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Abstract 

Short-term mortality of patients with acute-on-chronic liver failure (ACLF) is 

unacceptably high. As such, effective treatment for this syndrome is an unmet 

need. ACLF pathophysiology is complex and not completely understood. An 

improved understanding of the pathophysiological mechanisms involved in ACLF 

is key to developing effective treatment strategies. 

ACLF is characterised by an excessive systemic inflammatory response. 

Pathogen-associated molecular patterns (PAMPs) and Damage-associated 

molecular patterns (DAMPs) play an important role in mediating the excessive 

inflammatory response, cell death and subsequent organ failure in ACLF. The 

mechanism of cell death in this syndrome is poorly understood. Lipopolysaccharide 

(LPS) is a commonly implicated PAMP in ACLF that signals mainly via the Toll-like 

receptor 4 (TLR4) pathway. Following TLR4/LPS interaction, there is a release of 

pro-inflammatory cytokines and DAMPs such as extracellular adenosine 

triphosphate (ATP) which, signals via the P2X7 receptor pathway. It is known that 

the P2X7 receptor up-regulates interleukin (IL-1)-1 processing and release in LPS-

stimulated inflammatory cells. Furthermore, a crosstalk between LPS-dependent 

pathways and the P2X7 receptor has been suggested in the literature. The specific 

aims of this thesis were to address the following aims: (1) Investigate the 

mechanism of hepatic cell death in ACLF (2) Determine if recombinant alkaline 

phosphatase (recAP), an agent that detoxifies LPS and ATP, reduces severity of 

organ dysfunction in ACLF (3) Determine the effect of P2X7 receptor blockade on 

severity of renal dysfunction in an ACLF-AKI model. 

The predominant mode of hepatic cell death in ACLF is apoptosis. In addition, 

reducing LPS signalling via either the TLR4 or P2X7R pathway limits the severity 
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of organ injury (liver, kidney and brain) in a rodent ACLF model. Thus, the 

development of agents that target these pathways, such as recAP, may provide a 

potential therapeutic tool for the management of ACLF. 
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Chapter 1 

Liver Fibrosis and Cirrhosis 

1.1 Definition and Epidemiology 
Cirrhosis is the consequence of chronic damage to the liver parenchyma from a 

variety of liver diseases. It is characterised by the replacement of the normal liver 

tissue by fibrotic scar tissue and regenerating nodules. The major clinical 

consequences of cirrhosis are impaired hepatic function, and the development of 

portal hypertension and its associated complications. In addition, the condition 

predisposes to the development of hepatocellular carcinoma.(1) 

End-stage liver disease of which, cirrhosis is a manifestation, is the third most 

common cause of premature death in the UK. Furthermore, the rate of increase of 

liver disease is higher in the UK compared to other countries in western Europe. (2) 

As a result of increased alcohol consumption and obesity rates, the rate of cirrhosis 

in the UK, is increasing at a faster rate than the top four most commonly diagnosed 

cancers (lung, breast, bowel and prostate).(3) Mortality rates from liver disease in 

the UK have increased by 400% since 1970 and have risen almost five fold in 

patients aged under 65.(4) This data showing that liver disease disproportionately 

affects younger age groups is particularly concerning and highlights the need for 

urgent action to reduce mortality from the condition. Men are more likely to die from 

liver disease than women.(3) Figure 1 depicts the increasing standardised mortality 

rate from liver disease in the UK. 
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Figure 1. Standardised UK mortality rate data depicting the increasing mortality 
rate from liver disease over the years. 

Reproduced from Lancet, Volume 384, Williams, R., et al. Addressing liver disease 

in the UK: a blueprint for attaining excellence in health care and reducing premature 

mortality from lifestyle issues of excess consumption of alcohol, obesity, and viral 

hepatitis. Pages 1953-1997, Copyright Ó 2014, with permission from Elsevier.(2) 

1.2 Aetiology 

The causes of cirrhosis are summarised in the table below: 

Table 1. The causes of cirrhosis classified according to how commonly they 
occur.  
 
 
Common Uncommon Rare 

Alcohol Primary biliary cirrhosis Haemochromatosis 

Hepatitis B, C Autoimmune hepatitis Wilson’s disease 

Non-alcoholic fatty liver disease Primary sclerosing cholangitis α1 – antitrypsin deficiency 

  Secondary biliary cirrhosis 

  Budd- Chiari syndrome 

  Cardiac (chronic right heart 
failure) 

  Drugs (Methotrexate) 

 

It is important to mention that non-alcoholic fatty liver disease is now considered 

the most common liver disease in the western world affecting about 35% of the 
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general population and 75%-90% of specific groups such as diabetic and obese 

patients.(5, 6) The estimated worldwide prevalence of alcohol related liver disease 

is 8.5% with the highest prevalence (around 12%) found in Europe and the United 

States.(7, 8) The worldwide prevalence of chronic hepatitis B is estimated at 3.6% 

and that for chronic hepatitis C being estimated at 2.5%.(9) 

1.3 Pathophysiology 
The pathophysiology of liver cirrhosis is complex and will only be described briefly. 

Chronic exposure to different stimuli such as alcohol, viruses and steatosis results 

in inflammatory changes which lead to the activation hepatic stellate cells (HSC). 

HSC are pre-sinusoidal cells that reside in the space of Disse between hepatocytes 

and sinusoidal endothelial cells.(10) In the normal liver, HSC’s function as storage 

cells for Vitamin A, mediators of intracellular communication and synthesisers of 

factors that allow for the haemostasis in the microenvironment of the hepatic 

sinusoid.(11-13) Following injury, these cells become activated. HSC activation can 

be divided into two phases: initiation and perpetuation.(14) Initiation occur when 

products from damaged hepatocytes induces early changes in gene expression 

and phenotype rendering the HSCs responsive to other cytokines and stimuli. 

Repeated stimulation from the products of the damaged hepatocytes such as 

cytokines (platelet derived growth factor (PDGF), transforming growth factors 

(TGF), and tumour necrosis factor (TNF) and reactive oxygen species, leads to a 

perpetuation of the inflammatory process which is characterised by proliferation, 

contractility, fibrogenesis, retinoid loss and inflammatory cell infiltration via release 

of inflammatory mediators.(10,15,16) Activated HSC’s are also involved in hepatic 

extracellular matrix (ECM) degradation via the production of metalloproteinases 

(MMPs). However, they also synthesize tissue inhibitor of metalloproteinase 1 and 

2 (TIMP 1/2) which inhibit the MMPs. Furthermore, following activation of HSCs, 
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the expression and synthesis of TIMP1/2 is upregulated thus preventing the 

preventing the degradation of the ECM by the MMPs.(17) In addition, TIMP1 inhibits 

apoptosis of activated HSCs(18). The end result of this is the deposition of mature 

collagen fibres within the space of Disse resulting in fibrosis. Ongoing exposure to 

the offending stimuli favours progression from fibrosis to cirrhosis which is the end 

point of chronic liver disease and is characterised by a prolonged inflammatory and 

fibrogenic process.(19) Pathologic angiogenesis is intrinsically associated with the 

progression of fibrosis to cirrhosis in patients with chronic liver disease.(20, 21) There 

are two main mechanisms by which angiogenesis can occur in the context of liver 

fibrosis. Firstly, the process of HSC activation following injury results in the over-

expression and secretion of several growth factors which have both pro-fibrogenic 

and pro-angiogenic roles such as platelet-derived growth factor (PDFG), 

transforming-growth factor- b1 (TGF-b1) and vascular endothelial growth factor.(20, 

22, 23) Secondly, the architectural distortion that arises from fibrosis coupled with the 

formation of the fibrotic scar compressing on central and portal venules can cause 

a progressive increase in tissue hypoxia and the subsequent transcription of pro-

angiogenic genes leading to neo-angiogenesis.(16, 19, 20, 24) The major clinical 

consequence of the process described above is impaired hepatocyte function, 

increased intrahepatic resistance (contributing to portal hypertension) and the 

development of hepatocellular carcinoma.(1) 

1.4 Clinical features 

Patients with cirrhosis may present with abnormal liver function blood results which 

may be detected incidentally when bloodwork is performed for other reasons. 

However, majority of the patients are asymptomatic until clinical decompensation 

occurs. Decompensating events include ascites, sepsis, variceal bleed, 

encephalopathy and jaundice and are often a consequence of portal hypertension 
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(25). Clinical signs, which may be present on examination, include cutaneous signs 

of liver disease (including jaundice, spider naevi, gynaecomastia and palmar 

erythema), asterixis, loss of muscle bulk, ascites, splenomegaly and peripheral 

oedema. 

1.5 Diagnosis 
The diagnosis of cirrhosis is made based on a combination of blood tests, 

radiological findings and liver biopsy. The liver enzymes may be normal in 

compensated cirrhosis. However, they are often abnormal in the decompensated 

phase with evidence of deranged synthetic function (prolonged International 

Normalised Ratio & low albumin levels). Blood tests are also helpful in trying to 

ascertain the aetiology of cirrhosis. For instance, in chronic hepatitis B, the HBsAg 

(hepatitis B surface antigen) is present, hepatitis C virus antibodies can be found 

in chronic hepatitis C and anti-mitochondrial antibodies (AMA) are almost invariably 

present in primary biliary cirrhosis. Recently, direct and indirect serum markers of 

fibrosis are increasingly being used. Direct markers measure products derived from 

the extracellular matrix production and degradation such as MMPs, TIMPs and 

hyaluronic acid.(26) Indirect markers are markers of liver inflammation and impaired 

liver function and include tests such as aspartate aminotransferase (AST) and 

platelet count. Examples of non-invasive test algorithms include AST-to-platelet 

ratio index (APRI), enhanced liver fibrosis (ELF) score, Hepascore and fibrotest 

score. These serum-based scores are more informative for the detection of 

advanced fibrosis or cirrhosis and often are not sensitive enough to distinguish the 

different early stages of fibrosis.(26-28) Elastography methods measure liver stiffness 

which corresponds to the degree of liver fibrosis. The Fibro ScanÒ (Echosens, 

Paris, France) is the most widely used and validated transient elastography method 
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used in clinical practice and has been validated in patients with liver disease due 

to various aetiologies.(29) 

The imaging modalities used in the diagnosis of cirrhosis include ultrasonography, 

computed tomography and magnetic resonance imaging. The typical radiological 

findings include a small, shrunken nodular liver and features of portal hypertension 

including splenomegaly, evidence of porto-systemic shunting and the presence of 

ascites. The combination of blood tests and radiological findings are often enough 

to make a diagnosis of cirrhosis. However, in some cases of diagnostic uncertainty, 

a liver biopsy may be required. A liver biopsy is considered the “gold standard” for 

establishing diagnosis. (27). 

1.6 Management 
Specific treatment options are available in instances where the underlying cause 

is known and should be offered so as to delay disease progression. For example, 

the use of anti-viral agents in patients with viral hepatitis, immunosuppression in 

those with autoimmune disease, venesection for those with hemochromatosis and 

copper chelators for those with Wilson’s disease. 

