endocannabinoid system was altered accordingly at these time points. A Kruskal 

Wallis ANOVA revealed a significant effect of group on AEA [χ2
5 = 20.622, p<0.01] and 2-

AG [χ2
5 = 28.180, p<0.01]. Subsequent post hoc analysis showed that WKY rats displayed a 

significantly lower levels of AEA in the liver (p<0.01) and a non-significant trend for an 

increase in 2-AG levels (p = 0.059), (Fig. 7.3a) when compared to SD counterparts (p<0.01). 

Hepatic levels of AEA were significantly increased 6 hr post LPS/GalN administration in both 

SD and WKY rats compared to saline controls. Although AEA levels returned to baseline 

values 24hr following LPS/GalN administration in SD rats, levels remained elevated in the 

liver of WKY rats at the same time-point.  

Levels of 2-AG were significantly elevated in both SD and WKY rats 6 and 24hr post 

LPS/GalN administration when compared to saline counterparts (Fig 7.3b). However, hepatic 

2-AG levels were potentiated in WKY rats at both time points following LPS/GalN when 

compared to SD counterparts (WKY 6/24hrs vs SD 6/24hrs; p<0.05).  In addition, the levels 

of 2-AG continue to increase 24 hr post administration of LPS/GalN in WKY rats (p<0.01) 

while SD rats return close to baseline levels (Fig. 7.3a, b).  

The endocannabinoid AEA is primarily broken down by the enzyme FAAH while 2-AG is 

primarily broken down by the enzyme MAGL. A Kruskal Wallis ANOVA identified a 

significant effect of group on mRNA expression of FAAH [χ2
5 = 34.256, p<0.001] while a two-

way ANOVA revealed a significant effect of both strain [F (1, 39) = 14.229, p<0.01] and 

treatment [F (1, 39) = 70.721, p<0.001] on MAGL expression in the liver. WKY rats exhibit a 
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reduced hepatic mRNA expression of FAAH when compared to SD counterparts (p<0.01). 

Expression of these degrading enzymes for AEA (FAAH) and 2-AG (MAGL) are significantly 

reduced at both 6 and 24 hr post LPS/GalN administration in WKY rats compared to saline 

controls and SD counterparts (p<0.01) (Fig. 7.3c, d). Although there is an initial decrease in 

both FAAH and MAGL expression in SD rats (p<0.01) when compared to saline controls, 

neither FAAH nor MAGL expression displayed a further decrease at 24 hr in SD rats as seen 

in the WKY rat strain (Fig. 7.3c, d). 
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Figure 7.3 The effects of LPS/GalN administration on a) AEA, b) 2-AG levels and expression 

of degrading enzymes c) FAAH and  d) MAGL in liver tissue in SD and WKY rats 6 and 24 

hr post injection. * p <0.05 ** p <0.01 vs SD saline control; + p<0.05 ++ p <0.01 vs WKY 

saline control; p =0.064 ^ p <0.05 vs SD6 hr; ## p <0.01 vs SD 24hr. Data expressed as mean 

± SEM (n=6-8). 



206 

 

7.3.4 LPS/GalN significantly decreases CB1 expression levels in the liver of WKY rat 24 

hr post administration 

Two-way ANOVA revealed a significant effect of strain [CB1: F (1, 39) = 45.606, p<0.001] and 

treatment [CB1: F (1, 39) = 23.047, p<0.001] on hepatic CB1 receptor gene expression (Fig. 7.4a, 

b). Post hoc analysis identified that CB1 receptor gene expression in the liver of saline treated 

WKY rats is significantly decreased compared to SD counterparts (p<0.01). Expression of CB1 

receptors in SD rats was significantly decreased 6 and 24 hr post LPS/GalN administration 

compared to saline controls (Fig. 7.4a) (p<0.01), an effect only seen at 24hr in the WKY strain 

(p<0.05). Western blot analysis revealed that LPS/GalN significantly alters CB1 protein 

expression [χ5
2= 14.403, p<0.05]. Analysis revealed a significant reduction in CB1 protein 

expression in WKY rats 24 hr post LPS/GalN when compared to saline controls (p<0.01) and 

SD counterparts (p<0.05), (Fig. 7.4b). WKY rats exhibited a significant reduction in CB1 

receptor expression 6 hr post LPS/GalN when compared to SD counterparts (p<0.01). 
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Figure 7.4 Effect of LPS/GalN on hepatic mRNA expression of endocannabinoid receptor 

expression. a) CB1 mRNA expression, b) CB1 protein expression and c) representative Western 

blot of CB1 protein expression. *p<0.05 **p<0.01 vs SD saline control; + p<0.05 ++p<0.01 vs 

WKY saline control; ^^ vs SD 6hrs; # p<0.05 vs SD 24hr. Data expressed as mean ± SEM 

(n=6-8). 

 

 

  



208 

 

7.3.5 LPS/GalN significantly decreases CB2 mRNA expression in the liver of SD rat 24 hr 

post administration 

Two-way ANOVA revealed a significant effect of strain [CB2: F (1, 39) = 4.602, p<0.05] and 

treatment [CB2: F (1, 39) = 7.626, p<0.01] on hepatic CB2 receptor gene expression (Fig. 7.5a). 

Post hoc analysis identified that CB2 receptor gene expression in the liver of saline treated 

WKY rats is significantly decreased compared to SD counterparts (p<0.05). CB2 receptor 

expression was reduced 24 hr post LPS/GalN administration in SD rats (p<0.05), an effect not 

seen in WKYs (Fig. 7.5a).  

Preliminary data by western blot analysis revealed that there was no significant effect of strain 

[F (1, 20) = 1225.458, p>0.05] or LPS/GalN treatment [F (1, 20) = 152.977, p>0.05] on CB2 protein 

expression (Fig. 7.5b).  
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Figure 7.5 Effect of LPS/GalN on hepatic mRNA expression of endocannabinoid receptor 

expression. a) CB2 mRNA expression (n=6-8), b) CB2 protein expression (n=3-4) and c) 

representative Western blot of CB2 protein expression. *p<0.05 vs SD saline control. Data 

expressed as mean ± SEM. 
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Table 7.1 Summary of hepatic endocannabinoid changes in SD and WKY rats 

  Changes following RS 

Experiment 1 

Parameter SD-RS WKY-RS 

AEA  ↑ ↑ 

2-AG ↑ n/s ↑ 

OEA ↑ ↑ n/s 

Experiment 2 No changes 

 

Experiment 3 

Parameter 
Basal changes Changes following LPS/GalN 

 WKY vs SD SD LPS/GalN 6hr SD LPS/GalN 24hr WKY LPS/GalN 6hr WKY LPS/GalN 24hr 

AEA  ↓  ↑ - ↑ vs WKY saline 
↑ vs WKY saline; ↑ vs 

SD24hrs 

2-AG p=0.059  ↑ ↑ 
↑ vs WKY saline and 

6hr SD 

↑ vs WKY saline; ↑ vs 

SD24hrs 

OEA - ↑ - p=0.074 vs WKY 0hr 
↑ vs WKY saline; ↑ vs 

SD24hrs 

PEA - p=0.074 - ↑ vs WKY saline 
↑ vs WKY saline; ↑ vs 

SD24hrs 

CB1 (mRNA) ↓  ↓ vs SD saline ↓ vs SD saline - 
↓ vs WKY saline; ↓vs 

SD24hrs 

CB2 (mRNA) ↓  
no change vs SD 

saline 
↓ vs SD saline - - 

FAAH (mRNA) ↓  ↓ - ↓ ↓ 

MAGL (mRNA) - ↓ ↓ ↓ ↓ 

CB1 (protein) - ↑ - 
no change vs WKY 

saline; ↓vs SD6hrs 

↓ vs WKY saline; ↓vs 

SD24hrs 

↑ indicates an increase, ↓ indicates decrease; - indicates no change 
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7.4 Discussion  

The present study demonstrates that both a physical and genetic-susceptibility to stress is 

associated with alterations in the hepatic endocannabinoid system. Specifically, WKY rats 

exhibit a reduced hepatic AEA and expression of the metabolising enzyme FAAH, and also 

reduced expression of both CB1 and CB2 receptors when compared to SD counterparts at 

baseline. Chronic restraint stress significantly elevates levels of AEA in the liver of both SD 

and WKY rats, and although 2-AG levels in the liver were only elevated following chronic 

restraint stress in the WKY strain, a similar trend was also observed in SD rats. Thus, WKY 

rats exhibit an altered hepatic endocannabinoid system, but a capable of releasing 

endocannabinoid s in response to chronic restraint stress to a similar level as SD counterparts.  

Data from previous chapters demonstrated that LPS/GalN induced liver injury is exacerbated 

by RS and in WKY rats. The data presented in this chapter demonstrate that LPS/GalN 

administration is associated with an increase in 2-AG levels 2hrs post administration when 

compared to saline treated controls (Experiment 2) and both AEA and 2-AG levels 6hrs post 

administration (Experiment 3), an effect similar in both SD and WKY rats. However, 24hrs 

post administration of LPS/GalN, AEA and 2-AG levels remain elevated in WKY but not SD 

rats, indicating that that the altered release of endocannabinoid s in response to LPS/GalN may 

mediate the exacerbation of acute liver injury in these rats.   

Stress has repeatedly been shown to alter endocannabinoid levels. We have identified that in 

SD and WKY rats, chronic restraint stress results in increases in hepatic AEA levels in SD and 

WKY rats and increases in hepatic 2-AG levels in WKY rats (non-significant trend for increase 

in SD rats). Chronic restraint stress increases corticosterone (CORT) levels (chapter 3) and 

published data has shown that chronic CORT treatment in mice increases levels of AEA in the 

liver and serum an effect associated with a significant reduction in mRNA expression of the 

AEA degrading enzyme FAAH (Bowles et al., 2015).  In contrast, levels of 2-AG levels were 
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significantly reduced in the liver (Bowles et al., 2015). However, similar to the results in 

experiment 1, 10 days of repeated restraint stress has been shown to increase levels of 2-AG in 

the brain 20 minutes following stress (Patel et al., 2009). Thus it is possible that increasing 

CORT levels causes endocannabinoids to be released in several organs including the liver to 

cope with stress. Differential alterations in the endocannabinoid system have been observed 

following acute and chronic stress (Wamsteeker et al., 2010; Wang et al., 2012; Surkin et al., 

2018). In addition, these have also been shown to be organ specific. Therefore, altered 

endocannabinoid levels in the liver following restraint stress warrant further investigation.  

Although data from previous chapters demonstrated that LPS/GalN induced liver injury is 

exacerbated by RS and in WKY rats, data from experiment 2 identified that the presence of 

restraint stress in addition to LPS/GalN, did not alter endocannabinoid levels in the liver. 