Patients with alcohol-induced cirrhosis should be advised to avoid alcohol and 

those with non-alcoholic fatty liver disease, who are obese, should be advised to 

lose weight. These measures should also be employed in patients with liver 

disease secondary to other causes, as alcohol and steatosis are independent risk 

factors for cirrhosis mortality (30, 31) Orthotopic liver transplantation is the definitive 

treatment for patients with advanced liver disease who are suitable candidates(28). 
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1.7 Complications of cirrhosis 
Portal hypertension (PHT): is defined as the pathological elevation of portal venous 

pressure to above 10-12 mmHg from a normal value of less than 5 mmHg. Portal 

hypertension is the most important consequence of cirrhosis and underlies most of 

the complications of the disease. It results from a combination of increased 

intrahepatic resistance with increased portal and splanchnic venous inflow.(32) The 

onset of portal hypertension heralds the beginning of complications such as 

oesophageal varices, ascites, hepatorenal syndrome, spontaneous bacterial 

peritonitis, hyperdynamic circulation and hepatic encephalopathy.(33) Pulmonary 

complications are also recognised complications of portal hypertension.(34) The 

development of any of these complications is associated with increased morbidity 

and mortality and as such, patients who are suitable should be considered for liver 

transplantation once these complications occur. 

Hepatocellular carcinoma (HCC): This is a malignant tumour of hepatocytes. It is 

the sixth most common cancer, the second cause of cancer death worldwide and 

the leading cause of mortality in cirrhotic patients.(35) It can develop in all stages of 

cirrhosis, of all causes. (36) 

70-90% of all patients with HCC have an established background of chronic liver 

disease and the most frequent risk factor for the development of HCC is chronic 

hepatitis B infection (37). Once an HCC develops, treatment options include: liver 

resection, transplantation, and ablation. In carefully selected patients with early 

stage HCC, the overall 5-year survival is between 50%-70% from curative 

treatment (36). 

Acute-on-chronic liver failure (ACLF): is a recently described syndrome 

encompassing an acute deterioration of liver function, regardless of underlying 
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stage of liver fibrosis either secondary to superimposed liver injury or owing to a 

precipitating factor such as infection (38). ACLF is characterised by multi-organ 

failure and high short-term mortality rates. Modulating organ dysfunction in these 

cohort of patients would reduce mortality and is the focus of this thesis. 

1.8 Natural history and Prognosis 
The clinical course of cirrhosis can be divided into two distinct stages; 

compensated and decompensated cirrhosis. Median survival for patients with 

compensated disease is estimated at between 10-12 years (39). As liver disease 

progresses, portal pressure rises and clinically significant portal hypertension (> 

10mmHg) and its associated complications occur. The development of ascites, 

bleeding varices and/or hepatic encephalopathy marks the transition from the 

compensated to the decompensated phase (40). Four clinical stages of cirrhosis 

with markedly different prognosis have been identified (Table 2): 

Table 2. The clinical stages of cirrhosis and the 1-year mortality rates 
associated with each stage. 

 Stage Clinical features 1-year mortality rate 

Compensated stage 
1 No varices, no ascites 1% 

2 Varices, no ascites 3.4% 

Decompensated stage 
3 Ascites ± varices 20% 

4 Bleeding varices ± ascites 57% 

 

Classification systems that attempt to characterise the degree of liver disease as 

well as predict patient outcome are also used in the clinical setting. The Child-Pugh 

(CP) and Model for End-Stage Liver Disease (MELD) score are the most commonly 

used. (40)‘(41) In the United Kingdom, the United Kingdom End-Stage Liver Disease 

(UKELD) score is a better predictor of mortality than the MELD score in patients 

on the transplant waiting list.(42) 
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1.9 Acute-on-chronic-liver failure: a recently defined 
complication of chronic liver disease 

1.9.1 Introduction and Definitions 

Acute-on chronic liver failure (ACLF) is a recently described clinical entity defined 

as a rapid deterioration of liver function leading to liver failure, multiple extra-

hepatic organ failures and high short-term mortality.(43) Three types of ACLF have 

been described based on the presence or absence of underlying cirrhosis (44): 

● Type A ACLF: occurs in patients with chronic liver disease but no underlying 

cirrhosis e.g. hepatitis B reactivation 

● Type B ACLF: occurs in patients with well-compensated cirrhosis who rapidly 

deteriorate following a major hepatic insult. 

● Type C ACLF: occurs in patients with decompensated cirrhosis. 

It is important to differentiate ACLF from chronic decompensation due to 

progression of cirrhosis as ACLF occurs following an acute insult so there is an 

element of reversibility. Early recognition and aggressive treatment of the 

syndrome may reduce the high mortality rate associated with this condition. 

1.9.2 Epidemiology 

ACLF occurs in approximately 10-30% of hospitalised cirrhotic patients.(45-47) ACLF 

is associated with a 28-day mortality that is 15 times higher compared to patients 

with no ACLF (47). It was once thought that in patients with ACLF, who recovered 

from the acute insult, the long-term outcome was comparable to that of the patients 

with compensated cirrhosis. However, it is now known that in the subgroup of ACLF 

patients who develop organ failure and are discharged from hospital, future 

development of organ failure is common and nearly all the patients die within 3 
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years (48) suggesting that, the occurrence of organ failure truly alters the natural 

history of the disease. 

1.9.3 Pathophysiology 

The pathophysiology of ACLF can be explained using the “PIRO” concept, which 

was initially developed for use in the sepsis setting (49). Using this concept in ACLF, 

‘P’ stands for predisposition; predisposing factors that make a cirrhotic individual 

more likely to develop ACLF and organ failure. ‘I’ represents the acute insult or 

precipitating event. ‘R’ stands for the inflammatory/immune response, which 

occurs as a consequence of the acute insult. ‘O’ signifies organ dysfunction, which 

is the final sequela of the inflammatory response generated following the acute 

insult. (50) 

Predisposition (P): In a large prospective study of ACLF patients conducted over 

6 years (48), it was clearly highlighted that cirrhotic who develop patients organ 

failure (OF) following an acute insult were more likely to be of male gender, have 

a high CP or MELD score. The CANONIC study provided more robust data 

demonstrating that patients with ACLF at enrolment are younger, more likely to 

have alcoholic cirrhosis as the underlying cause for their liver disease and less 

likely to have hepatitis C virus related cirrhosis. (47, 51) 

Precipitating events/Acute insult (I): Patients with ACLF have previously stable 

disease on a background of either well-compensated or decompensated disease 

thus, having a variable functional mass at the time of insult, the precipitants in 

ACLF are widely variable. (52) From the CANONIC study data, ACLF develops in 

57% of patients following an identifiable precipitating event. By extension, 43% of 

patients with ACLF do not have an identifiable trigger. In patients with an 
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identifiable precipitant, bacterial infection is the most common cause, observed in 

33% of patients.(47) 

Viral infections may also trigger ACLF and in the Asian sub-continent, hepatitis B 

virus reactivation is one of the principal causes of ACLF(53). Cirrhotic patients who 

develop acute hepatitis B and E infection also have a high risk of developing ACLF 

and death (54, 55). Active alcoholism is another well-recognised trigger of ACLF (47, 

56, 57). Table 3 summarises precipitants of ACLF that have been described in the 

literature to date: 

Table 3. Hepatic and Extrahepatic insults precipitating ACLF 

Hepatic precipitants of ACLF Extra-hepatic precipitants of ACLF 

Alcoholic hepatitis Infection 

Acute viral hepatitis (A, B, E) Variceal haemorrhage 

Drug-induced liver injury Surgery 

Portal vein thrombosis Trauma 

Ischaemic hepatitis  

Autoimmune hepatitis flare  

 

Inflammatory Response (R): Following the initial insult, there is an altered host 

response to injury resulting in an excessive systemic inflammatory response. This 

induces tissue damage and subsequent organ failure. In fact, the most striking 

difference between patients that develop ACLF and those that do not is that 

patients with ACLF demonstrate a more severe degree of inflammation (47). The 

mechanism by which dysregulated inflammation occurs in ACLF is multifactorial 

and will be discussed in detail in section 1.10 

Organ dysfunction (O): Organ failure plays a central role in the clinical course of 

ACLF occurring in a third of patients (47). In addition to the liver, extra-hepatic 

organs are also affected. Although the definition of extra-hepatic organ failure 
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varies between regions, most definitions are associated with the failures of the 

kidneys, brain and the circulatory system(47, 58-60). 

Liver: The hallmark of the liver manifestation of ACLF is hyperbilirubinemia and 

coagulopathy(47). The reduction in the liver’s synthetic function leads to a decrease 

in the production of coagulation factors and as a consequence, coagulopathy 

results. Recent data using thrombo-elastometry show that patients with ACLF have 

hypocoagulable characteristics which correlates with systemic inflammation and 

was associated with a higher 28-day and 90-day mortality. However, this did not 

confer a higher bleeding risk (61). Hyperbilirubinaemia and coagulation failure are 

independent predictors of mortality in ACLF(48, 50, 62, 63) . Concerning liver histology, 

the presence of biluribinostasis is associated with increased risk of infection and 

balloon degeneration is associated with a poorer outcome(48). The mechanism of 

cell-death in this syndrome remains unclear and is one of the questions that this 

thesis aims to address. 

Brain: Grade 3 or 4 hepatic encephalopathy is considered brain failure in ACLF 

patients. Brain failure in ACLF is associated with a 30-day mortality independent 

of other organ failures thus highlighting its importance a prognostic factor (64). 

Hepatic encephalopathy in ACLF occurs as a consequence of hyperammonemia 

and systemic inflammation. Hyperammonaemia occurs because of a reduction in 

the liver’s detoxifying abilities. This high level of ammonia diffuses into the brain. 

Once in the brain, it combines with glutamate to form glutamine. An increase in 

brain glutamine levels results in astrocyte swelling. Hyponatremia, another 

common finding in ACLF patients, also exacerbates astrocyte swelling due to 

differences in osmolality between the intracellular and the extracellular 

compartment (65, 66). Systemic inflammation also contributes to astrocyte swelling 

and cerebral oedema. Patients with evidence of infection or SIRS are more likely 
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to develop severe encephalopathy (67). It is likely that a synergy exists between 

hyperammonaemia and inflammation. The high level of ammonia may prime the 

brain to the deleterious effect of superimposed inflammation, by induction of 

microglial cells, which have a huge repertoire for cytokine production. This explains 

why measures which reduce the ammonia levels or levels of endotoxemia reduce 

the occurrence of HE (50, 68-70) 

Cardiorespiratory: ACLF is also characterised by respiratory and cardiorespiratory 

failure. Respiratory failure is defined by the need for mechanical ventilation whilst 

circulatory failure is defined by the presence of shock despite adequate fluid 

resuscitation or the need for vasopressors. Using these definitions, between 10-

15% of patients with ACLF develop respiratory failure whilst approximately 17% of 

patients develop cardiovascular failure(45, 47). Respiratory failure may occur as a 

consequence of complications related to cirrhosis such as porto-pulmonary 

hypertension, hepatopulmonary syndrome or hepatic hydrothorax. It may also 

occur secondary to aspiration pneumonia, bacterial pneumonia or acute respiratory 

distress syndrome. 

It is known that patients with cirrhosis have a hyperdynamic circulation (HDC)(71). 