Although we see increases in 2-AG 2hr post LPS/GalN injection in both SD and WKY rats 

when compared to basal levels, chronic RS does not alter these further. Although, similar to 

previous experiments, the WKY rat strain have lower levels of AEA when compared to SD 

counterparts, however, LPS/GalN alone or in the presence of RS does not increase levels in the 

liver. Therefore, it is possible that even though we see inflammatory changes at this time point 

(2 hr – Chapter 5), but no significant level of injury that the endocannabinoid system has not 

yet been fully mobilized in response. Therefore, it is possible that the dysregulation in the 

endocannabinoid system in the WKY rat may play a role in exacerbated injury at later time-

points. 

Previous studies have identified that WKY rats have an altered central endocannabinoid system 

(Vinod et al., 2012; Rea et al., 2014; Okine et al., 2017) and theses have been proposed to 

underlie their stress hyper-responsivity and hyper-responsiveness to pain. However, to our 

knowledge, this is the first time that the hepatic endocannabinoid system has been examined in 

WKY rats. Data presented in this chapter identifies that the WKY rat strain exhibit reduced 
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basal levels of hepatic expression of the metabolizing enzyme FAAH accompanied by a 

reduced expression of CB1 and CB2 receptors when compared to SD counterparts (Experiment 

3). Furthermore, in response to LPS/GalN, the WKY rats display a further reduction in 

expression of the CB1 receptors, FAAH and the 2-AG metabolizing enzyme MAGL. This is 

accompanied by a significant elevation in AEA and 2-AG levels. Overall, this altered 

endocannabinoid system in the WKY rat may account, in part, for the exacerbated liver injury 

in the model (Chapter 4). 

Due to the known interactions between immune function and the endocannabinoid  system 

(Pandey et al., 2009; Cabral et al., 2015), it is possible that with these changes in the 

endocannabinoid  system of the stress hypersensitive strain that they are incapable of regulating 

a proper immune response to LPS/GalN, thus resulting in an exaggerated immune response in 

these animals (see Chapter 4). It is well known that inflammation can induce endocannabinoid  

release and that this is in order to act in an immunosuppressive manner to modulate 

inflammation [For review see (Pandey et al., 2009)].  

In experiment 3, we identified that in response to LPS/GalN, both AEA and 2-AG levels are 

enhanced in the liver of both SD and WKY rats, an effect which likely is to reduce the 

inflammatory response to LPS/GalN and control the inflammatory state via activation of 

cannabinoid receptors. However, endocannabinoid levels in response to LPS/GalN are 

exaggerated and sustained in WKY rats, an effect accompanied by reduced expression of the 

metabolising enzymes and of CB1 and CB2 receptors. The decrease in the levels of the 

metabolising enzymes FAAH and MAGL may be responsible for the enhanced levels of the 

corresponding endocannabinoid, AEA and 2-AG respectively. While, several lines of evidence 

support that increasing endocannabinoid  levels can reduce TLR4-associated inflammation [for 

review see (McCoy, 2016)], it is possible that WKY rats are not capable of this following 
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LPS/GalN due to the corresponding decrease in expression (and as such activity) of CB1 and 

CB2 receptors.  

A significant elevation in circulating endocannabinoids and upregulation of cannabinoid 

receptors have been reported in various liver pathologies (Jeong et al., 2008; Caraceni et al., 

2010; Dai et al., 2017). In the liver hepatocytes, HSCs and Kupffer cells are capable of 

producing AEA, while 2-AG is produced by hepatocytes and HSCs (Jeong et al., 2008; Mallat 

et al., 2008). The data in experiment 3 demonstrates that both SD and WKY rats have a 

significant increase in hepatic levels of both AEA and 2-AG 6 hr following LPS/GalN. The 

hepatic levels of the endocannabinoid s return to normal levels in SD rats 24 hr post-LPS/GalN 

administration, however, levels in the WKY strain increase further compared to saline treated 

animals and SD comparators. It is possible that the difference in endocannabinoid  levels 

between SD and WKY rats 24hrs following LPS/GalN may be  due to the cells releasing high 

amounts of endocannabinoid s in an attempt  to reduce the amount of cellular injury in WKY 

rats or alternatively the greater cell damage observed in WKY rats results in increased release 

of endocannabinoids. Endocannabinoid-induced apoptosis has been documented in a variety 

of liver cells, primarily in HSCs and not hepatocytes, unless the hepatocytes are severely 

depleted of GSH (Siegmund et al., 2005; Siegmund et al., 2007). Previous data in this thesis 

identified that WKY rats so a decrease in GSH levels 24hr post-LPS/GalN (chapter 4). Given 

this, and the increase in endocannabinoid levels we see, it is possible that these 

endocannabinoids induce apoptosis in the WKY rats and thus a greater level of damage. 

Furthermore, our data demonstrates that the mRNA expression of the two primary enzymes 

responsible for the metabolism of AEA and 2-AG (FAAH and MAGL) are reduced in the liver 

of WKY rats. This significant decrease in both FAAH and MAGL expression could infer that 

the WKY rat strain are unable to efficiently break down the hepatic endocannabinoids, thus 

leading to the significant increase at 24 hr post LPS/GalN administration. Furthermore, over 
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expression of FAAH has been linked to being hepatoprotective (Siegmund et al., 2013). Given 

that the WKY rats have a decreased expression of FAAH coupled with an increase in AEA 

levels, it is possible that this decrease in FAAH expression could be linked to the increase in 

cell death in the liver, thus a greater injury observed in the WKY rat strain. Thus the data 

suggests that the WKY strain exhibit an altered endocannabinoid profile which could attribute 

to the enhanced apoptosis and more severe injury. This is the first time, to our knowledge, that 

CB1 and CB2 expression has been looked at in LPS/GalN-induced liver injury. Although 

several liver pathologies have reported an upregulation of these receptors, it is possible that the 

endocannabinoid induced apoptosis could be mediated in a receptor-independent manner. 

However, further studies would be required in order to investigate this. 

MAGL inactivation and enhancing 2-AG tone has been identified to attenuate hepatic injury, 

specifically the MAGL inhibitor JZL184 reduced liver injury caused by ischemia reperfusion, 

carbon tetrachloride and LPS/GalN (Cao et al., 2013). These studies confirmed that the 

hepatoprotective activity of MAGL inhibition exerts its effects by increasing 2-AG activation 

of CB2 signaling and ultimately protecting against hepatocyte apoptosis. The current data 

demonstrate that MAGL expression is reduced and 2-AG levels are elevated in the WKY 24 

hr following LPS/GalN administration. However, CB2 receptor mRNA expression is reduced 

in WKY rats and activation of CB2 receptors has been identified as mediating anti-

inflammatory effect of endocannabinoid s and protecting against liver injury (Mallat et al., 

2011; Tomar et al., 2015). Thus although 2-AG tone may be enhanced in WKY rats following 

LPS/GalN, a decrease in CB2 expression may impair its ability to elicit hepatoprotective effects 

in WKY rats and thus result, at least in part, for the exacerbated liver injury observed. Thus, it 

is possible that these alterations in the hepatic endocannabinoid system of the WKY rat could 

play a role in the exacerbation in liver injury in this model. However, we cannot rule out that 

changes in associated N-acylethanolamines (see appendix 14-16) or activity at other 
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endocannabinoid receptor targets may also play a role in exacerbations in LPS/GalN-induced 

liver injury in WKY rats.  

7.4.1 Conclusion 

Overall, the data presented in this chapter highlights that WKY rats exhibit altered levels and 

expression of various components of the hepatic endocannabinoid  system when compared to 

normo-stress sensitive SD counterparts. LPS/GalN induced liver injury is associated with 

increased release of hepatic endocannabinoids which return to basal levels by 24hrs (SD rat). 

However, the exacerbated liver injury in response to LPS/GalN in WKY rats is associated with 

persistent and sustained increases in endocannabinoid levels and associated changes in receptor 

and enzyme expression. Taken together, these changes may account for, at least in part, the 

inability to modulate the immune response to LPS/GalN and thus the exacerbation of liver 

injury in WKY rats. These data lay the ground work for further studies evaluating the role of 

the endocannabinoid system in the interaction between stress and liver disease.  
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Chapter 8 

Investigation of the role of cannabinoid 

receptors in the modulation of LPS/GalN-

induced liver injury and its exacerbation in the 

WKY rat 
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8.1 Introduction 

Mounting evidence supports the role of the endocannabinoid system in the pathophysiology of 

acute and chronic liver pathologies including hepatic ischemia reperfusion injury (Kurabayashi 

et al., 2005), viral hepatitis (Shahidi et al., 2014), non-alcoholic fatty liver disease (Shi et al., 

2014), alcoholic liver disease (Jeong et al., 2008), fibrosis (Teixeira-Clerc et al., 2006) and 

cirrhosis (Caraceni et al., 2010). As such it has been proposed that targeting this system could 

ameliorate the injury itself and/or reduce complications associated with these life-threatening 

hepatic diseases. Several studies have identified that activation of the CB1 receptor in the liver 

contributes to a greater liver injury due to increased fibrogenesis, inflammation and hepatocyte 

death [for reviews see (Siegmund et al., 2008; Huang et al., 2011; Mallat et al., 2011)]. For 

example, in vitro and in vivo studies have shown that activation of the CB1 receptor with the 

non-selective cannabinoid agonist HU-210 increases de novo fatty acid synthesis in the liver 

and in isolated hepatocytes (Osei-Hyiaman et al., 2005) and the selective CB1 agonist 

arachidonyl-2-chloroethylamide (ACEA) increased the degree of steatosis in immortalized 

human hepatocytes (De Gottardi et al., 2010). CB1 receptor antagonism has been shown 

prevent ethanol-induced fatty liver (Jeong et al., 2008), significantly reduce fibrosis (Giannone 

et al., 2012) and diet-induced hepatic steatosis (Osei-Hyiaman et al., 2008). Furthermore, mice 

with genetic deletion of the CB1 receptor are resistant to ethanol-induced steatosis (Jeong et 

al., 2008), have a reduced fibrogenic response and injury in CCl4-induced liver fibrosis 

(Teixeira-Clerc et al., 2006) and suppressed hepatocarcinogenesis (Suk et al., 2016). Thus, the 

data to date indicate that CB1 receptor activation is associated with exacerbation of liver injury 

and that antagonism of CB1 receptors may provide a therapeutic target for liver disease. 

However, given the possible CNS associated side effects of CB1 receptor antagonists, 

researchers are currently examining the therapeutic potential of peripherally restricted CB1 
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antagonists and data have indicated that administration can prevent development of hepatic 

steatosis (Bowles et al., 2015) and reduces fatty liver (Tam et al., 2010). 