Akin to patients with decompensated cirrhosis, ACLF is associated with a low mean 

arterial pressure (MAP), systemic vascular resistance (SVR) and a high mean 

cardiac output (CO) (72). The consequence of the reduced SVR is a decrease in 

arterial blood volume which, leads to sympathetic nervous system, vasopressin 

and renin-angiotensin-aldosterone system activation thus leading to an increased 

in heart rate, stroke volume and cardiac output(73) . This increase in sheer stress 

occurring as a sequalae of the HDC causes production of vasodilators such as 

nitric oxide and the transfer of these splanchnic vasodilators via portosystemic 

shunts to the systemic circulation which will cause further systemic vasodilatation 
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and an increased risk of circulatory collapse in the context of infection. 

Furthermore, underlying cardiac dysfunction known as cirrhotic cardiomyopathy 

can adversely affect hemodynamic status in ACLF(71). Adrenal insufficiency may 

also contribute to the development of septic shock in ACLF (74). 

Kidneys: Renal function is almost invariably altered in patients with ACLF and 

complications range from acute kidney injury (AKI) to acute-on-chronic kidney 

failure and finally the need for renal replacement therapy(58),(75). AKI is defined as 

an increase in serum creatinine by ³0.3mg/dL in < 48 hours, or a 50% increase 

from a stable baseline within the preceding 3 months(76). In ACLF, renal failure is 

associated with a higher mortality risk than any other organ failure (44). The most 

common causes of acute kidney injury in ACLF are pre-renal azotaemia, 

hepatorenal syndrome (regarded as functional) and acute tubular necrosis 

(structural) (77). In a recent study, 52.1% of patients with ACLF developed AKI with 

the risk factors for AKI development identified as age > 50 years and albumin levels 

< 32g/L. In addition, the 30- and 90-day mortalities were significantly higher in the 

AKI group compared to patients without AKI(78). Hepatorenal syndrome (HRS) is 

the development of functional renal failure in patients with advanced liver disease. 

Two types of HRS are recognized. Type 1 HRS, now re-named acute-kidney injury 

HRS (AKI-HRS), which occurs in an acute setting, is a rapidly progressive decline 

in renal function associated with a high mortality rate (79). Type 2 HRS renamed 

chronic renal disease-HRS (CKD-HRS) is a chronic form of renal dysfunction which 

evolves over weeks or months. Our current understanding is that HRS develops 

as a result of the hemodynamic dysregulation already described. The kidneys are 

sensitive to the vasoconstrictive effects of the sympathetic nervous system as well 

as the renin-angiotensin-aldosterone system, resulting in renal vasoconstriction. 

Together with altered renal blood flow autoregulation, renal hypoperfusion ensues 
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leading to development of HRS(80, 81). However, attempts to restore this circulatory 

dysfunction with the use of splanchnic vasoconstrictors (Terlipressin) and volume 

expanders (Albumin) only improves renal function is in about 40%-50% of 

patients(82). These observations indicate that other pathophysiological mechanisms 

may be responsible in the development of HRS. 

SIRS is present in approximately 40% of patients with hepatorenal syndrome. In 

addition, the presence of SIRS in patients with HRS was associated with an in-

hospital mortality rate of 68% (83). Further evidence that SIRS plays an important role 

in kidney failure associated with ACLF is derived from studies, which have shown the 

use of anti-inflammatory agents such as Pentoxifylline improves renal function or 

significantly decreases the risk of developing renal failure in patients with alcoholic 

hepatitis (84, 85). Renal dysfunction in ACLF correlates with interleukin (IL)-6, IL-8 and 

human normercaptalbumin 2 but not with plasma renin concentrations suggesting 

that SIRS rather than systemic circulatory disturbance is responsible for the 

development of renal dysfunction in ACLF(86, 87). Indeed, recent studies have 

demonstrated histopathological evidence of renal tubular cell-death associated with 

apoptosis, increased renal tubular expression of toll-like receptor-4 and increased 

urinary markers of acute kidney injury such as NGAL and more recently urinary toll-

like receptor 4 (88). 

A recent study concluded that in ACLF, AKI is more likely to be associated with 

structural kidney injury, that is progressive, with a poorer response to terlipressin 

treatment and a worse prognosis than in decompensated cirrhosis(89). Therefore, 

accurately distinguishing structural from functional AKI in ACLF is paramount as 

treatment varies. Serum creatinine which is routinely measured as a marker of 

renal dysfunction is unable to distinguish between structural and functional AKI 

thus there is a need for biomarkers. Multiple urinary biomarkers are able to 
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distinguish between structural and functional AKI in numerous clinical settings and 

research into their use in liver disease is currently of great interest(87, 90). These 

biomarkers include: urinary and serum neutrophil gelatinase-associated lipocalin 

(NGAL), urinary IL-18, urinary kidney injury molecule 1 (KIM-1), urinary liver type 

fatty acid binding protein 1(L-FAP), urinary albumin, and fractional execration of 

sodium (FENa)(87, 90) Studies have shown that levels of these biomarkers are 

significantly higher in patients with acute tubular necrosis (ATN) than in patients 

with HRS or pre-renal azotaemia (PRA)(90, 91). The biomarker with the highest 

predictive value for ATN was found to be urinary NGAL(91). Although FENa was 

lowest in HRS, it was unable to distinguish between patients with PRA or ATN(90). 

There is a need for further research to ascertain which biomarkers are specific for 

HRS, PRA and ATN. 

1.9.4 Management and Prognosis 

ACLF is a potentially reversible condition thus every effort should be made to avoid 

further liver injury, identify any treatable precipitating illness early, support affected 

organs and treat any complications until the liver recovers. The main aim of 

management is to prevent the development of multi-organ failure, which is 

associated with a high mortality rate. 

Patients diagnosed with ACLF should be admitted to a high dependency unit 

setting. General principles of management involve nutritional support, the use of 

intravenous antibiotics, ventilatory support and inotropes. Patients with renal 

insufficiency may require renal replacement therapy. Attention should also be paid 

to nutritional support. Liver support devices may be considered to take over the 

liver’s detoxification function in patients with ACLF until liver transplantation, 

recovery or futility(50). However recent studies using molecular adsorbent 
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recirculating system and the PROMETHEUS system have failed to show an 

improvement in survival with these devices(92, 93). 

Liver transplantation is the definitive treatment option in patients who fail to respond 

to supportive care. However, there is currently no means for high urgency listing of 

these patients. Therefore, there is a high mortality in the ACLF patients that do 

manage to make to the transplant list since this condition is associated with a high 

short-term mortality and timing is crucial. Studies have reported acceptable post-

transplant survival rates ranging from 83% to 87% at 1-year post transplant(94, 95). 

Without liver transplantation, the clinical course of patients with ACLF follows a 

variable course with resolution in approximately 50% of patients, a steady or 

fluctuating course in 30% of patients and worsening of ACLF in 20% of patients(96). 

Prognosis of ACLF is closely associated with the severity of systemic inflammation 

and the number of organ failures with the 28-day mortality ranging from 22% in 

patients with one organ failure to 87% in patients with 6 organ failures(43, 47). 

In summary, ACLF is a distinct clinical entity that has to be considered as a 

“syndrome”. There is now data on the presentation and course of patients with this 

profile of liver failure. A better understanding into the pathogenesis of multiple 

organ failure in ACLF is crucial for the development of specific therapeutic 

approaches and further research in this area is required. This thesis aims to provide 

some insight into the pathophysiological mechanisms responsible for organ failure 

in this syndrome. 

1.10 Inflammation and response as the basis of organ failure in 
ACLF 

In 60% of patients with ACLF, the syndrome is triggered by an identifiable 

inflammatory stimulus such as infection and alcohol. However, even in the 40% of 
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patients with no identifiable triggers for ACLF, there is evidence of systemic 

inflammation, i.e. high leucocyte count, plasma C-reactive protein (CRP) levels and 

pro-inflammatory cytokines such as IL-1b, IL-8 and IL-6. Furthermore, high 

leucocyte count and high baseline levels of IL-8 and IL-6 were found to be 

independent predictors of death in patients with ACLF (51, 86, 97). There is now robust 

data describing ACLF as a syndrome driven by systemic inflammation(86, 98, 99). 

Systemic inflammation has not only been implicated in ACLF but has also been 

shown to play a role in other complications of portal hypertension leading to 

decompensation. In fact, in the last few years, there has been a paradigm shift in 

our understanding of the pathophysiological mechanisms that lead to the 

development of decompensated liver disease and organ dysfunction. For many 

years the peripheral arterial vasodilation hypothesis has been the most influential 

in the field of cirrhosis and its complication(98). However, it has now become clear 

that systemic inflammation in response to PAMPs and DAMPs appears to be the 

“core” factor in the pathogenesis of decompensated liver cirrhosis and associated 

organ failure(98, 100). According to the ‘Peripheral Arterial Vasodilation’ 

hypothesis(101), as cirrhosis progresses, portal hypertension develops. The 

consequence of this is splanchnic and systemic vasodilation. The combination of 

the splanchnic pooling and an increase in systemic vascular capacitance due to 

systemic arterial vasodilation leads to arterial underfilling which is progressive in 

the decompensated stage. This results in activation of vasoconstrictor systems as 

previously described. The activation of these vasoconstrictor systems leads to 

sodium and water retention in order to expand the intravascular volume. When the 

sodium and water retention cannot keep pace with the extent of arterial 

vasodilation, there is a decrease in the effective arterial blood volume, contributing 

to relative arterial underfilling. As systemic arterial vasodilatation worsens with 

disease progression, cardiac output cannot increase further thus, the arterial blood 
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pressure continues to decrease resulting in the development of organ dysfunction 

and early death(100). 

Bernadi et al recently suggested that systemic inflammation may also play an 

important role in the development of complications of portal hypertension and 

organ dysfunction (98). There is emerging data supporting the concept that systemic 

inflammation is present in patients with decompensated cirrhosis even in the 

absence of bacterial infections (86, 102-104). In an ex-vivo study using peripheral blood 

monocytes of patients with alcohol related cirrhosis (without infection), stimulation 

using lipopolysaccharide led to the production of pro-inflammatory cytokines such 

as TNF-a, IL-6 whereas normal monocytes failed to produce these cytokines (105). 

Furthermore, Dirchwolf et al, showed that compared to healthy controls, patients 

with advanced liver disease displayed significantly higher levels of proinflammatory 

cytokines (IL-6, TNF-a, IL-7, IL-5, IL-12) and chemoattractant including MCP-1(106). 

Similar findings have been reported by other authors (86,102,107). These findings 

provide evidence that advanced cirrhosis is a pro-inflammatory state and add 

weight to the systemic inflammation hypothesis. 

The main mechanism leading to systemic inflammation in advanced cirrhosis in the 

absence of active bacterial infection, is bacterial translocation from the intestinal 

lumen into the intestinal mucosa (98). There is evidence demonstrating that cirrhosis 

is associated with both bacterial overgrowth and intestinal dysbiosis (108-111). 

Furthermore, there is increased intestinal permeability in patients with cirrhosis 

(112). These factors result in pathological bacterial translocation from the intestinal 

lumen, through the mesenteric lymphatics, and from there into the systemic 

circulation, resulting in systemic endotoxemia even in the absence of infection. 