In contrast to the enhanced hepatocellular injury in response to CB1 receptor activation, 

activation of CB2 receptors has been reported to be associated with anti-inflammatory/ anti-

fibrogenic properties (Julien et al., 2005; Mendez-Sanchez et al., 2007; Louvet et al., 2011). 

Although expressed in very low levels under normal conditions, CB2 receptors have been found 

to be upregulated in the liver in response to fibrosis and cirrhosis (Julien et al., 2005), 

hepatocellular carcinoma (Suk et al., 2016) and NAFLD (Mendez-Sanchez et al., 2007). CB2 

receptor knockout mice have been seen to have heightened CCl4-induced cirrhosis (Julien et 

al., 2005) and heighted hepatic ischemia–reperfusion injury (Bátkai et al., 2007). Several 

studies have shown that CB2 receptor agonism is hepatoprotective against various models of 

liver injury. Chronic AEA treatment inhibited biliary growth following bile duct ligation in 

mice and this effect was inhibited following administration of the selective CB2 receptor 

antagonist SR144528 (DeMorrow et al., 2008). CB2 receptor agonists have been shown 

significantly reduced both inflammatory markers in alcoholic liver injury (Louvet et al., 2011) 

and CCl4-induced liver injury in mice (Teixeira-Clerc et al., 2010). In addition, CB2 receptor 

agonists have also been shown to reduce hepatic damage injury in ischemia-reperfusion (I/R) 

injury (Bátkai et al., 2007; Horváth et al., 2012), fibrosis (Julien et al., 2005; Muñoz-Luque et 

al., 2008; Teixeira-Clerc et al., 2010) and attenuate LPS/GalN-induced liver injury (Tomar et 

al., 2015). Thus taken together the evidence supports a protective role of CB2 receptor 

activation in liver injury and disease. 

Data presented in the previous chapters (Chapter 4) has revealed an exacerbated LPS/GalN-

induced acute liver injury in the WKY rat strain, an effect associated with an enhanced 

inflammatory and apoptotic response. Furthermore, we identified that the hepatic 

endocannabinoid system was altered in WKY rats in response to LPS/GalN-induced liver 
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injury (Chapter 7). Our data (Chapter 7) demonstrated that AEA and 2-AG and their respective 

expression of degrading enzymes FAAH and MAGL were greatly altered following LPS/GalN 

administration. However, in relation to CB1 and CB2 expression, our results were less 

conclusive given that neither CB1 nor CB2 expression were increased following LPS/GalN. 

None the less, numerous studies indicate a role for CB1 receptor-mediated liver injury and CB2 

receptor-mediated attenuation of liver injury, and suggest a possible role for cannabinoid 

receptors in the heightened LPS/GalN-induced liver injury in the WKY rat strain. 

Hypothesis: Based on this, we hypothesised that CB1 receptor antagonism or CB2 receptor 

agonism would attenuate LPS/GalN induced liver injury, an effect which may be altered in the 

WKY rat. 

Thus the aim of current study was to investigate the effect of  

1. CB1 receptor antagonism using the peripherally restricted CB1 receptor antagonist 

AM6545 or  

2. CB2 receptor agonism using the selective CB2 receptor agonist JWH-133 

on LPS/GalN-induced inflammation and liver injury in normo-stress sensitive SD and 

stress-sensitive WKY rats. 
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8.2 Materials and Methods 

8.2.1 Animals 

The following experiment was carried out in male Sprague-Dawley and Wistar Kyoto rats 

(weight 250-350g, Envigo, Blackthorn, UK). The rats were singly housed for approximately 4 

days prior to experimentation in clear plastic bottomed cages (48cm x 20cm x 27cm)  had free 

access to both food and water and were kept under a standard 12:12 light cycle (07:00hr-

19:00hr) at a constant temperature (21±2ᵒC). Animals were habituated to handling prior to 

testing and weighed daily and received sterile saline injections (i.p.; 0.89% NaCl) for 2 days 

prior to testing in order to minimize the influence of the injection on biological endpoints. All 

experimental tests were carried out in accordance with the guidelines of the Animal Care and 

Research Ethics Committee, National University of Ireland, Galway under licence from the 

HPRA and in compliance with the European Communities Council directive 2010/63/EU. 

 

8.2.2 Experimental design 

Male SD and WKY rats were randomly assigned to one of four treatment groups: Vehicle-

saline (n = 6), Vehicle-LPS/GalN (n = 8), AM6545-LPS/GalN (n = 8) and JWH133-LPS/GalN 

(n = 8). JWH-133 (2.5mg/kg, Tocris, UK), AM6545 (10mg/kg, Tocris, UK) or Vehicle (4% 

DMSO: 1% Tween-80: 95% saline) were administered S.C. in an injection volume of 2ml/kg 

followed 30 minutes later by a single i.p. injection of LPS/GalN (20µg/kg LPS+200mg/kg 

GalN) or sterile saline (0.89% NaCl) administered in an injection volume of 2ml/kg. The dose 

and route of AM6545 administration was chosen based on studies demonstrating an improved 

fatty liver and lipid profile (Tam et al., 2010) which was devoid of central mood changes 

(Cluny et al., 2010). The dose of JWH133 was chosen based on studies demonstrating it anti-
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inflammatory effects can be seen at 2.5mg/kg (Kimball et al., 2006; Singh et al., 2012). 

Furthermore, 3mg/kg of JWH133 has been shown to produce anti-inflammatory effects as well 

as attenuate liver injury (Teixeira-Clerc et al., 2010; Louvet et al., 2011). Rectal temperature 

and body weight was recorded prior to and 6 hr post LPS/GalN or saline administration. 

Chapter 7 highlighted that the WKY rat displayed an altered hepatic endocannabinoid system 

6hr post LPS/GalN when compared to SD rats. Based on these data, animals were sacrificed 6 

hr post LPS/GalN administration using isoflurane and heparinized blood samples were 

obtained by cardiac puncture. Blood samples were then centrifuged at 14,000g for 15mins at 

4ºC, plasma was removed and stored at -80 ºC until determination of liver enzymes (ALT and 

AST). Livers were excised, weighed and segments of liver were snap-frozen on dry ice for 

mRNA cytokine expression and glutathione levels or placed in 10% neutral buffered formalin 

solution and then processed for histology (for method see chapter 2). 

 

8.2. Statistical Analysis  

All data are presented as means ± standard error of the mean (SEM). All statistical analyses 

were carried out using SPSS (IMB, Chicago IL, USA). Normality and homogeneity of variance 

was assessed using Shapiro-Wilk and Levene test. Data were analysed using a two-way 

analysis of variance (ANOVA) followed by Student-Newman Keuls (SNK) and LSD post-hoc 

tests to identify where the differences were. Where the data was non-parametric, a Kruskal 

Wallis ANOVA was carried out followed by subsequent Mann Whitney U tests to identify the 

differences between treatment groups. The significance level was set at p<0.05. All graphs 

were constructed using GraphPad prism software for Windows version 6.07 (GraphPad 

Software, La Jolla, CA, USA). 
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8.3 Results 

8.3.1 The CB1 antagonist AM6545 or CB2 agonist JWH133 do not attenuate LPS/GalN-

induced histopathological changes in SD or WKY rats  

This experiment was to determine whether CB1 antagonism or CB2 agonism could attenuate 

histological damage induced by LPS/GalN administration. Both vehicle-saline groups; SD 

(Fig. 8.1a) and WKY (Fig. 8.1b) veh-saline displayed normal hepatic structure. Vehicle-

LPS/GalN in SD rats displayed infiltration of immune cells, few apoptotic cells and minor 

congestion in sinusoids (Fig. 8.1c). Similar structures were identified in SD rats treated with 

both AM6545 and JWH133 (Fig. 8.1e, g). However, WKY rats administered veh-LPS/GalN 

showed disorganization of hepatic structure, infiltration of immune cells accompanied by 

congestion of sinusoids and greater number of apoptotic cells (Fig. 8.1d). These findings were 

also seen in a similar degree in WKY rats treated with AM6545 or JWH133 (Fig. 8.1f, g). 

A Kruskal Wallis ANOVA identified that there was a significant effect of group on 

histopathological score [χ2
7 = 35.856, p<0.001]. Subsequent Mann Whitney U tests revealed 

that LPS/GalN significantly increases histopathological score in SD rats [U=5.000, p<0.05] 

(from 0.79±0.15 to 1.17±0.22) and WKY rats [U=4.500, p<0.01] (from 1.25±0.12 to 

2.28±0.17), an effect more pronounced in WKY rats [U=1.5, p<0.01]. The administration of 

AM6545 or JWH-133 did not alter the LPS/GalN-induced increases in histopathological scores 

in either SD or WKY rats (p>0.05) (Fig. 8.1i). 
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Figure 8.1 Representative images of liver histopathology slides (H&E staining x400; scale bar represents 50µm). a) SD veh-saline, b)WKY veh-saline, c) SD veh-LPS/GalN, 

d) WKY veh-LPS/GalN, e) SD AM6545-LPS/GalN, f) WKY AM6545-LPS/GalN, g) SD JWH133-LPS/GalN and h) WKY JWH133-LPS/GalN. i) Histopathological score of 

H&E. Data expressed as mean ± SEM (n=6-8). *p<0.05 vs SD vehicle-saline, +p<0.05 vs WKY vehicle-saline, ^^p<0.05 vs SD vehicle-LPS/GalN. Normal hepatocyte (arrow), 

immune cell infiltration (circle), congestion in sinusoids (rectangle), apoptotic cells (arrow head). 
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8.3.2 The CB1 antagonist AM6545 or CB2 agonist JWH133 do not alter the LPS/GalN-

induced increase in ALT and AST in SD and WKY rats  

Based on the increase in ALT and AST at 6hr following LPS/GalN (chapter 4), this study 

evaluated whether CB1 antagonism or CB2 agonism attenuated LPS/GalN-induced injury at the 

same time-point.  A Kruskal Wallis ANOVA identified that there was a significant effect of 

group on ALT [χ2
7 = 32.106, p<0.001] and AST [χ2

7 = 32.189, p<0.001]. Subsequent Mann 

Whitney U tests revealed that there was a significant increase in both ALT and AST following 

LPS/GalN in SD [ALT: U=0.000, p<0.01, AST: U=0.000, p<0.01] and WKY rats [ALT: 

U=0.000, p<0.01, AST: U=0.000, p<0.01] compared to vehicle-saline treated comparators (Fig 

8.2a, b). The systemic administration of AM6545 or JWH-133 did not alter the LPS/GalN-

induced increase in ALT or AST in SD rats (p>0.05).  
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Figure 8.2 Effect of AM6545 and JWH133 on LPS/GalN-induced increases in plasma a) ALT 

and b) AST in SD or WKY rats 6 hr post injection. Data expressed as mean ± SEM (n=6-8). 

**p<0.01 vs SD vehicle-saline, ++p<0.01 vs WKY vehicle-saline. 
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8.3.3 The CB1 antagonist AM6545 or CB2 agonist JWH133 do not alter LPS/GalN-

induced increases in inflammatory mediator expression in SD and WKY rats  

Given the increased inflammation seen previously (chapter 4) 6hr post LPS/GalN, this 

experiment examined if CB1 antagonism or CB2 agonism attenuated LPS/GalN-induced 

inflammation at this time-point. A Kruskal Wallis ANOVA identified that there was a 

significant effect of group on TNF-α [χ2
7 =33.530, p<0.001] and IL-6 [χ2

7 = 45.739, p<0.001] 

mRNA expression in the liver (Fig. 8.3a-b). Subsequent Mann Whitney U tests revealed that 

LPS/GalN significantly increases TNF-α expression in SD and WKY rats [U=0.000, p<0.01] 

compared to vehicle-saline treated controls.  LPS/GalN also significantly increases IL-6 

expression in SD and WKY rats, compared to vehicle-saline treated controls, an effect that was 

significantly higher in WKY rats [U=0.000, p<0.01] (Fig 8.3b). A one-way ANOVA identified 

a significant effect of strain [F (1, 46) =5.339, p<0.05] and LPS/GalN [F (1, 46) =114.065, p<0.001] 

on IL-1β expression in the liver (Fig 8.3c). Post hoc analysis revealed that the LPS/GalN-

induced increase in IL-1β expression in SD and WKY rats, when compared to SD counterparts 

(p<0.05), an effect that was significantly higher in WKY rats. The administration of AM6545 

or JWH-133 did not alter the LPS/GalN-induced increase in TNF-α, IL-6 or IL-1β in either SD 

or WKY rats (p>0.05). 
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Figure 8.3 Effect of AM6545 and JWH133 on LPS/GalN-induced increases in a) TNF-α, b) 

IL-6 and c) IL-1β expression in SD and WKY rats. Data expressed as mean ± SEM (n=6-8). 

** p<0.01 vs SD vehicle-saline, ++ p<0.01 vs WKY vehicle-saline, ^p<0.05 ^^p<0.01 vs SD 

vehicle-LPS/GalN. 
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8.3.4 LPS/GalN-induced reduction in hepatic glutathione in WKY rats is not attenuated 

by CB1 antagonist AM6545 or CB2 agonist JWH133 

As a GSH depletion is associated with greater LPS/GalN-induced liver injury, this experiment 

examined if administration CB1 antagonist or CB2 agonist could reverse this. A Kruskal Wallis 

ANOVA identified that there was a significant effect of group on reduced glutathione levels 

(GSH) [χ2
7 = 15.741, p<0.001] but not oxidized glutathione (GSSG) (p>0.05) (Fig.8.4 a-b). 

Subsequent Mann Whitney U tests revealed that LPS/GalN significantly reduces GSH levels 

in WKY rats when compared vehicle-saline treated counterparts [U=4.000, p<0.05] and when 

compared to SD counterparts [U=8.000, p<0.05] (Fig. 8.4a). The administration of AM6545 

or JWH-133 did not alter the LPS/GalN-induced decrease in GSH levels (p>0.05) (Fig. 8.4a) 

or levels of GSSG (p>0.05) (Fig. 8.4b). 
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Figure 8.4 Effect of AM6545 and JWH133 on hepatic a) GSH and b) GSSG levels in SD and 

WKY rats. Data expressed as mean ± SEM (n=6-8). +p<0.05 vs WKY vehicle-saline, ^p<0.05 

vs SD vehicle-LPS/GalN. 
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8.4 Discussion 

Given the increasing evidence for a role for CB1  and CB2 receptors in the pathophysiology and 

the treatment of liver pathologies, the current study sought to evaluate the role of these 

receptors in acute liver injury in response to LPS/GalN and if this is altered a stress-sensitive 

strain of rat. The data herein re-confirm that LPS/GalN-induced liver injury is exacerbated in 

the WKY rat however neither CB1 receptor antagonism nor CB2 receptor agonism altered the 

acute inflammatory or injury response observed in either SD or WKY rats. Thus, these initial 

results indicate that CB1 or CB2 receptors may not be involved in LPS/GalN-induced liver 

injury or its exacerbation in WKY rats, however further studies are required to definitely 

exclude these receptors and other components of the endocannabinoid system in this model of 

stress-induced exacerbation of acute liver injury. 

As observed in previous studies, the current data demonstrates that LPS/GalN administration 

increased plasma levels of ALT and AST and increased histopathological score. In addition, 

LPS/GalN increased expression of TNF-α, IL-6 and IL-1β and reduced GSH levels in the liver 

of SD and WKY rats. Furthermore, the data reconfirm that WKY rats exhibit exacerbated liver 

injury in response to LPS/GalN when compares to normo-stress sensitive SD rats.  Differences 

identified in the hepatic endocannabinoid system of the WKY rat including changes in receptor 

expression 6hr post LPS/GalN administration in chapter 7 provided rational to investigate 

mechanisms by which this may occur in the current chapter. Essentially, the data herein 

demonstrate a greater histopathological score and exacerbation of hepatic IL-6, IL-1β 

expression and reduced GSH levels in WKY rats following LPS/GalN when compared to SD 

counterparts 6hr post LPS/GalN, data which are in line with that presented in previous chapters 

of this thesis. However, it should be noted that in contrast to the previous study (Chapter 4), 

the increase in plasma levels of ALT and AST in WKY rats did not differ when compared to 

SD rats. It is likely that differences in experimental design could have attributed to these 
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discrepancies between studies. For example in the current study, all animals were subjected to 

an extra injection as well as measurement of rectal temperature which may have influenced the 

LPS/GalN effect on some of the biochemical markers. In addition this, these discrepancies 

between transaminase levels and histopathological score could be due to the fact that histology 

gives you just a snap shot of the injury at that time. It is possible that the WKY rats could have 

greater physical damage 6 hr post however the biochemical markers may not have been 

elevated in the circulating plasma just yet. Furthermore, results from this study identified no 

difference in the expression of TNF-α mRNA between SD and WKY rats following LPS/GalN. 

Again this could be attributed to the time-point (6hr post) in which the tissue was analysed, due 

to the fact that peak TNF-α levels/ expression would most likely have been elevated at earlier 

time-points (60-90mins post LPS/GalN). Despite these individual differences in some 

biochemical markers, taken together these data presented in this chapter further support that 

WKY rats exhibit exacerbated liver injury that is replicated across studies.  

Several studies have demonstrated immunomodulatory and hepatoprotective effects of CB1 

receptor antagonists and CB2 receptor agonist respectively [for review see (Mallat et al., 

2013)]. In relation to the LPS/GalN model of acute liver injury, Tomar and colleagues 

demonstrated that CB2 agonism significantly decreased hepatic inflammation and the degree 

of injury resulting in improved survival in mice (Tomar et al., 2015). To our knowledge, no 

studies have investigated the effect of CB1 receptor antagonism in the LPS/GalN model prior 

to this study. The data presented in this chapter demonstrate that neither CB1 receptor 

antagonism using AM6545 nor CB2 receptor agonism using JWH133 altered LPS/GalN-

induced liver injury and associated increased inflammation in SD or WKY rats. The 

discrepancy between the data presented here and that of Tomar et al may be due to a number 

of experimental factors including the use of rats vs mice, the dose of LPS/GalN (5 µg/kg and 

400 mg/kg body weight,), the time at which JWH133 was given and the dose. Furthermore, the 
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study by Tomar, the dose of JWH133 (20mg/kg body weight) was nearly 10 fold higher and 

was given multiple times whereas JWH133 used in this study was administered only once. As 

previously mentioned, the dose of JWH133 given in this study was based on studies whereby 

2.5mg/kg of JHW133 was sufficient to cause anti-inflammatory effects (Kimball et al., 2006; 

Singh et al., 2012). Similarly, although studies have shown that the selective CB1 receptor 

antagonism is effective in other models of liver injury at this dose (10mg/kg) (Teixeira-Clerc 

et al., 2006; Avraham et al., 2008; Hegde et al., 2008), the single administration of the 

peripherally restricted antagonist AM6545 was unable to attenuate LPS/GalN liver injury. 

Thus, as there are a limited amount of data on CB1 receptor antagonists in this model, further 

studies are required to evaluate whether CB1 receptor antagonism plays a role in LPS/GalN-

induced liver injury. Overall in this chapter, we did not demonstrate hepatoprotective/anti-

inflammatory properties of AM6545 and JWH133. However, one cannot rule out that 

multiple/chronic administration or use of different agents may be required as it results in lasting 

changes in receptor desensitization, effects that are not seen with such acute activation or 

inhibition. 

In addition to the points mentioned about, another possible explanation to the results seen in 

this chapter is that these drugs may in fact not be biologically active in vivo. One important 

thing to examine would be the bioactivity of these drugs both in vitro and in vivo to show that 

these receptors are indeed blocked or agonized. This would definitely show that these drugs 

are active and could better inform us whether these receptors could be therapeutic targets in 

this model of acute liver injury. 

As previously demonstrated in this thesis, the WKY rat strain display alterations in the hepatic 

EC system when compared to SD rats following LPS/GalN (Chapter 7). Based on the increased 

levels of AEA and 2-AG following LPS/GalN, and that these meditate their effects via CB1 

and CB2 receptors, this pathway in particular may be responsible for the exacerbated liver 
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injury seen in this strain. The inactivation of the CB1 receptor binding may allow for the 

shunting of these ECs (AEA and 2-AG) over to CB2 receptor and exert its main effects there. 

Furthermore, the administration of a CB2 agonist prior to the development of liver injury could 

possibly halt or delay the onset of this injury in the WKY rat strain in comparison to SD rats. 

Although this study identified no effect of the treatment with CB1 receptor antagonist or CB2 

receptor agonist, we cannot rule out that there is a role for these receptors or other components 

of the EC in the liver in mediating the effects. It is possible that by blocking/activating one of 

these receptors results in compensation at others. Furthermore, it is possible that more 

persistent activation or inhibition of these receptors associated with chronic administration is 

required to elicit effects. On the other hand, it could be that these receptors are defective in 

WKY rats, thus they cannot respond to the drugs given, however further investigation into the 

use of CB1 receptor antagonist or CB2 receptor agonist in this model are required. 