Indirect evidence of bacterial translocation in cirrhotic patients is derived from 

studies that have shown that up to 31% of non-infected cirrhotic patients are 
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positive for bacterial DNA in serum and ascitic fluid (113). In addition, a recent study 

has shown high levels of a lipid component of lipopolysaccharide (LPS), detected 

by mass spectrometry, in the plasma of non-infected patients with advanced 

cirrhosis (114). These bacterial products or pathogen associated molecular pattern 

interact with their corresponding receptors and the downstream effect of this 

interaction is the generation of pro-inflammatory cytokines. The release of the pro-

inflammatory cytokines and subsequent inflammatory response increases arterial 

nitric oxide production thus exacerbating existing splanchnic vasodilatation and 

subsequent effective arterial underfilling (98). This leads to intense activation of the 

vasoconstrictor systems which favours the development of other portal 

hypertension related complications. Interestingly, selective intestinal 

decontamination with Norfloxacin has been shown to decrease vascular nitric 

production as well as partially reverse the hyperdynamic circulatory state in 

cirrhotic patients, thus adding weight to the systemic inflammation hypothesis (115, 

116). Inflammation may also occur at organ level such as the kidney leading to an 

imbalance of intra-renal vasoconstrictors and vasodilators resulting in intense renal 

sodium and water retention predisposing to refractory ascites and CKD-HRS(98). 

It is likely that peripheral arterial vasodilatation initiated by portal hypertension sets 

the scene in the pathophysiology of hepatic decompensation and organ 

dysfunction, and as liver disease progresses, systemic inflammation due to 

bacterial translocation contributes to development of hepatic decompensation and 

organ failure. 

These observations provide evidence that inflammation plays a central role in the 

pathophysiology of organ failure in ACLF. Figure 2 depicts the interplay between 

inflammation and organ dysfunction in ACLF. 
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Figure 2. Figure depicting the importance of inflammation and response 
as the basis of multi-organ failure (MOF) in ACLF.  Following the initial insult, 
there is an altered host response, which results in an excessive systemic inflammatory 
response (mediated by the innate and adaptive immune system), this induces tissue 
damage (immunopathology) and subsequent organ failure. As previously alluded to, 
the organs commonly involved are the kidneys, liver and brain. 

1.10.1 Exogenous Inducers of inflammation in ALCF 

The inflammatory response develops when there is an interaction between 

inducers of inflammation and their respective sensors. This interaction leads to the 

production and release of mediators thus generating the inflammatory response(117, 

118). Inducers of inflammation can be classified as exogenous and endogenous. 

The exogenous inducers can be microbial or non-microbial. The two classes of 

microbial inducers are pathogen-associated molecular patterns and virulence 

factors. Non-microbial exogenous inducers include allergens, foreign bodies and 

toxic compounds(119). Microbial inducers are more relevant in ACLF as bacterial 

infection is a precipitating event in up to 33% of patients(47) and as previously 
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discussed, even in the absence of active infection, patients with ACLF have 

evidence of systemic endotoxemia. 

Endotoxins express macromolecular motifs known as pathogen-associated 

molecular patterns (PAMPs). The host immune system recognises PAMPs via 

specific protein receptors that are known as pathogen recognition receptors 

(PRRs). These receptors are expressed in innate immune cells and epithelial 

cells(119, 120). PRRs include toll-like receptors (TLRs), cytosolic DNA sensors, 

inflammatory caspase 4/5, nucleotide binding oligomerisation domain (NOD)-like 

receptors(117, 118). Toll-like receptors (TLRs) are the most important group of PRRs 

and have been implicated in ACLF (121-124).To date 13 mammalian TLR members 

have been described but only 10 have been demonstrated to function in 

humans(125). TLRs not only recognise bacteria but also recognise viruses and fungi. 

A schematic of the TLRs and their corresponding PAMPs is shown in Figure 3. The 

second class of endogenous inducers are virulence factors. These factors are not 

recognised directly by receptors. They trigger inflammation via their adverse effects 

on host tissues for example tissue damage and cell death(117, 119) 
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Figure 3. The TLR receptors and their microbial ligands (PAMPs). TLR1, 
TLR2, TLR4, and TLR5 are located on the plasma membrane (ligands in bold). 
The extracellular domains bind the PAMPs and their intracellular domains signal 
via specific cytoplasmic signalling proteins. TLR 3/7/8 and 9 are found in the 
endosome. They recognise nucleic acids often produced by viruses. LPS: 
lipopolysaccharide; (ds) RNA: double stranded RNA, (ss), single stranded CpG, 
unmethylated CpG motifs. 

Once a specific PAMP binds to its TLR receptor, a complex is formed, and this 

leads to the initiation of an intracellular anti-inflammatory and pro-inflammatory 

signalling cascade. Signalling is dependent on MyD88 (myeloid differentiation 

factor 88), an adaptor molecule that interacts with the intracellular domain of the 

receptors. All TLRs except TLR3 utilise the MyD88 dependent pathway. TLR3 

signals via a different adaptor protein which is known as TIR domain containing 

adaptor protein inducing interferon-β (TRIF). TLR4 is unique because they are able 

to signal via both the MyD88 dependent and independent pathways. The 

downstream effect of signalling via the TLR receptors is increased transcription 

and subsequent secretion of various pro-inflammatory cytokines such as tumour 

necrosis factor (TNF) and interleukin (IL) 1/6. In addition the activation of the PRRs 
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also results in the production of chemokines, lipid mediators and initiation of an 

extrinsic coagulation cascade as the host immune system attempts to clear the 

pathogen(121). In favourable situations, pathogen clearance is achieved and there 

are no harmful consequences for the host because the PRRs also regulate the 

production of soluble receptors and antagonist, which neutralise pro-inflammatory 

cytokines. However, there is evidence that in certain conditions, such as ACLF, the 

immune response to the PAMPs is dysregulated and markedly imbalanced 

resulting in excessive inflammation which damages the host tissues (a process 

known as immunopathology)(126, 127). Among the TLRs, TRL4 play a pivotal role in 

the initiation of immune response following liver injury(128). TLR4 was of interest as 

it is a PRR commonly implicated in ACLF. Studies published just before 

commencing my PhD had shown that TLR4 expression is upregulated in both 

human and animal models of ACLF(88, 123). Furthermore, blockade of the TLR4 

receptor with a novel agent, STM28 had been shown to prevent progression of 

multiorgan failure in a rodent model of acute liver failure(129). Thus, research into 

the TLR4 pathway and its modulation in ACLF was of particular interest. 

1.10.2 Endogenous Inducers of inflammation in ALCF 

Endogenous inducers of inflammation are secreted or exposed in the context of 

tissue damage or injury(118). Endogenous molecules released from dying cells are 

known as damage-associated molecular patterns (DAMPS) or alarmins(130). 

DAMPs can activate PRRs directly but can also directly interact with PAMPs to 

stimulate these receptors. DAMPs engagement with PRRs also results in immune 

activation and the downstream effect of this interaction is pro-inflammatory which, 

may further potentiate tissue damage in ACLF. It is plausible that in the 40% of 

ACLF patients without an identifiable trigger, DAMPs released via sterile 
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inflammation may be responsible for inciting tissue damage. A variety of DAMPs 

have been identified to date, some of which are summarised below: 

Table 4. Examples of DAMPs and their receptors 

Molecule Receptor 

ATP Purinoceptors 

HMGB1 TLR4, RAGE 

Defensins CCR6, TLR4 

IL-1a IL1R1 and IL1RAP 

IL-33 IL-1 receptor like 1, IL-IRAcP 

Hyaluronic acid TLR4 

Mitochondrial DNA TLR9, NLRP3 

Nuclear DNA TLR9 

Mitochondrial transcription factor RAGE, TLR9 

S100A8, S100A9 TLR4 

S100A12 RAGE 

ATP: adenosine triphosphate; CCR: chemokine receptor; HMGB1: high mobility group box 1; IL: 
interleukin; IL1R1: IL-1 receptor type 1; IL-1 RAcP: IL-1 receptor accessory protein; NLRP: NOD 
like receptor; RAGE: receptor for advanced glycation end product; TLR: toll-like receptor. 

Of the DAMPs summarised above only HMGB1 has been directly implicated in the 

pathophysiology of ACLF(131, 132). HMGB1 is a DNA-binding molecule, which 

targets TLRs (2,4,9) and RAGE. The protein has different functions depending on 

its cellular location. Intracellularly, it is involved in transcription, replication, and 

DNA repair. Extracellularly, it functions as DAMP that can signal danger and 

traumatic cell death and injury(133). The receptors HMGB1 acts on have additional 

ligands and HMGB1 seems to function to set the scale of response after specific 

receptor-ligand interaction(130). HMGB1 on its own is insufficient to trigger sustained 

pro-inflammatory responses and must act in conjunction with molecules such as 

lipopolysaccharide (LPS) and ILs to elicit a strong and sustained pro-inflammatory 

response(133). Studies have shown that high protein levels of HMGB1 are found in 

the serum of patients with ACLF and the levels correlate with the severity of 
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ACLF(134, 135). Furthermore, blockade of HMGB1 action has been shown to confer 

a protective effect against ACLF in animal models(136, 137). 

As HMGB1 is the only DAMP implicated in ACLF, further research is needed to 

elucidate other DAMPs that may contribute to the development of this syndrome 

so as to develop novel therapeutic options. I therefore sought to explore the role of 

extracellular ATP in the pathophysiology of ACLF. ATP was of interest as one of 

the receptors that it signals via, the purinergic receptor 7, has been implicated in 

kidney dysfunction in the context of sepsis (akin to ACLF-AKI)(138, 139). In addition, 

there was an opportunity to collaborate with the Nephrology department, who have 

expertise in this area. Studies into this pathway and its modulation formed the basis 

of Chapter 3 and 4 of this thesis. 

1.10.3 Consequence of Inflammation 

Following the exogenous or endogenous insults, the inflammatory response can 

be excessive and cause organ damage, a process known as immunopathology(117). 

ACLF patients are unable to generate an adequate immune response due to a 

dysfunctional innate immune system (50, 127, 140). Firstly, the kupffer cells (resident 

macrophages of the liver and main effectors of innate immune system), are 

bypassed due to the presence of multiple intra- and extra hepatic shunts leading 

to failure to effectively clear endotoxins. In addition, the reduced protein synthesis 

that occurs in cirrhosis results in defective in complement production. This means 

that the opsonisation capacity of the kupffer cells is reduced and thus, bacterial 

phagocytosis is impaired (140). Another contributing factor to an altered host 

response in ACLF is a phenomenon known as “Immune paralysis”, akin to that 

seen in sepsis, and associated with a high mortality. ACLF patients have reduced 

TNF-α production following stimulation with lipopolysaccharide. There is also a 

reduced expression of HLA-DR (an antigen-presenting receptor complex) on 



43 

peripheral monocytes (141). Studies have also demonstrated higher subsets of 

monocytes and macrophages overexpressing MER receptor tyrosine kinase 

(MERTK) leading to a suppression of innate immune response to microbes(142). 

Recently, it has been shown that immunosuppressive myeloid-derived suppressor 

cells are expanded in patients with ACLF further resulting in impaired response to 

microbes(122) 

The consequence of the immune dysfunction is that the initiating insult overwhelms 

the host immune system leading to an exaggerated release of pro-inflammatory 

cytokines into the systemic circulation. This results in a systemic inflammatory 

response syndrome, SIRS (127, 140, 143). SIRS is defined as the clinical expression of 

an abnormal generalised inflammatory reaction in organs distant from the initiating 

insult (143). Up to 42% of ACLF patients who develop organ dysfunction have 

evidence of SIRS despite the absence of infection in these patients (48). The 

presence of SIRS is associated with more severe encephalopathy, an increased 

incidence of bacterial infection and renal failure (144). SIRS also occurs more 

frequently in non-survivors of ACLF compared to survivors (48). 