Alternatively, it is possible that other pathways may also play a role for the exacerbated liver 

injury seen in the WKY strain. Cao et al. have previously identified that inhibiting MAGL with 

JZL184 attenuates hepatic I/R injury as well as CCl4 and LPS/GalN- induced liver injury (Cao 

et al., 2013). This inhibition of MAGL prevents the breakdown of 2-AG into arachidonic acid 

(AA) and glycerol. AA increases a precursor for eicosanoids which can induced the release 

pro-inflammatory mediators. Thus, increasing the pool of AA can ultimately lead to increased 

pro-inflammatory mediators and overall injury. Furthermore, as previously mentioned in the 

introduction to this thesis, increased level of endocannabinoids have been linked to ROS 

production and cell death (Siegmund et al., 2006; Siegmund et al., 2007; Siegmund et al., 

2013). Thus, perhaps non-receptor mediated targets play an important role in LPS/GalN-

medicated liver injury, however, future studies are warranted in order to identify these 

pathways in more detail. 
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8.4.1 Conclusion 

Overall, the data demonstrates that an acute CB1 receptor antagonism or CB2 receptor agonism 

does not alter early stage LPS/GalN-induced acute liver injury in SD and WKY rats. Further 

studies are required including the assessment of the bioactivity of these drugs in vivo in order 

to determine the role of CB1 and CB2 receptors (and other components of the EC system) in 

the mediation and modulation of acute liver injury and its exacerbation in response to stress. 

Data arising from such studies may inform on the potential ability of EC modulators as 

therapeutic entities in acute liver injury and disease. 
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Chapter 9 

General Discussion 
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9.1 Primary Findings 

Stress is a key regulator of homeostasis in the body. However, aberrant activation of the stress 

response can lead to a variety of pathological conditions including mood disorders 

(anxiety/depression), cardiovascular disease, gastrointestinal disease and liver disease (Black 

et al., 2002; Bhatia et al., 2005; McEwen, 2005; Elwing et al., 2006; Stewart et al., 2012; 

Nardelli et al., 2013; Qin et al., 2014). Given the current status on the intercommunication 

between the liver and the brain, there is a need to improve our understanding of the mechanisms 

by which stress can exacerbate liver injury in order to develop novel, more efficacious 

treatments. Furthermore, accumulating evidence over the past decade indicates that the 

endocannabinoid system plays a significant role in modulating liver disease and also stress 

related disorders (Mallat et al., 2008; Hill et al., 2010; Mallat et al., 2011; Hillard, 2018). 

However, there are limited amount of data relating to the effects of endocannabinoids on stress-

induced exacerbations in liver injury in vivo. Thus one of the main objectives of this thesis was 

to develop a model of stress-induced exacerbation of acute liver injury and to investigate the 

role of the endocannabinoid system in the modulation of acute liver injury. 

Some of the key work presented in this thesis demonstrated that the stress hypersensitive WKY 

rat strain displays a significantly greater liver injury induced by a sub-lethal dose of LPS/GalN. 

Furthermore, we identified, for the first time that chronic restraint stress in normal outbred SD 

rats display significantly greater liver injury when also given the same dose of LPS/GalN, thus 

indicating that both physical and genetic susceptibility to stress are capable of exacerbating 

LPS/GalN-induced liver injury. In addition, we have identified that these alterations in the 

WKY rat are associated with alterations in hepatic microcirculation including a greater 

hepatocellular injury and sinusoidal perfusion failure. Furthermore, the exacerbated acute liver 

injury seen in the WKY rat strain is associated with a significant alterations in the hepatic 
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endocannabinoid system including an upregulation in hepatic endocannabinoids (AEA and 2-

AG) levels and downregulation of the enzymes responsible for their metabolism. In contrast 

with several studies in the literature, the data in this thesis demonstrated that administration of 

pharmacological agents that inhibit the CB1 receptors and agonize the CB2 receptor did not 

attenuate LPS/GalN-induced liver injury. Thus taken together, the data herein demonstrates 

marked changes in the hepatic endocannabinoid system following LPS/GalN, however, further 

investigation is warranted to clarify the role of this system in this model. This discussion will 

focus on the primary, and most significant findings of this thesis and how they will contribute 

to the existing knowledge relating to stress-induced exacerbation of acute liver injury and a 

possible role for the endocannabinoid system in modulating these effects. 

 

9.1.1 Exacerbated LPS/GalN-induced acute liver injury in the genetically stress 

hypersensitive WKY rat 

Administration of LPS/GalN has been widely used in rodents to investigate inflammatory liver 

injury. It has long been known that GalN significantly sensitizes the liver to the lethal effects 

of LPS (Galanos et al., 1979). The subsequent release of inflammatory mediators, notably 

TNF-α is potentiated due to the lack of anti-apoptotic mRNA synthesis in hepatocytes by GalN 

(Decker et al., 1974). The release of these cytokines ultimately leads to apoptotic cell death 

and reductions in the host antioxidant system (Jaeschke et al., 1998; Liu et al., 2008b; Wei et 

al., 2014). The data presented in Chapter 4 of this thesis are in accordance with previous 

findings which demonstrated that LPS/GalN increases plasma ALT and AST, causes 

histopathological changes and increased hepatic inflammation (Liu et al., 2008b; Ambade et 

al., 2012). In addition to this, the data in Chapter 4 are the first to demonstrate that the stress-

hypersensitive WKY rat strain displays a significantly greater liver injury following a sub-
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lethal dose of LPS/GalN when compared to SD rats. Prior to this, the WKY rat has been widely 

used to study stress-related disorders such as anxiety and depression due to their stress-

hypersensitivity and depressive- and anxiety-like behavioural phenotype (Paré, 1989; De La 

Garza II et al., 2004). Aside from behavioural and neuroendocrine alterations, the WKY rats 

have previously been shown to exhibit a similar immune response to LPS alone when compared 

to SD rats (O’Mahony et al., 2013). As previously discussed, stress is well known to predispose 

and or exacerbate a host of diseases (General Introduction). Particularly in liver disease models, 

physical stressors including chronic restraint and electric foot shock have been shown to 

exacerbate other models of liver injury (Chida et al., 2004; Panuganti et al., 2006; Magdy et 

al., 2017). However, the data presented herein (Chapter 4) represent the first study to show the 

stress-induced aggravation in LPS/GalN acute liver injury a genetic model of stress (WKY rat 

strain). Given the range of doses of both LPS and GalN and considerable mortality rates (Table 

1.2 General Introduction), previous work in our lab has previously demonstrated that 40μg/kg 

LPS+ 400mg/kg GalN was capable of inducing acute liver injury in SD rats without mortality, 

similar to reports in the literature (Wu et al., 2014b). However, this dose was toxic to the WKY 

strain. Our data has expanded on this knowledge by identifying a dose of LPS/GalN (20μg/kg 

LPS+ 200mg/kg GalN) that can cause acute liver injury in both SD and WKY rats with minimal 

mortality. Furthermore, the data demonstrated that WKY rats display similar liver enzymes, 

histological features and levels of inflammatory cytokines at baseline. However, in response to 

LPS/GalN, the WKY strain display an increase in ALT, AST and GLDH, respectively, at 6hr 

and 24hr post LPS/GalN when compared to SD counterparts. These changes were accompanied 

by a significant increase in histopathological damage, exaggerated immune response (6hr) 

compared to SD counterparts. TNF-α mediated apoptosis plays a key role in the detrimental 

effects of LPS/GalN-induced liver injury (Jaeschke et al., 1998; Liu et al., 2008b), similarly, 

our data demonstrates that the WKY rats display a significantly heightened capase-3 activity 
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and caspase-3 cleavage at the height of injury compared to SD counterparts. This increase in 

apoptosis (24hr) in the WKY rat strain is associated with hepatic GSH depletion, indicative of 

a reduction in antioxidant capacity, similar to previous studies in rodents (Jaeschke et al., 1999; 

Yuan et al., 2009; Chen et al., 2013).Thus, for the first time, the data in this thesis characterizes 

the heightened response in the stress-sensitive WKY rat within the LPS/GalN model. Overall, 

the findings in this thesis suggest that the presence of a stress-sensitive phenotype (genetic 

susceptibility to stress) is capable of significantly increasing LPS/GalN-induced acute liver 

injury. Thus, these findings lead us to investigate whether another model of stress namely 

physical stress could produce the same results in a normal animal and whether or not this stress 

sensitive strain would exhibit a further increase in acute liver injury with the addition of a 

physical stressor. 

 

9.1.2 Chronic restraint stress exacerbates LPS/GalN-induced acute liver injury  

Physical stress has been identified to exacerbate liver injury/damage in preclinical models 

(Chida et al., 2004; Panuganti et al., 2006; Magdy et al., 2017). In accordance with these 

findings, Chapter 5 of this thesis demonstrates that chronic restraint stress (RS) followed by 

LPS/GalN increased ALT, AST and histopathological damage, an effect, however that is not 

associated with increases hepatic IL-1β levels or caspase-3 activity. This is the first study to 

show that chronic RS exacerbates LPS/GalN-induced liver injury. Moreover, the data in 

Chapter 4 highlighted that this dose of LPS/GalN (20μg/kg LPS+200mg/kg GalN) resulted in 

acute liver injury in the SD rat, which abated by 24hr while the genetically the stress-sensitive 

WKY strain continued to deteriorate. Chapter 5 demonstrates that the presence of chronic 

physical stress aggravates LPS/GalN-induced liver injury similar to the injury seen in the 

genetically stress sensitive WKY rat. 
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An inappropriate immune response has been implicated in stress-related disorders (Leonard, 

2010; Maes et al., 2012; Schmulson et al., 2012), similarly, the data in Chapter 5 (experiment 

2) demonstrates that the WKY display a heightened expression of pro-inflammatory cytokines 

following LPS/GalN and that this is not further increased by restraint stress. Furthermore, data 

in Chapter 5 have demonstrates that LPS/GalN increases plasma CORT and AST levels along 

with histopathological score, however, chronic stress in the stress-hypersensitive WKY rat 

does not further increase endocrine response or overall injury 2hr following LPS/GalN 

administration. Although hepatocellular injury following LPS/GalN administration is typically 

seen as early as 6-8hr post injection (Santucci et al., 1996; Liu et al., 2008b), the data in this 

Chapter demonstrates that the increased inflammation seen as early as 2hr post LPS/GalN 

administration is found only in the stress-sensitive WKY strain, thus this early exaggerated 

immune response following LPS/GalN may be a key player in mediating the exacerbated injury 

seen at later time points compared to the SD strain. 

Previous data from Chapter 3 found that chronic RS alone neither altered liver function nor 

caused liver injury in SD or WKY rats. Although this is contrary to the literature which 

indicates that physical stress causes hepatocellular damage, increase plasma ALT levels and 

increase hepatic inflammation following acute stress (Khayyat, 2013; Li et al., 2013; Liu et al., 

2014), data from Chapter 5 adds to the body of knowledge regarding the potentiation of liver 

injury by physical stress. Overall, taken together, the data in Chapter 3 and 5 suggest that 

although chronic restraint stress does not cause liver damage, exposure to chronic stress prior 

to the development of a liver injury is a mediating factor to the development of an intensified 

liver injury.  
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9.1.3 LPS/GalN-induced alterations in hepatic microcirculation in the WKY rat 

While evaluating post mortem tissue has provided us with a great wealth of knowledge, in vivo 

live imaging can, and has provided further mechanistic knowledge of the LPS/GalN model. 

Chapter 4 investigated the early phase alterations in hepatic microcirculation in WKY rats 

following LPS/GalN. To date, only two studies have investigated the microcirculatory changes 

in the LPS/GalN model. Both studies identified that LPS/GalN results in increased intrahepatic 

accumulation of leukocytes, severe decrease in hepatic microvascular perfusion and increased 

hepatocellular apoptosis 6hr post injection in mice (Eipel et al., 2007; Le Minh et al., 2007). 

In accordance with these studies, the data herein demonstrates a similar accumulation of 

leukocytes in both SD and WKY rats, however hepatocellular injury and sinusoidal perfusion 

failure was more apparent in the WKY rats 4hr post LPS/GalN.  

Similar to previous data in this thesis, the WKY rats display an exaggerated hepatic immune 

response, indicated by the increased expression of TNF-α, IL-6 and IL-1β following LPS/GalN 

compared to SD rats. Furthermore, these data are the first to show increases in VCAM-1 and 

ICAM-1 expression in the liver of the WKY rat strain following LPS/GalN-induced liver 

injury. Similar to previous studies, expression of both VCAM and ICAM were elevated 

following LPS/GalN (Essani et al., 1995; Jones et al., 1999; Pritchard et al., 2007; Peng et al., 

2014). Given that pro-inflammatory cytokines have been shown to increase VCAM and ICAM 

expression (Essani et al., 1995), we expected that with the increase of these cytokine expression 

in the WKY rat that there would be a strain difference in VCAM and ICAM expression. 

However, the data revealed that there was no strain difference and this was backed up by the 

leukocyte-endothelial interaction assessed by IVFM whereby both SD and WKY rats displayed 

similar number of adherent leukocyte 2 and 4hr post LPS/GalN administration. This is also the 

first study to identify leukocyte rolling in this model. The WKY rats display a significant 
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reduction in rolling compared to SDs 4hr post LPS/GalN however no differential effects are 

seen in leukocyte adherence to the central venules. It is possible that these strains have a 

different expression of adhesion molecules such as selectins which are responsible for rolling 

interactions (Ala et al., 2003). The data herein adds to the body of knowledge related to 

leukocyte-endothelial interactions following LPS/GalN. Overall, the data in this Chapter has 

highlighted that the exaggerated immune response, including strikingly high expression and 

levels of TNF-α in the WKY rats is associated with similar leukocyte recruitment to that of SD 

rats. Taken together, the data suggests that the WKY have greater dysfunction in sinusoidal 

perfusion following LPS/GalN which may be due to increased cytokines produced in response 

to LPS/GalN. However, given that there are a host of cell-cell interactions in the sinusoids, one 

cannot exclude the involvement of other mediators in the development of LPS/GalN liver 

injury at these early stages.  

 

9.1.4 Alterations in the hepatic endocannabinoid system in the WKY rat following 

LPS/GalN-induced acute liver injury 

While the focus of this thesis was to examine the interaction between stress and its effect on 

acute liver injury, a further objective was to identify if these stress sensitive animals also 

display alterations in the hepatic endocannabinoid system. The data presented in Chapter 7 

identified an increase in hepatic levels of the two primary endocannabinoids AEA and 2-AG 

in both SD and WKY rats following LPS/GalN. The data is in accordance with other studies, 

as circulating and hepatic endocannabinoid levels have been shown to be elevated in several 

liver pathologies (Biswas et al., 2003; Kurabayashi et al., 2005; Caraceni et al., 2010; Ishii et 

al., 2010). However, while these levels return to near baseline in SD rats, the data in Chapter 

7 demonstrates that hepatic levels of AEA and 2-AG increase further 24hr post LPS/GalN. 
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Furthermore, this increase in endocannabinoid levels was associated with a reduced expression 

of their primary degrading enzymes FAAH and MAGL over time in the WKY strain. In 

addition, although the vast majority of studies have indicated an upregulation in CB1 and CB2 

receptors in several liver pathologies (Xu et al., 2006; Jeong et al., 2008; Mai et al., 2015; Dai 

et al., 2017), the data herein demonstrates a downregulation in CB1 and to a lesser extent, CB2 

in WKY rats following LPS/GalN when injury is at its peak.  

One could draw parallels between these increased levels of AEA and 2-AG and liver injury. It 

is possible that the release of high amounts of AEA and 2-AG are an attempt to reduce the 

amount of cellular injury in WKY rats or alternatively the greater cell damage observed in the 

WKY rat results in increased release of these endocannabinoids. Previous work has identified 

that upregulation of endocannabinoids can result in increased cell death in liver cells in vitro 

via downstream ROS production and not by acting at CB1 or CB2 receptors (Biswas et al., 

2003; Sarker et al., 2003; Siegmund et al., 2007). Endocannabinoid mediated apoptosis 

generally occurs in HSCs and not hepatocytes and is thought to be an initial protective 

mechanism to remove the pro-fibrotic cells. Studies have shown that FAAH is hepatoprotective 

against both 2-AG and AEA-induced apoptosis in hepatocytes (Siegmund et al., 2005; 

Siegmund et al., 2007; Siegmund et al., 2013). However, it has been shown that the inactivation 

of FAAH coupled with GSH depletion can result in endocannabinoid-induced hepatocyte cell 

death (Siegmund et al., 2006). Therefore further investigation into these mechanisms in this 

model are warranted. Overall, although previous work has identified that the WKY rat strain 

exhibit an altered endocannabinoid system centrally (Vinod et al., 2012; Rea et al., 2014), the 

data presented in this thesis represent the first characterization of the hepatic endocannabinoid 

system in the WKY rat strain. These results demonstrate that WKY rats have an altered hepatic 

endocannabinoid system that is associated with the exacerbated liver injury. Thus, the data 
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herein in Chapter 7 identifies a possible role for targeting the endocannabinoid system in this 

model of the stress induced exacerbations in LPS/GalN liver injury. 

Given the above mentioned changes in the hepatic endocannabinoid system identified in the 

WKY rats following LPS/GalN administration, Chapter 8 in this thesis focused on targeting 

the endocannabinoid system to ascertain whether targeting this system maybe hepatoprotective 

in this model. While several models of both acute and chronic liver injury/disease have 

evaluated the hepatic endocannabinoid system (Kurabayashi et al., 2005; Jeong et al., 2008; 

Caraceni et al., 2010; Shahidi et al., 2014; Shi et al., 2014), up to this point, only two studies 

have investigated the role of this system in the LPS/GalN model of acute liver injury (Cao et 

al., 2013; Tomar et al., 2015). As previously mentioned, there are a wealth of studies to suggest 

that activation of CB1 receptors contributes to increased fibrogenesis, inflammation and 

hepatocyte death (Giannone et al., 2012; Tian et al., 2017) while activation of CB2 receptors is 

associated with anti-inflammatory/ anti-fibrogenic properties (Julien et al., 2005; Mendez-

Sanchez et al., 2007; Louvet et al., 2011). Therefore, inhibiting CB1 and activating CB2 may 

attenuate liver injury. Although data from Chapter 7 indicated a downregulation in CB1 and 

CB2 in the WKY rat following LPS/GalN, one cannot rule out whether the endocannabinoids 

acting at these receptors are involved in the mechanism of LPS/GalN-induced liver injury. This 

is the first time that a CB1 antagonist (AM6545) has been used to identify possible 

hepatoprotective effect in LPS/GalN-induced liver injury. Previously, a study by Tomar et al. 

demonstrated the hepatoprotective and anti-inflammatory effects following a high dose 

(20mg/kg) of the CB2 receptor agonist, JWH133 in mice (Tomar et al., 2015). Although the 

data in Chapter 8 again demonstrated the increased pro-inflammatory cytokine expression and 

increased histopathological damage in WKY rats in response to LPS/GalN, these effects were 

not attenuated by AM6545 or JWH133. Overall, although targeting the classical receptors for 

AEA and 2-AG did not reveal the hepatoprotective effects previously seen in the LPS/GalN 
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model and other models of acute and chronic liver injury, one cannot rule out the other 

mechanisms by which modulating the endocannabinoid system can have hepatoprotective 

effects. Cao et al previously identified the hepatoprotective role of the MAGL inhibitor JZL184 

in LPS/GalN liver injury (Cao et al., 2013). MAGL is responsible for the degradation of 2-AG 

to arachidonic acid (AA) and glycerol. AA is a precursor for the synthesis of eicosanoids and 

prostaglandins and these have been shown to produce pro-inflammatory mediators and enhance 

hepatic injury (Das, 2011; Cao et al., 2013). Although our data has shown a reduction in FAAH 

and MAGL degrading enzymes, this does not necessarily indicate that their activity is reduced. 

Therefore, it is possible that this significantly high levels of 2-AG in WKY rats following 

LPS/GalN (24hr) is being broken down by MAGL or indeed FAAH, thus increasing the pool 

of AA, and ultimately increasing inflammation and injury. However, further investigation into 

this pathway as a mechanism warrant further investigation. Therefore, taken together, the data 

in Chapter 7 and 8 have highlighted that the endocannabinoid system is significantly altered in 

the WKY rat strain following LPS/GalN-induced liver injury however, a single administration 

of a CB1 antagonist or CB2 agonist were unable to attenuate LPS/GalN injury at this time. 

Overall, the data from this thesis suggests a strong role for the endocannabinoid system in this 

model of liver injury, however, further investigations into mechanisms by which this occurs 

have yet to be fully established. 

 

9.2 Limitations of studies 

The data presented in this thesis has demonstrated for the first time that a physical stress or a 

genetic susceptibility to stress are capable of exacerbating LPS/GalN-induced acute liver injury 

and that the endocannabinoid system may play a role in mediating these effects. While this 

thesis has significantly added to the body of knowledge on stress and liver disease to date, there 
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are, indeed several limitations to this work that can be addressed in future studies. These 

limitations include: 

1. Our data demonstrates that physical restraint stress in SD rats or a genetic susceptibility 

to stress (WKY strain) aggravates LPS/GalN-induced liver injury. This study 

investigated liver injury at a small number of early time points (2-6hr) following 

administration of LPS/GalN However, further studies are required to investigate the 

injury observed at later time points (between 6-24hr in WKY; before 12hr in SD+RS 

and LPS/GalN). 