Innate immune dysfunction also results in macro-circulatory dysfunction. It is 

known that patients with ACLF have a hyper-dynamic circulation and a high cardiac 

output. There is peripheral vasodilatation and a low systemic vascular resistance 

leading to a reduced effective arterial volume and a decrease in mean arterial blood 

pressure. The consequence of these circulatory changes is end-organ hypo-

perfusion, which in combination with a SIRS response, results in organ failure and 

ultimately death (127). 
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1.10.4 Extracellular ATP acting as a DAMP 

The naturally occurring nucleotide, adenosine 5’ triphosphate (ATP), is present in 

all living cells and plays a crucial role in intracellular energy metabolism (145). 

Outside, the ATP released from injured or dying cells functions as a DAMP. It 

initiates inflammation and further amplifies and sustains cell-mediated immunity by 

signalling through purinergic receptors or purinoceptor(146). The purinergic 

signalling hypothesis was first proposed in 1972 by Geoffrey Burnstock and 

colleagues (147). In the liver, intracellular purinergic signalling contributes to tissue 

homeostasis and is important for the regulation of cell survival, proliferation and 

cell death. Altered signalling mediated by high extracellular concentration of 

purines results in a pathological state favouring the onset and progression of liver 

injury (148). 

Two main families of nucleotide receptors have been described to date namely: 

the P1 adenosine and the P2 nucleotide receptors (146). The P1 receptors (A1, A2A, 

A2B, A3) are G-protein coupled receptors, which are adenosine specific. They 

have been characterised in cardiac, liver and fat tissues (147). The P2 receptors are 

more specific for ATP and are divided into two subfamilies based on structural 

similarities: the G-protein coupled (P2Y receptors), and the ligand-gated ion 

channels known as the P2X receptors (149). Seven mammalian P2X subunits, 

P2X1-P2X7, have been characterised to date (150). These receptors are ATP-gated 

ion channels that are selectively permeable to cations (Na+, K+, Ca++). The P2X 

channel is made up of three subunits and the basic structure of each subunit is 

shown in Figure 4. Each subunit is made up of: (1) intracellular N- and C- termini 

which has binding sites for protein kinases; (2) two trans-membrane spanning 

domains that line the pore; (3) a large extracellular loop that contains the ATP 

binding site (151). Of relevance, the C-terminal of the P2X7 receptor has been shown 
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to contain a conserved LPS-binding domain which may be important for cell 

surface location of the receptor as well as play a modulatory role in LPS action(152, 

153). 

 

Adapted from Ralevic and Burnstock (154). 

Figure 4. Topology of the P2X receptor subunit. Two membrane-spanning 
units are seen (M1 and M2) and they are connected by a large extracellular loop. 
This domain contains two disulphide-bonded loops (S-S) and three N-linked 
glycosyl chains (triangles) and contains the ATP binding site. The N and C termini 
are also shown. 

All the P2X receptor subtypes are found in the liver with the P2X4 and P2X7 

receptor being the most widely expressed. These receptors are found in 

cholangiocytes, dendritic cells, hepatic stellate cells, Kupffer cells, hepatocytes and 

vascular endothelial cells (155). However, the P2X7 receptor is the P2 receptor 

unanimously associated with inflammation and therefore represent significant 

therapeutic potential(156). The rest of this section will focus on the P2X7 receptor. 
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In normal physiological conditions, there is minimal receptor activity as the receptor 

is potently inhibited by divalent cations. Following an inflammatory insult, the 

release of pro-inflammatory cytokines such as tumour necrosis factor (TNF)-α, 

results in an up-regulation of the receptor (145). In addition, the decrease in 

extracellular cations, which occurs as a consequence of the damaged cells, 

releasing their cytosolic contents and thus “diluting” the extracellular 

concentrations of these ions, coupled with the release of ATP from the damaged 

cells leads to an activation of the P2X7 receptors. In order to cause a 

conformational change in the ion channel from “closed” to “open”, the binding of at 

least 3 ATP molecules is required (155). It has been reported that the brief activation 

of the receptor causes a cation influx which is reversible. On the other hand, 

sustained stimulation leads to pore formation that is permeable to hydrophilic 

solutes with a molecular mass of up to 900Da (154). The mechanism by which pore 

formation occurs is not entirely clear. It was once thought that this was due to an 

ATP-dependent increase in channel size (154), however recent evidence suggest 

that recruitment of the hemi-channel, Panexin-1, and subsequent formation of a 

P2X7/panexin-1 hemi-channel is required for pore formation (157). 

Following activation of the P2X7 receptor, a number of cellular events may occur, 

depending on the cell type involved. One important consequence is the secondary 

activation of the inflammasome pathway, which leads to the release of the potent 

pro-inflammatory cytokines, 1L-1β and IL-18. Inflammasomes are large, 

intracellular multi-protein complexes that in response to cellular danger signals, 

activate caspase-1 and promote the maturation and release 1L-1β and IL-18 (158).  

The NOD-like receptor protein 3 (NLRP-3) is the best-characterised inflammasome 

to date. It is made up of the NLRP3, as well as the adapter protein (apoptosis-

associated speck-like protein containing a c-terminal caspase-recruitment domain; 
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ASC) which connects the protein to pro-caspase-1. Once this pathway is activated, 

inactive pro-caspase-1 is converted to active caspase-1 and this results in the 

cleavage of pro-IL-1β and pro-IL-18 into mature forms (157, 158). The whole process 

from P2X7R activation by ATP to release of 1L-1β and IL-18 is very fast as 

externalisation of these cytokines is near maximal within 10-20 mins following 

receptor stimulation (159). IL-1β is particularly potent as its interaction with its 

receptor increases the transcription of pro-IL-1β as well as synthesis of the 

inflammasome component. This leads to an amplification of its biological effects 

(158, 160). Figure 5 depicts the signalling pathway following exogenous ATP 

interaction with its receptor.  

 

Figure 5. ATP interaction with the P2X7R.  Once ATP engages with the 
P2X7R, a non-selective pore that allows the influx of calcium (Ca++) ions and efflux 
of potassium (K+) ion is formed. This change in intracellular ion concentration 
results in assembly of the inflammasome, which drives the conversion of pro-
caspase 1 to mature caspase 1 which is released. Pro-IL-1β is subsequently 
converted into mature IL-1β by caspase and released extracellularly to mediate its 
inflammatory effects. 

Inflammasomes are also involved in two specialised forms of cell death known as 

pyroptosis and pyronecrosis. Pyroptosis shares similar features with apoptosis 
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such as DNA fragmentation and nuclear condensation. However, in this form of 

cell death there is cytosolic swelling rather than shrinkage (a feature of apoptosis). 

Cytosolic swelling occurs due to an influx of ions into the cell via pores formed on 

the cell membrane. This leads to osmotic lysis and the release of intracellular 

contents into the extracellular space (DAMPs) thus further potentiating a pro-

inflammatory milieu and tissue damage (158,161). Pyronecrosis is a caspase-

independent but cathespin-dependent cell death pathway, which shares features 

with necrosis (158). 

P2X7R activation by extracellular ATP can also lead to the secondary activation of 

the stress activated protein kinase/c-jun-n terminal kinase. The downstream effect 

of this signalling pathway is pro-inflammatory and includes TNF-α dependent 

induction of E-selectin, NFκβ induction of T-cells and apoptosis (162). 

A further consequence of P2X7R activation by ATP is the generation of reactive 

oxygen species via the mitogen-activated protein kinase pathway (163). Excessive 

oxidative stress causes functional and structural damage in the liver and is likely 

to potentiate liver and renal injury in ACLF. 

A cross-talk between the P2X7 receptor and LPS-dependent pathway also occurs 

which further amplifies the pro-inflammatory effects of receptor activation (153). 

Furthermore, it has been demonstrated that LPS can signal not only via a TLR4 

dependent pathway but also via a CD14/P2X7 receptor dependent pathway(164). 

Studies have confirmed that the P2X7 receptor can modulate macrophage 

production of TNF-a, IL-1b and nitric oxide following LPS exposure(152,164,165). 

Figure 6 illustrates the P2X7 and LPS dependent pathway crosstalk.  
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Figure 6. Proposed mechanism of LPS and P2X7 receptor crosstalk. 
CD14 facilitates LPS binding to the P2X7 receptor via its LPS binding region. 
Following this, there is Ca++ influx which results in ATP depletion, cell death and 
potentiates the release of inflammatory cytokines. Adapted from(164, 165)  

 

The deleterious effects of signalling via the P2X7R has been reported in renal, 

respiratory, gastrointestinal, neurological and rheumatological inflammatory 

conditions. Recently, it has also been implicated in drug-induced acute liver injury, 

hepatitis C and non-alcoholic fatty liver disease (147,148,166). However, to date, there 

is no data implicating this signalling pathway in ACLF. As therapeutic options for 

this syndrome is limited, it would be worthwhile investigating if this pathway is 

involved in the pathophysiology of ACLF especially as therapeutic agents, which 

modulate the P2X7R signalling pathway, have already been taken to Phase I and 

phase II trials in selected chronic inflammatory diseases(156). 

1.10.5 Modulation of the P2X7R signalling pathway 

Agents that modulate the ATP-P2X7R signalling pathway can act by either: 

● Blocking the P2X7R therefore preventing signalling and downstream 

production of pro-inflammatory cytokines. 
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● Neutralising extracellular ATP therefore reducing the degree of signalling. 

P2X7R antagonists: In the field of neurology, it has been shown that disruption of 

the P2X7R signalling pathway abolishes chronic inflammatory and neuropathic 

pain (167). Agents such as A-438079, A-740003, A-804598 and A-87227 are 

currently being evaluated in animal model of neuropathic pain and the results so 

far appear promising (168,169). Antagonism of the P2X7R has also been shown to 

beneficial in limiting joint pain and destruction in an animal models of rheumatoid 

arthritis (170). However, when the P2X7R antagonists (AZD9056, CE224535) were 

tested in humans, results from clinical trials did not show any benefit of these 

agents in patients with rheumatoid arthritis (168,171). Furthermore, as P2X7R is also 

implicated in the pathogenesis of COPD, AZD9056 was also studied in Phase 2 

clinical trials in these cohort of patients and it did not show benefit. Nevertheless, 

treatment with a P2X7R antagonist (A438079) has been shown to reduce the 

severity of glomerular injury in an animal model of glomerulonephritis (172). These 

results indicate that targeting the P2X7R is clinically feasible. 

Extracellular ATP neutralising agent: The only agent in the literature, which 

attenuates the effect of extracellular ATP, is alkaline phosphatase (AP). Alkaline 

phosphatase is a membrane bound hydrolase that is involved in dephosphorylation 

and also catalyses transphosphorylation. In mammals, there are three major 

isoenzymes, which are: the tissue non-specific form, intestinal form and placental 

form. The tissue non-specific form is also known as the bone/liver /kidney form and 

it is the predominant form in humans. 

AP has the unique ability to remove phosphate groups from ATP, which serves as 

a DAMP at high concentrations in the extracellular space. In this setting, it acts as 

an anti-inflammatory agent (173,174). In addition to its ability to neutralise ATP, AP 
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also detoxifies LPS by dephosphorylating lipid A, which is the toxic moiety of LPS 

(175). Data shows that pre-incubation of LPS with intestinal AP reduced the toxic 

activity of LPS in an AP dose-dependent manner(176). Evidence that the mechanism 

for reduced LPS toxicity is due to dephosphorylation is derived from experiments 

showing increased phosphate generation with increasing concentration of 

intestinal AP. Furthermore, inhibition of AP activity with L-phenylalanine led to a 

significant reduction in phosphate generation when the inactivated AP was 

incubated with LPS(176). It has been postulated that dephosphorylation leads to a 

conformational change in the LPS molecule thus preventing its interaction with the 

TLR4 receptor(176). The detoxifying  role of AP has been demonstrated in animal 

models of sepsis, in which treatment with AP attenuates the inflammatory response 

and improves survival (175,177). Furthermore, AP has been shown to improve renal 

function in patients with sepsis and acute kidney injury (178) and may also be 

beneficial in the management of inflammatory bowel disease (179). Based on 

outcomes such as these, AP is attracting renewed attention for its potential as a 

therapeutic target in the treatment of conditions associated with generalised 

inflammation (173).  

Human recombinant AP (recAP) is a homodimer consisting of the biological activity 

domain from intestinal AP and the stability domain from placental AP(180).This agent 

was developed based on animal and laboratory data mentioned above, which have 

clearly demonstrated that AP attenuates inflammatory response elicited by PAMPs 

and DAMPs (181). As ACLF is characterised by a generalised inflammatory 

response, and results from phase I and II human studies (178,182) using recAP are 

promising, it is imperative to investigate if this molecule may be of benefit in a 

syndrome that currently lacks specific therapies.  
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1.11 Animal models of Acute-on Chronic liver failure 
In order to gain a more detailed understanding of the pathophysiology of ACLF, 

further research involving the use of animal models are required. This is because 

these models allow us to study pathophysiological mechanisms on an organ-based 

level. Since organ biopsies are rarely performed in humans with ACLF, these 

models serve as a surrogate. 

There are few animal models of ACLF described in the literature. However, with 

the further characterisation of this syndrome, it is likely that further models will be 

developed in the near future. What is common to all currently described models of 

ACLF is the need to initially induce chronic fibrosis/cirrhosis before the induction of 

failure with the developing pathophysiological changes reflecting the typical clinical 

sequalae of ACLF (183). 

The animal models of ACLF reported in the literature are discussed below. 

However, it is important to note that none of these models reproduces 

fibrosis/cirrhosis by similar aetiology to humans. 

● The D-galactosamine (D-Gal)/lipopolysaccharide (LPS) induced ACLF 

model: This model was established by Liu et al (184) to further study the 

pathophysiological mechanisms of ACLF and for evaluation of treatment 

strategies for this syndrome. The model involves inducing immunological 

fibrosis in rats by treating them with subcutaneous injections of human serum 

albumin (HSA). An acute insult is then delivered by intra-peritoneal injection of 

D-gal combined with LPS. The liver histology in this animal model of ACLF 

shows evidence of necrosis of regenerated nodules. In addition, the liver 

biochemistry and cytokine profiles are similar to that seen in patients with 

ACLF. Although this model has been validated in a recent animal study on 
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ACLF (137), it is labour intensive to create as it involves the multiple tail vein 

injections over a 6-week period. 

● The carbon tetrachloride (CCL4)/ LPS induced ACLF model: In this model, 

rats are injected intra-peritoneally (IP) with CCL4 for 6 or 10 weeks, which 

induces chronic liver disease by causing fibrosis. Superimposed acute liver 

injury is induced by LPS. The histological and biochemical changes observed 

with this model are in keeping with those observed in humans (185). Although 

this model has been used for many years to study the changes associated with 

cirrhosis in rats, in our hands, we observed a high mortality before the 

development of cirrhosis in treated animals. Furthermore, animal treatment is 

cumbersome as it involves 2 researchers injecting the rats in a fume cupboard 

3 times daily for between 6-10 weeks. Long-term exposure to CCL4 is also 

known to be dangerous to the researcher. 

● The bile duct ligation (BDL)/LPS induced ACLF model: The bile duct ligation 

rat is a model of rapid liver fibrosis that translates as a chronic model of 

cirrhosis (186). Acute-on-chronic liver injury is super-imposed on the day of 

termination by the administration of LPS. The model has been characterised 

as a model of ACLF by a number of investigators (69, 88, 187) who have shown 

that the histological, biochemical and cytokine profiles of this model are akin to 

those observed in patients with ACLF. The BDL model is a safe and consistent 

way to induce cirrhosis over a short time period (usually 4-6 weeks), and our 

laboratory has extensive experience in the creation of this model. For these 

reasons, this was the experimental model chosen for our studies. 
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1.12 Hypothesis and Aims 

1.12.1 Study Hypothesis 

Based on the evidence in the literature which demonstrates that MOF in ACLF is a 

consequence of excessive, dysregulated inflammation, we sought to explore the 

mechanism of cell death in ACLF and ascertain the role of DAMPs/PAMPs in the 

pathophysiology of ACLF. We hypothesized that: 

Organ dysfunction in ACLF occurs as consequence of cell death, mediated 

by PAMPs and DAMP 

Figure 7A: Proposed 
involvement of TLR4 
and P2X7R pathway 
in the pathogenesis 
of ACLF. LPS signals 
via the TLR4 pathway 
(signal 1) and the 
P2X7/CD14 pathway 
(signal 2) leading to 
the generation of pro-

inflammatory 
cytokines. The 
consequence of this is 
cell death and release 
of DAMPs including 
ATP, which signals via 
the P2X7R (signal 3), 
exacerbating the 
inflammatory process 
leading to multiple 
organ failure. (7B): 
Dephosphorylation of 
LPS and ATP by 
recAP reduces 
signalling via the 
TLR4/P2X7 pathway 
and attenuates the 
inflammatory process. 
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Aims of the study 

1. To investigate the mechanism of cell death in ACLF. 

2. To determine if recombinant ALP, an agent that detoxifies LPS and ATP 

reduces severity of organ dysfunction in this model. 

3. To Determine if the ATP/P2X7 receptor pathway plays a role in ACLF-AKI 
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Chapter 2 

Mechanism of Hepatocyte Cell Death In ACLF 

2.1 Introduction 
The core concept in ACLF is that of an acute hepatic insult occurring in a chronic 

liver disease patient, resulting in multi-organ failure and a high short-term 

mortality(188). Given that the syndrome is defined by the failure of hepatic and 

extrahepatic organs, cell death is likely to be important in its pathophysiology (99). 

Although there is evidence suggesting that hepatocyte cell death occurs in ACLF 

(189, 190), the predominant mechanism of hepatocyte cell death in ACLF has not 

been clearly elucidated. However, it is known that dysregulation of hepatocyte 

apoptosis plays a role in liver disorders such as alcoholic hepatitis(191), hepatitis C 

and non-alcoholic fatty liver disease. 

Circulating serum concentrations levels of cyrokeratin-18 allow biochemical 

determination of the mechanism of cell death. Cytokeratin-18 (CK-18) is a 

cytoskeletal intermediate filament protein found in simple epithelial cells, especially 

of the digestive tract and together with keratin-8 are the only keratin intermediate 

filaments in hepatocytes and variants of these genes are associated with 

susceptibility to a variety of liver diseases(192). Circulating CK-18 fragments 

generated by apoptosis and necrosis, though detectable in serum of non-liver 

disease controls (193, 194), are elevated in a variety of liver diseases(192, 195). The 

commonly used M30 antibody identifies an apoptosis-specific neo-epitope at the 

CK-18 aspartic acid residue 396, generated by cleavage of early caspase-9 and 

caspase-3 and caspase-7 during the execution phase of apoptosis. The use of two 
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monoclonal antibodies, M5 and M6 (called M65), allows for measurement of all 

CK-18 fragments due to loss of cell membrane integrity from necrosis and/or 

apoptosis by caspase activity(196). Thus, concurrent measurement of M30 and M65 

assays permits quantification of the relative contributions of apoptosis and necrosis 

to cell death(196). 

In addition, hepatocyte damage in ACLF may also be propagated by the release 

of damage associated molecular patterns (DAMPs). A variety of DAMPs have been 

implicated in potentiating liver injury by perpetuating a vicious cycle of tissue 

damage secondary to pro-inflammatory cytokine release. They include adenosine 

triphosphate (ATP), HMGB1, Heat shock protein (HSP) and genomic DNA (130). 

HMGB1 has already been shown to play a role in the pathophysiology of ACLF and 

blockade of this DAMP confers a protective effect against ACLF in animal models 

(135,136). There is however a need to try to identify other DAMPs that may play a role 

in ACLF. gDNA is nucleosomal DNA, which is a DAMP that was shown to be 

elevated in a small cohort of ACLF patients(189). In that study, no stratification of 

patients was performed hence the need for a better evaluation of the involvement 

of nuclesomal DNA in ACLF pathogenesis. 

In order to progress towards the development of rational and effective therapeutic 

options for these patients, we aimed to (1) Elucidate the predominant mechanism 

of cell death in ACLF (2) Ascertain whether plasma levels of M30 and M65 are 

altered in ACLF patients and whether CK-18 levels correlate with disease severity. 

We aimed to (3) correlate the findings in the plasma with histologic correlation. (4) 

In addition, we sought to explore if gDNA levels are altered in these patients so as 

to ascertain if this DAMP plays a role in the pathophysiology of ACLF. 
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2.2 Patients and Methods 

2.2.1 Study design 

The patients were included prospectively but the specific analyses were performed 

on stored samples. All patients or their relatives gave written informed consent or 

assent, respectively, in accordance with the Declaration of Helsinki of the World 

Medical Association, 1989. Samples were obtained from a variety of sources. 

Samples from patients with acute liver failure (ALF) and ACLF were obtained from 

patients enrolled in DASIMAR study (NCT01071746). Ethical approval for the use of 

the DASIMAR study was granted by the UCLH UK National health service (NHS) 

Research ethics committee (Number 08/H0714/8, protocol number 002). 

2.2.2 Patients 

Twenty-seven patients (n=27) with a diagnosis of acute decompensation of chronic 

liver disease, who had also undergone transjugular liver biopsy as part of their 

investigations, between 2011-2012 were enrolled in this study. In addition, non-

paracetamol related acute liver failure (ALF) patients (n=10) who were biopsied in 

the same time period were enrolled as disease controls. Healthy controls (n=8) 

were also used for comparison. Only plasma samples were collected from the 

healthy controls and none underwent liver biopsy. At admission, previous relevant 

clinical data, such as aetiology of liver disease, history of alcohol abuse, ascites, 

encephalopathy, gastrointestinal bleeding, acute or chronic renal failure, and 

coexistence of other diseases, were recorded. The main cause of hospitalisation 

was identified, and basal clinical and biochemical parameters were assessed to 

define the severity of liver disease and presence of organ failure. The severity of 

liver disease was assessed using and the model of end-stage liver disease (MELD) 

score and Child Pugh Score. In addition, the CK-18/M65-based MELD score was 

calculated for each patient. The formula used was based on one previously 
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described in the literature (197) in which the serum M65 level replaces the serum 

Bilirubin level. Both formulas are shown below: 

MELD Score (198) 

MELD = 10 x (0.957 LnCreatinine[mg/dl] + 0.738 LnTotal Bilirubin[mg/dl] + 1.12 LnINR + 

0.643) 

Individual values less than 1.0 were set at 1.0. In patients who underwent 

dialysis during 2 weeks before assessment or if serum creatinine was above 

4.0mg/dl, serum creatinine was set at 4mg/dl. 