2. Similarly, this thesis did not examine the specific cell types in the liver (i.e. Kupffer 

cells, endothelial cells, hepatocytes etc.) and whether these were different between the 

two strains at baseline. Identifying these differences could better inform on the stress 

induced exacerbations in the LPS/GalN model. 

3. Similarly, it should be noted that although we found no effect of CB1 antagonism or 

CB2 agonism on LPS/GalN-induced acute liver injury, we examined this at only one 

time-point and one dose. As such, it cannot be ruled out that hepatoprotective effects 

of these drugs may occur with multiple dosing or at time points other than that examined 

in our study (Chapter 8).  

4. Furthermore, it is unknown whether the CB1 antagonist and CB2 agonist were indeed 

biologically active in vivo at the desired targets therefore assays to determine if these 

are biologically active in vivo are required. In addition, if these drugs were found to not 

be bioactive, then subsequent studies could be carried out using different 

drugs/compounds of the same nature. 

5. Due to methodological restrictions including low sample amounts and the number of 

animals it requires to evaluate several time points, it was not always possible to measure 

protein levels in our samples. While protein expression correlates to functional changes, 
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changes seen at the mRNA levels have been previously used to give an indication of 

changes that may occur. However, I am mindful that mRNA may not always be 

translated into protein or indicative of changes in protein levels. Thus, where possible, 

both mRNA and protein was evaluated. Furthermore, given the acute time profile in 

our model and data from the literature, it is still possible to draw strong conclusions 

regarding the changes seen in inflammation and endocannabinoid following LPS/GalN.   

6. A similar statement can be made for the use of mRNA for levels of the degrading 

enzyme FAAH and MAGL. Although we identified a decrease in expression of these 

enzymes, which does not definitively mean that their activity is reduced also. Due to 

the complexity of this assay and the requirement for the use of radioactivity, we were 

unable to measure these in the desired time frame. Thus, future studies may include the 

measurement of the activity of these enzymes. 

 

9.3 Future studies 

While the data in this thesis demonstrates that both genetic and physical stress is capable of 

exacerbating LPS/GalN-induced liver injury and that LPS/GalN is associated with alterations 

in the hepatic endocannabinoid system; following on from this work, several future studies 

based on this data could be carried out. In particular, the data highlights the need to address 

several questions in relation to this model. 

1. Although there is a wealth of information that identifies that CB1 antagonism and CB2 

agonism can attenuate liver injury in several models (Louvet et al., 2011; Mallat et al., 

2011; Giannone et al., 2012; Basu et al., 2014; Denaës et al., 2016), our data indicated 

that CB1 antagonism and CB2 agonism failed to attenuate LPS/GalN (Chapter 8). This 

study could be repeated in order to determine a time point and dose that produces 
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hepatoprotective effects seen in other models. Furthermore, different antagonist/agonist 

could be used to investigate this mechanism. 

2. Alternatively, studies could be carried out to examine non-CB1/CB2 endocannabinoid 

receptor targets (TRPV1, PPARs, GPR55) or inhibiting FAAH or MAGL would 

attenuate LPS/GalN-induced liver injury? 

3. Furthermore, as previously mentioned, assessment of the bioactivity of the CB1 

antagonist and CB2 agonist both in vitro and in vivo would more accurately conclude 

the activity of these compounds at the specified receptors. In addition, if these drugs 

were found to not be bioactive, then subsequent studies could be carried out using 

different drugs/compounds of the same nature. 

4. Future studies also include the use of flow cytometry to identify differences in hepatic 

cell types between strains- i.e. do WKY rats have more Kupffer cells in the liver 

ultimately leading to a greater inflammatory response? 

5.  Immunohistochemistry or transcriptional profiling could also be employed to 

investigate possible mechanisms underlying stress-induced exacerbations in ALI. 

6. Studies could also be carried out in mice as rats have been found to be more sensitive 

to GalN alone when compared to mice. Furthermore, transgenic or knockout mice could 

be used to better determine the role of CB receptors following LPS/GalN. 

7. Measurement of ECs in the brain tissue; could changes seen in liver be mediated at the 

level of the brain? 

8. The liver receives innervation by sympathetic and parasympathetic nerves which 

originate from the vagus nerve (Horn et al., 2004). Moreover, there is increasing 

evidence suggesting that vagal afferents transmit systemic inflammatory information to 

the brain. Based on this, and the identification and developed understanding of the liver-
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brain axis, it would be interesting to identify if this stress-related exacerbations in liver 

injury are attenuated following a vagotomy. 

Thus, these highlight several studies that may provide further data for the possible role of stress 

in the exacerbation of liver injury and the role of the hepatic endocannabinoid system. Taken 

together, the data from these studies and more in this area may further develop the knowledge 

on stress-induced changes in LPS/GalN-induced liver injury and may also provide potential 

information of the development of novel cannabinoid therapeutic targets in the treatment of 

liver injury. In conclusion, the work in this thesis has provided novel evidence for a role of 

stress in the exacerbation of acute liver injury induced by LPS/GalN. Importantly, either a 

genetic susceptibility to stress or a physical stress can potentiate acute liver injury. 

Furthermore, the data demonstrated that there is a possible role for the hepatic endocannabinoid 

system in modulation these effects. Overall, these data lay the ground work for future studies 

to elucidate the possible mechanisms involved and identify potential therapeutic targets to 

ameliorate the symptoms of this disease. 
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Appendix 1 Haematoxylin & Eosin Staining  

1. Dewaxed sections in xylene; 2 changes of 10 mins each. This is carried out in the fume 

hood. 

2. Removed xylene: 2 changes of Absolute alcohol- 2 mins each. 

3. Brought to water through 95%, 70% and 50% alcohols; 2 mins in each bath. 

4. Removed alcohol in running tap water- 2 mins. 

5. Stained in Mayer’s Haematoxylin for 6 mins. 

6. Blue nuclei in running tap water for 4 mins. 

7. Examined under microscope and differentiate in acid alcohol if necessary, looked under 

microscope to see if nuclei stained. 

8. If acid alcohol used, blue nuclei in running tap water for 4 mins. 

9. Stained in Eosin for 2 mins. 

10. Rinsed in tap water- quickly 

11. Dehydrated through graded alcohols- 2 mins each. 

12. Cleared in xylene, 2 changes of 15 mins. 

13. Covered sections with DPX mounting medium and apply cover slip (in fume hood). 

Placed slides in folder and into oven at 37ᵒC overnight to allow mounting medium to solidify. 
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Appendix 2 Western blotting solutions 

Solution Ingredients 

2X Sample buffer _ 

store at -20°C 

SDS (1g) 

1M Tris-base pH 6.8 (5ml) 

Glycerol (4ml) 

1% Bromophenol blue (500μl in PBS) 

14M Urea (20ml) 

Make up 40ml with deionised H2O and dispense 

into 800μl aliquots 

(Sigma Aldrich Ireland Ltd). 

RIPA lysis buffer store 

at 4°C 

250μl 1M Tris-HCL stock 

1000μl 10% Triton X-100 

1000μl 10% sodium deoxycholate 

300μl of 5M NaCl 

57.1μl of 175mM sodium orthovanadate 

200μl of 500mM NaF 

100μl 10% SDS stock 

Dissolve to a final amount of 6mL of deionised 

H2O. Dispense into 990μl aliquots and 

immediately prior to use, add 10μl/ml of 

protease inhibitor cocktail (Sigma Aldrich 

Ireland Ltd). 

1.5M Tris, pH 8.8  

stored at 4°C 

Trizma-base (90.85g) added to a final volume of 

500ml of dH2O. Adjust pH to 8.8 with 50%(v/v) 

HCl 

0.5M Tris, pH 6.8 stored 

at 4°C 

Trizma-base (12.11g) added to a final volume of 

200ml of dH2O. Adjust pH to 6.8 with 50% 

(v/v) HCl. (Sigma Aldrich Ireland Ltd). 

10X Running buffer 

stored at 4°C 

Trizma-base (30g) 

Glycine (144g) 
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10% SDS (100ml) 

Make up to a final volume of IL in distilled H2O. 

(Sigma Aldrich Ireland Ltd). 

10X Transfer buffer 

stored at 4°C 

Trizma-base (30g) 

Glycine (144g) 

Make up to a final volume of IL in deionised 

H2O. (Sigma Aldrich Ireland Ltd). 

1X Transfer buffer 

stored at 4°C 

Transfer buffer (10X) (150ml) 

100% Methanol (300ml) 

Make up to a final volume of I.5L in deionised 

H2O. (Sigma Aldrich Ireland Ltd). 

10X Tris-Buffered 

Saline (TBS) stored at 

4°C 

Trizma-base (24.23g) 

NaCl (80.06g) 

pH to 7.6 with HCL and bring to final volume of 

1L with deionised H2O. Dilute to 1X TBS prior 

to use. (Sigma Aldrich Ireland Ltd). 

Washing solution (0.1% 

TBS-T) stored at 4°C 

TBS (1X) 1L 

Tween 20 (500μl) 

(Sigma Aldrich Ireland Ltd). 

Blocking solution (5% 

milk) stored at 4°C 

Dawn condensed milk (2.5g) 

Make up to a final volume of 50ml with washing 

solution 

Blocking solution (1% 

milk) stored at 4°C 

Dawn condensed milk (0.5g) 

Make up to a final volume of 50ml with washing 

solution 

0.1% Ponceau stain in 

5% Acetic acid stored at 

4°C 

Ponceau stain (100mg)  

Acetic acid (1ml) 

Make up to a final volume of 100ml with 

deionised H2O 

(Sigma Aldrich Ireland Ltd). 
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Appendix 3: Preparation of SDS-PAGE gels  

To prepare the resolving gel, specific quantities of each component (see table below) were 

added to a 50ml conical tube. Approximately 5.5ml of resolving gel was then added to the 

assembled plates and 0.1% SDS solution was immediately added to prevent bubble formation. 

The gel was allowed to polymerise at room temperature for approximately 30min, and the 

stacking gel (see table below) was prepared and added. Once set, gels were wrapped in damp 

tissue paper and cling film and stored overnight at 4°C. 