 

MELD-M65(197) 

MELD-M65 = 10 x (0.957 LnCreatinine[mg/dl] + 0.738 LnM65[U/µl] + 1.12 LnINR + 0.643) 

 

Organ failure was evaluated using the modified Sequential Organ Failure 

Assessment (SOFA) score. The patients were divided in 2 groups: no-ACLF and 

ACLF using the classification described by Moreau et al. (51) The baseline 

characteristic of the patients is reported in Table 5 overleaf: 
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Table 5. Patient baseline clinicopathological features 

 Healthy (n=8) ALF (n=10) Acute Decompensation (n=27) 

   NoACLF (n=11) ACLF (n=16) 

Age 38±3.9 47.8±4 53.1±2.3 53.7±2.4 

Gender (Male) 4 6 7 9 

Predisposition     

Alcohol - - 9 13 

Hepatitis Virus B/C - 2 2 2 

Autoimmune - - - 1 

Drug Induced - 4 - - 

Unknown - 3 - - 

INR - 2.5±0.6 1.85±0.2 1.94±0.1 

Bilirubin (µmol/L) - 327±39.9 133±19.5 202± 22.1* 

Creatinine (µmol/L) - 143± 33.3 96.6± 9.8 161.3± 25.3 

Albumin (g/L) - 36.9± 4.9 33.6± 2.84 32.3± 11.1 

Child-Pugh NA NA 9.3± 0.5 10.2± 0.5 

MELD NA NA 22.3± 1.3 23.2± 1.7 

MELD-M65   19.45±1.2 25.5±1.4** 

Precipitating Events     

Infection - - 1(9%) 6(38%) 

Variceal Bleeding - - 1(9%) 0 

Alcoholic hepatitis - - 9(82%) 7(44%) 

Others - - - 3(19%) 

Response     

SIRS - 5 3 6* 

CRP - 31.9± 8.6 29.6± 7.2 61.3± 13.8* 

Organ Failure     

Modified SOFA - 5.46± 0.98 - 5.34± 2.05 

In-Hospital Mortality - 5(50%) - 6(38%)** 

Data expressed as mean (SEM). *P<0.5 compared to no-ACLF group. **P<0.01 compared to no-
ACLF group. ACLF: acute on chronic liver failure. ACLF group: ACLF-1 (n=6); ACLF-2 (n=7); ACLF-
3 (n=3).ALF: acute liver failure. MELD: model of end stage liver disease. SIRS: systemic 
inflammatory response system. SOFA: Sequential Organ Failure Score Assessment 
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Definitions 

Patients with acute decompensation of cirrhosis, defined as the acute development 

of one or more major complications of liver disease (i.e. ascites, encephalopathy, 

gastrointestinal haemorrhage, bacterial infection),were classified according to the 

CANONIC study criteria into (199): 

● no ACLF group. This group comprises patients with no organ failure or patients 

with a single “non-kidney” organ failure (i.e., single failure of the liver, 

coagulation, circulation or respiration) who had serum creatinine <1.5 mg/dL 

and no hepatic encephalopathy (199). Eleven patients (42%) had no-ACLF at 

enrolment. 

● ACLF group. This group includes patients with ACLF defined according to the 

CANONIC study using the CLIF-SOFA scoring system (199). Sixteen patients 

(58%) had ACLF at enrolment. 

● Acute Liver Failure (ALF) group. This group includes patients with rapid 

development of hepatocellular dysfunction, specifically coagulopathy and 

encephalopathy without known prior liver disease. Biopsies and plasma 

samples were processed as described below. 

2.2.3 Samples and storage 

Plasma samples were collected within 24 hours of the liver biopsy and centrifuged 

at (3500 rpm for 10mins at 4 °C) within 1 hour of collection and stored at −80 °C 

for later determination of M30, M65, TNF-α, IL-18 levels, Caspase 3 and circulating 

gDNA levels. Simultaneous biopsy samples were processed, and 

immunohistochemistry performed for evaluation of M30 staining. Plasma samples 

collected on the day prior to and 48 hours after the liver biopsy were also collected 

and analysed. 
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KRT-18 ELISA Assays 

The level of caspase-cleaved keratin-18 (ccKRT18) was determined in the plasma 

using the PEVIVA M30 Apoptosense ELISA kit #10011 from (VLVbio AB, 

Sundbyberg, Sweden), which selectively recognises a caspase-cleaved 

neoepitope of KRT18 only released from apoptotic cells. The total soluble KRT18, 

which is released from both apoptotic and necrotic cells, was measured using the 

M65 EpiDeath ELISA assay #10040 (VLVbio AB, Sundbyberg, Sweden). Following 

appropriate dilutions, the concentration (U/L) of ccKRT18 (M30) and total KRT18 

(M65) in each patient plasma sample was calculated from a generated standard 

curve. 

Plasma IL-18 and TNF-α Levels 

The determination of plasma TNF-α and IL-18 levels was performed using a 

commercial enzyme-linked immunosorbent assay (R&D, UK) according to the 

manufacturer’s instructions. The samples were analysed for change in absorbance 

at 450nm with a spectrophotometer (FLUOstar omega, BMG LABTECH, Germany) 

data was analysed using the MARS data analysis software (BMG LABTECH, 

Germany). Samples were measured in triplicates. 

Circulating Genomic DNA (gDNA) 

gDNA was measured using a Cell Death Detection ELISA Plus 11.0 (Roche 

Diagnostic, Mannheim, Germany) in plasma from 16 ACLF patients, 6 ALF patients 

and 4 healthy volunteers due to limited sample availability. The assay is based on 

a quantitative sandwich-enzyme-immunoassay-principle using monoclonal 

antibodies directed against DNA and histones, respectively. This allows the 

specific determination of mono-and oligonucleosomes in samples. 
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Caspase 3 Luminescent assay 

A luminescent substrate assay for active caspase-3 (Caspase-Glo assay; 

Promega, Mannheim, Germany). The assay provides a luminescent substrate with 

the caspase cleavage sequence DEVD in a reagent optimized for caspase activity 

and luciferase activity. Following cleavage of the substrate at the DEVD peptide by 

caspase-3 and caspase-7, aminoluciferin is released, resulting in light production 

in a luciferase reaction, which can be measured in relative light units (RLU) by a 

luminometer. Serum was diluted 1:1 in buffer containing 50 mmol/L Tris-HCl [pH 

7.4], 10 mmol/L KCl, and 5% glycerol. Then, 10 μL of the diluted serum were 

incubated with 10-μL caspase substrate for 3 hours at room temperature. Finally, 

the luminescence of the samples was measured in a luminometer 

Histopathological Assessment and immunohistochemistry 

Sections of formalin fixed, paraffin-embedded tissues were stained by 

haematoxylin-eosin and immunohistochemistry was performed for caspase-3 

(polyclonal rabbit anti caspase-3 primary antibody, 1:100 dilution, Abcam, UK) and 

M30 (mouse monoclonal antibody, 1:100 dilution, BIOAXXESS, UK). Two 

independent liver pathologists blinded to clinical data scored the slides. 

Histological scoring of steatosis, alcoholic steatohepatitis and ductal cholestasis 

was performed based on a paper by Altamirano et al(200). Mallory bodies were 

scored as follows: <5 = 1; >5-10 = 2; >10-20 = 3; >20 = 4. 

With regards to immunohistochemistry, the degree of caspase 3 staining has been 

assessed using the H-score method. H-score is an algorithm that includes 

evaluating the percentage of tumour cells stained at each intensity level. It is a 

semi-quantitative intensity scale ranging from 0 for no staining to 3+ for the most 

intense staining. It is a variable, more continuous than simply Positive versus 
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Negative method. H-Score = (% at 0) * 0 + (% at 1+) * 1 + (% at 2+) * 2 + (% at 3+) 

* 3. Thus, this score produces a continuous variable that ranges from 0 to 300. 

M30 staining has been expressed as the number of positive apoptotic cells. 

Positive control slides were derived from colonic adenocarcinoma tissues slides. 

For the negative control, the slides were stained in the absence of the primary 

antibody. 

Statistical Analysis 

Categorical data were summarized as proportions and percentages; continuous 

data, as mean values and standard deviations were reported. Statistical analysis 

was performed using GraphPad InStat software, version 6.0b. To compare the 

means between groups, ANOVA test was performed. To determine differences 

between groups not normally distributed, medians were compared using the Mann-

Whitney U test. A P<0.05 was considered significant. The parametric M30 value of 

each ACLF patient was enrolled in a receiver operating characteristic (ROC) 

analysis, with the intent to detect predictive parameters for death. We considered 

an area under the curve (AUC) value >0.5 to be significant. 

2.3 Results 

2.3.1 Patients 

Eleven patients (42%) had no-ACLF and sixteen patients (58%) ACLF and all had 

underlying cirrhosis. The patients with and without ACLF were older than the 

healthy volunteers (p<0.01) and those with ALF (p<0.05). Most of the patients had 

underlying alcohol related liver disease (Table 5). Although there was no difference 

in the MELD score between the no ACLF and ACLF group, there was a significant 

difference in the MELD-M65 score with the ACLF patients having higher scores. 

Infection was higher as a precipitating event in the patients with ACLF compared 
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with the no ACLF group, but alcoholic hepatitis was significantly higher in the 

patients with no ACLF. Patients with ACLF had significantly greater inflammatory 

markers and SIRS compared with the patients with no ACLF. None of the no ACLF 

patients died, six ACLF patients died (38%) and five ALF (50%) patients died within 

28 days from multi-organ failure. 

2.3.2 Keratin-18 

The mean M30 level was 128.3±20.9 U/L in healthy controls; 1761±207.6 U/L in 

ALF patients, 440±42 U/L in no ACLF patients and 1691±203.2 U/L in ACLF 

patients. Compared with healthy individuals, the M30 value was significantly 

elevated in ACLF patients (p= 0.0001). M30 levels were significantly greater in the 

ACLF patients compared with the no ACLF patients (p=0.0001) (Figure 8a). There 

was no significant difference in M30 levels between the ACLF and ALF patients. 