Poly-acrylamide gel preparation 

  x2 gels (total vol 20ml) 

Resolving gel 9% 12%   

dH2O 8.625 6.625 ml 

30% acrylamide 6 8 ml 

1.5M Tris pH 8.8 5 5 ml 

10% SDS 200 200 µl 

10% APS 200 200 µl 

TEMED 20 20 µl 

 

Stacking gel (6%) x2 gels (total vol 10ml) 

dH2O 5.3 ml 

30% acrylamide 2 ml 

0.5M Tris pH 6.8 2.5 ml 

10% SDS 100 µl 

10% APS 100 µl 

TEMED 10 µl 

 

Abbreviations: dH2O, deionised H2O; TEMED, N,N,N',N'-tetramethylethane-1,2-diamine. 
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Appendix 4 Electrophoresis and immunoblotting  

• Chameleon duo ladder (928-60000, LI-COR Biosciences UK Ltd) was thawed, vortexed and 

placed on ice along with samples.  

• Gels were removed from 4°C and the comb was gently removed from the stacking gel so as 

to ensure all lanes remained intact.  

• Assembled plates were placed in the running tank with the loading plate facing inwards. The 

inner chamber of tank was immediately filled with 1X running buffer and allowed to overflow 

in order to avoid air bubbles (Appendix 2).  

• 5μl of the Chameleon duo ladder and 20μl of samples were pipetted into allocated lanes in 

accordance with assay plan.  

• After all samples were loaded, the loading tank was filled with 1X running buffer 

(approximately 500ml per tank).  

• The tanks were then connected to power supply (Bio-rad; Fannin Dublin) and run at 120V 

constant voltage for 2hrs.  

• On completion of electrophoresis (bromophenol blue dye at bottom of gel), the gels were 

removed and the stacking gel was discarded. The resolving gel was gently lifted off the plate 

and placed in transfer buffer (Appendix 3) until transfer.  

 

Wet Transfer  

The transfer was carried out using a wet cassette type transfer apparatus (Bio-rad criterion 

blotter), using nitrocellulose membrane (0.2 μm; VWR International, UK 8cm x 4cm), filter 

paper and 1X transfer buffer (Appendix 2). Nitrocellulose membrane and filter paper were pre-

wetted in 1X transfer buffer for approximately 10min before use. 

A gel-membrane sandwich was prepared in the transfer apparatus as follows;  
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+ve Cassette top  

Sponge  

Filter paper  

Nitrocellulose 

membrane  

Gel  

Filter paper  

Sponge  

-ve Cassette bottom  

 

 

The entire cassette was soaked with 1X transfer buffer and connected to a power supply 

(Biorad; Fannin, Dublin) which was operated at 100V constant voltage for 40mins.  

• Once transfer was complete, the membrane was placed back into transfer buffer.  

• In order to visualise protein bands and to ensure protein transfer efficiency, the membrane 

was stained with 0.1% ponceau stain (Sigma; P7170) in 5% acetic acid for approximately 1min 

and following examination was destained with dH2O.  
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Appendix 5 Western Blot Primary Antibodies 

Primary antibody Dilution  Supplier band intensities (kDa) 

Cleaved Caspase-3  1:1,000 Cell signaling 19 & 17 

CB1  1:200 Cayman chemical 50 

CB2  1:2,500   40 

β-actin  1:10,000 Sigma Aldrich, Ireland 42 

 

Appendix 6 IVFM solutions 

Solution Ingredients 

PBS-EDTA 

100mg/L pH7.6 0.01g EDTA in 100ml PBS 

Bicine buffer 

Bicine 3.264g 

NaOH 0.399g 

NaCl 7.288g 

pH 8.3 

Make up to 1L in dH2O 

4mg/mL FITC in 

bicine buffer 

0.016g FITC in 4mL bicine 

buffer 
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Appendix 7 Cell counting for FITC-labelled RBCs using a haemocytometer  

Cell Counting Procedure 

After re-suspending cells, pipetted 1 ml from the flask and transferred to a 1.5 ml 

microcentrifuge tube. A coverslip was mounted onto a clean haemocytometer. 10 l of cell 

suspension was removed from the tube and pipetted it to one side of the haemocytometer, and 

then 10 l to the other side between the slide and cover slip. Using a microscope, cells were 

counted cells on the lower and left borders of the centre grid (see figure below). This was 

repeated in 5 different squares in the centre of the chamber (middle squares). Numbers were 

recorded and number of cells per ml of cell suspension was calculated. The volume of a middle 

square is 4 x 10-6 cm3.  The added total number of cells counted in the 5 middle squares divided 

by 2 gave the number of cells x 105 per ml. 
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Appendix 8 LPS/GalN Pilot data: Liver to body weight ratio 

WKY rats display a greater reduction in liver: body weight ratio 24 hr following LPS/GalN 

(20µg/kg+200mg/kg) dose (Fig. A8). No significant effect was seen in SD rats given 

(40µg/kg+400mg/kg) dose when compared to the lower (20µg/kg+200mg/kg) dose. 
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Figure A8 Liver: body weight ratio in SD and WKY rats following LPS/GalN. Data expressed 

as mean ± SEM (n=2-3). **p<0.01 vs SD 20µg/kg+200mg/kg.  
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Appendix 9 LPS/GalN Pilot data: WKY rats display greater histopathological damage 

and elevated plasma biomarkers for liver injury at low dose of LPS/GalN when compared 

to SD counterparts. 

Microscopic evaluation of liver sections revealed that LPS/GalN-induced structural changes a 

marked infiltration of immune cells into the sinusoids, congestion, degradation of 

hepatocellular architecture, haemorrhage and extensive apoptosis and necrosis. WKY rats 

display a greater degree of injury at 24 hr compared to SD counterparts indicated by massive 

haemorrhage and congestion of the sinusoids with the low dose LPS/GalN with no mortality. 

In contrast the higher dose was fatal for WKY rats.  

WKY rats display a greater increase in ALT and AST levels in 24 hr following LPS/GalN 

(20µg/kg+200mg/kg) dose (Fig A9b, c). No significant difference was seen in SD rats given 

(40µg/kg+400mg/kg) dose when compared to the lower (20µg/kg+200mg/kg) dose.  

 



298 

 

 

Figure A9 Histological changes represented by H&E staining (x400 mag). a) SD 20µg/kg+200mg/kg, b) WKY 20µg/kg+200mg/kg, c) SD 

40µg/kg+400mg/kg Plasma d) ALT and e) AST levels 24 hr post LPS/GalN administration in SD and WKY rats.
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Appendix 10 Restraint stress does not alter rectal temperature change in SD or WKY 

rats immediately after last stress exposure  

Two way ANOVA identified that restraint stress alone does not alter rectal temperature taken 

immediately after 10th day of stress in SD or WKY when compared to non-stressed controls 

(p>0.05). 
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Figure A10 Rectal temperature in SD and WKY rats following 10 days of restraint stress. Data 

expressed as mean ± SEM (n=8). 
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Appendix 11 Chronic restraint does not alter body weight in SD or WKY rats   

Both SD and WKY rats gain weight over the 10 day chronic stress period, however to a lesser 

extent in WKY rats (Fig A11a). Two way ANOVA identified a significant effect of strain [F 

(1, 28) = 36.108, p<0.001] but not stress [F (1, 28) = 0.201, p>0.05] on body weight gain on day 10 

of stress exposure. Post hoc analysis revealed WKY rats overall have a significant decrease in 

body weight gain when compared to SD comparators (p<0.01). Although there is a trend for 

RS to decrease body weight gain in both strains, this failed to reach statistical significance 

(p>0.05) (Fig. A11b). No significant difference in weight loss was seen in NS+LPS/GalN or 

RS+LPS/GalN in either strain (Fig. A11c). 
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Figure A11 Body weight changes in SD and WKY rats following 10 days of restraint stress. 

Data expressed as mean ± SEM (n=8). ##p<0.01 vs SD.  
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Appendix 12 Restraint stress significantly increase levels of OEA but not PEA in the liver 

of SD and WKY rats 

Two way ANOVA identified a significant effect of group on OEA [F (3, 22) = 7.005, p<0.01] 

but not PEA levels (p>0.05) in the liver (Fig A12a, b). Post hoc analysis revealed that restraint 

stress significantly increases OEA levels in the liver of SD rats immediately after last stress 

exposure when compared to non-stressed comparators (p<0.01). Additionally, WKY rats have 

significantly elevated levels of OEA following restraint stress when compared to SD 

comparators (p<0.05). Restraint stress did not alter PEA levels in the liver immediately after 

last exposure in SD or WKY rats (p>0.05) (Fig A12b). 
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Figure A12 The effect of restraint stress on a) OEA and b) PEA levels in the liver immediately 

after last stress exposure. Data expressed as mean ± SEM (n=6-8 per group). **p<0.01 vs NS-

SD; p=0.071 vs NS-WKY; #p<0.05 vs RS-SD counterparts. 

  



303 
 

Appendix 13 No effect of LPS/GalN with or without restraint stress on hepatic levels of 

OEA or PEA 2 hr post injection  

Two-way ANOVA revealed that there was no effect of strain [OEA: F (1, 22) = 2.451, p>0.05; 

PEA: F (1, 22) = 0.029, p>0.05] or stress [OEA: F (1, 22) = 0.401, p>0.05; PEA: F (1, 22) = 0.057, 

p>0.05]] on hepatic OEA and PEA levels measured 2 hr post LPS/GalN injection in SD or 

WKY rats (Fig A13a, b).  
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Figure A13 The effect of NS+LPS/GalN and RS+LPS/GalN in SD and WKY rats 2 hr post 

injection on a) OEA and b) PEA levels in the liver. Data expressed as mean ± SEM (n=6-8 per 

group). 
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Appendix 14 LPS/GalN significantly increases OEA and PEA in WKY rats 24 hr post 

injection 

A Kruskal Wallis ANOVA identified a significant effect of group on OEA and PEA [OEA: χ2
5 

= 23.165, p<0.001; PEA: χ2
5 = 23.395, p<0.001]. Subsequent analysis showed that OEA and 

PEA were significantly increased 6 hr post administration in both SD and WKY rats (Fig. 

A14a, b) compared to saline controls however the increase in OEA in SD rats and PEA in 

WKY rats failed to reach significance (p=0.074). In addition, the levels of OEA and PEA 

continue to increase 24 hr post administration of LPS/GalN in WKY rats (p<0.01) while SD 

rats return close to baseline levels. 
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Figure A14 The effects of NS+LPS/GalN or RS+LPS/GalN administration on a) OEA and b) 

PEA levels in liver tissue in SD and WKY rats 6 and 24 hr post injection.*p<0.05 vs SD saline 

control; + p<0.05 ++p<0.01 vs WKY saline control; p=0.074 ^p<0.05 vs 6 hr counterpart; 

##p<0.01 vs SD 24hr. Data expressed as mean ± SEM (n=6-8). 

 

 