The mean M65 level was 104±2357 U/L in healthy controls, 36,498±14843 U/L in 

ALF patients, 5607±1572 U/L in no ACLF patients and 9811±1914 U/L in ACLF 

patients. M65 level was higher in ALF compared with ACLF patients (p=0.002) 

(Figure 8b). However, there was no significant difference between the no ACLF 

and ACLF patients. The apoptotic index (M30/M65 ratio) was 1.39 (range: 0.96-

2.90), in the healthy controls. In patients with ALF, the apoptotic index was 0.13 

(range: 0.09-0.30) compared to those with ACLF 0.28 (range: 0.08-0.71). The 

apoptotic index was significantly higher in the ACLF patients compared with the 

ALF patients (p=0.03). (Figure 8c). Significant correlation was observed between 

the M30 levels and the number of organ failures observed in patients with acute 

decompensation of cirrhosis (r2=0.78; p<0.0001) (Figure 9). The area under the 

curve for prediction of mortality was 0.88. Using an M30 cut-off value of 1312 had 

a sensitivity of 83% and a specificity of 0.72% in the prediction of mortality (Figure 

8d). 
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Figure 8. Patterns of M30 & M65 in patients with and without ACLF. A. 
Circulating M30 levels are higher in ACLF patients compared to No-ACLF 
patients. Scatter plots of M30 levels evaluated in plasma sample from ALF 
patients (n=10), no-ACLF patients (n=11) and ACLF patients (n=16) and healthy 
controls (n=8). Statistical analysis was performed with Mann- Whitney test. P value 
< 0.05 was considered statistically significant. B. Circulating M65 levels are 
higher in patients with ALF compared to patients with ACLF. Scatter plots of 
M65 levels evaluated in plasma sample from ALF patients (n=10), no-ACLF 
patients (n=11) and ACLF patients (n=16) and healthy controls (n=8). Statistical 
analysis was performed with Mann-Whitney test. P value < 0.05 was considered 
statistically significant. c. M30/M65 Ratio (apoptotic index) is higher in patients 
with ACLF compared with patients with ALF. Scatter plot M30/M65 ratio 
between the ALF patients (n=10) and acute decompensation patients (n=27). 
Statistical analysis was performed with Mann- Whitney test. P value < 0.05 was 
considered statistically significant. D. Area Under the Curve Test Result 
Variables: M30. The area under the curve for prediction of mortality was 0.88. 
(M30 cut-off value of 1312 had a sensitivity of 83% and a specificity of 0.72% in 
the prediction of mortality). 
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Figure 9. Correlation between M30 levels and the number of organ failures 
observed in patients with ACLF. 

In the ACLF patients with on-going infection, a correlation between high levels of 

circulating M30 (mean value 1320±79.0 IU) and presence of infections was 

observed. In the ACLF patients, 6 had ACLF-1, 7 had ACLF-2 and 3 had ACLF-3. 

2.3.3 Cytokines 

TNF-� levels were significantly higher in the ACLF and ALF groups compared with 

the no ACLF group (p<0.005 and p<0.02 respectively) but no significant differences 

were observed between the ACLF and ALF groups (Figure 10a). However, IL-18 was 

significantly higher in the ALF group compared to the no-ACLF group but there was 

no difference between the no-ACLF and ACLF groups. TNF-� levels correlated 

closely with the M30 levels (r2=0.51; p<0.0001) (Figure 10b). 

2.3.4 Serum Caspase 3 

The plasma samples used were provided by the DASMIAR study. A run was 

carried out using a colorimetric assay for caspase 3 quantification. However, we 

were not able to generate results. Due to the limited availability of samples (as the 

studies rely on the use of these samples), we were unable to carry out further 

experiments using this assay. 
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2.3.5 Genomic DNA 

The circulating gDNA levels were significantly higher in the ACLF patients 

compared with the no ACLF patients (p<0.05) (Figure 10c). Levels of gDNA 

correlated closely with M30 levels (r2=0.41; p<0.001) (Figure 10d). 

 

Figure 10. Levels of TNF-a in patients with and without ACLF. A. Circulating 
Tumour Necrosis Factor alpha levels are higher in patients with ACLF and 
ALF compared to patients with No-ACLF. Scatter plots of Tumour Necrosis 
Factor alpha levels evaluated in plasma sample from ALF patients (n=10), no-
ACLF patients (n=11) and ACLF patients (n=16) and healthy controls (n=8). 
Statistical analysis was performed with Mann- Whitney test. P value < 0.05 was 
considered statistically significant. B. Scatter Plot of correlation between M30 
levels and TNF-alpha in decompensated cirrhosis patients (n=27). C. Circulating 
gDNA is higher is patients with ACLF compared to those with No-ACLF. Box 
plots of gDNA levels evaluated in plasma sample from ALF patients (n=6), no-
ACLF (n=7) and ACLF patients (n=9) and healthy controls (n=4). Statistical 
analysis was performed with Mann- Whitney test. P value < 0.05 was considered 
statistically significant. D. Scatter Plot Correlation between M30 levels and 
circulating gDNA in decompensated cirrhosis patients (n=16). 

2.3.6 Histopathology 

All patients who had alcoholic hepatitis as a cause of acute decompensation 

showed evidence of steatohepatitis in keeping with a diagnosis of alcoholic 
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hepatitis (Table 6). Additionally, severe canalicular cholestasis was observed in the 

patients with superimposed infection. The patient with underlying autoimmune 

disease did not show any evidence of active disease and those with ALF showed 

features ranging from moderate acute hepatitis to severe hepatitis with sub 

massive necrosis. With regards to immunohistochemistry, M30-positive apoptotic 

cells were observed in the patients with ACLF-2 and ACLF-3 and was observed in 

all the patients that died (Figure 11). 

 

Figure 11. M30 immunochemistry on liver biopsy specimens. A No-ACLF. 
This is a case of acute decompensation due to alcoholic hepatitis showing 
evidence of severe active steatohepatitis: ballooned hepatocytes containing 
Mallory bodies (M, dense eosinophilic cytoplasmic inclusions) are surrounded by 
neutrophils (H&E-stained section, X20). Immunostained section for M30 shows 
positive staining in Mallory bodies. No positive apoptotic cells are seen. B ALF. 
Acute hepatitis with multiple apoptotic bodies A seen in the form of densely bright 
eosinophilic stained rounded structures on the H&E-stained section (X20) and in 
the form of dark brown positive stained cells on the M30-immunostained section 
(X20). Please note the accompanied lobular inflammatory infiltrate. C ACLF-1. 
Cirrhotic parenchyma with no evidence of either inflammatory activity or apoptosis. 
No M30 positive cells are seen. D ACLF-2. Cirrhotic nodule composed of 
regenerative hepatocytes with a hydropic appearance and no evidence of 
inflammatory activity or obvious apoptosis on the H&E-stained section, although a 
strong positive apoptotic body A is seen on the M30-immunostained section (X20). 
E ACLF-3. Multiple scattered group of apoptotic hepatocytes are seen on both 
H&E-stained section and immunostained section. (See Appendix 1 for larger 
image) 

!! ! !
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Table 6. Main histological features in ACLF patients 

No Microscopy Steatosis ASH 
score/Hepatitis 
activity 

Mallory  Canalicular 
cholestasis 

Caspase 3 M30 

NO ACLF 

1 Cirrhosis 3 4 4 0 105 0 

2 Cirrhosis 3 2 4 1 90 0 

3 Cirrhosis 0 3 4 1 130 2;Mallory 
+ 

4 Developing 
Cirrhosis 

3 4 3 0 70 2 

5 Cirrhosis 2 2 1 1 95 1 

6 Cirrhosis 3 5 4 1 95 0 

7 Cirrhosis 2 4 3 1 100 1 

8 Cirrhosis 1 5 4 1 100 0 

9 Cirrhosis 0 Mild portal 
inflammation 

0 0 100 0 

10 Cirrhosis 1 1 1 0 100 0 

11 Developing 
Cirrhosis 

0 Mild inflammatory 
activity 

0 1 125 0 

ACLF 1 

1 Cirrhosis 0 Mild lobular 
hepatitis 

1 3 95 0 

2 Cirrhosis 0 3 0 3 100 1 

3 Cirrhosis 3 4 3 2 123 3 

4 Cirrhosis 2 4 2 2 90 2 

5 Cirrhosis 0 Moderate 
interface 
hepatitis 

0 3 100 3 

6 Cirrhosis 3 3 2 3 90 0 

ACLF 2 

1 Cirrhosis 3 4 4 4 90 0 

2 Cirrhosis 4 3 1 3 100 0 
(positive 
in few 
Mallory 
bodies) 

3 Cirrhosis 0 2 1 1 90 3 

4 Cirrhosis 4 2 3 1 105 3 

5 Cirrhosis 1 3 3 0 90 2 

6 Cirrhosis 1 5 4 4 90 4 

7 Cirrhosis 1 4 1 3 100 3 
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No Microscopy Steatosis ASH 
score/Hepatitis 
activity 

Mallory  Canalicular 
cholestasis 

Caspase 3 M30 

ACLF 3 

1 Cirrhosis 0 Moderately 
active chronic 
hepatitis, 
multiple necro-
inflammatory 
foci 

0 4 125 4 

2 Cirrhosis 1 5 4 3 90 3 

3 Cirrhosis 1 2 1 0 100 4 

 

2.4 Discussion 
This study shows that hepatocyte apoptosis is an important mechanism of cell 

death in patients with ACLF as indicated by elevated levels of plasma marker of 

hepatocyte apoptosis, the M30 component of KRT-18. An increase in M30 was 

also shown on immunohistochemistry in the liver of the patients with more severe 

ACLF and was invariably observed in the patients who died. We showed for the 

first time, an elevated plasma gDNA level in the ACLF patients. This correlated 

with the M30 levels indicating that apoptotic cell death is associated with a release 

of gDNA, which can act as a damage associated molecular pattern (DAMP) and 

drive further inflammation and cell death. 

An increasing number of studies show that hepatocyte apoptosis plays a role in the 

pathophysiology of a number of chronic liver disease (CLD) such as Hepatitis C 

virus (HCV) infection and non-alcoholic fat liver disease (NAFLD) (201). In fact, it 

has been suggested that agents targeting apoptosis have a role in the 

management of NAFLD. Although apoptosis is a physiological programmed form 

of cell death, which is part of the body’s defence mechanism, hepatocyte apoptosis 

may induce further hepatic injury and disease progression aggravating 

inflammation (201-203). The exact mechanism of induction of apoptosis in this 
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situation is not known but possibly consequent on increased inflammation 

observed in patients with ACLF and possibly further aggravated by the magnitude 

of liver injury (204). In the no ACLF group, the M30 levels were similar to the data in 

non-alcoholic steatohepatitis (NASH) patients where the M30 levels were about 

200 U/L (194). 

Circulating levels of M30 was higher in ACLF patients. These high levels correlated 

with increased hepatic expression of M30 indicating that apoptosis is indeed the 

predominant mode of cell death in these patients and despite the relatively small 

number of patients studied, the data showed an unexpectedly high predictability of 

mortality (AUROC: 0.88). However, to further validate these results, larger studies 

need to be carried out. The values of M30 increased in a linear manner with the 

number of organ failures in the ACLF patients. Furthermore, the patients who had 

evidence of infection showed the highest levels of M30 suggesting that infection 

and the subsequent excessive inflammatory response is crucial in the 

pathophysiology of ACLF. In addition, the data argue strongly for larger studies to 

determine whether M30 could serve as a possible companion biomarker to select 

patients for anti-apoptotic drugs as part of clinical trials. 

With regards to the M65 levels, the levels were higher in the ALF group compared 

with the ACLF patients. The measured level of M30 and M65 in our ALF cohort 

was lower than previously reported in the literature (205). This is because the 

reported levels were measured in patients with ALF secondary to paracetamol 

overdose and we specifically excluded this cohort of patients in our study. In our 

ALF patients, the mean M30 was 1761±207.6 U/L whilst mean M65 was 

36,498±14843 U/L. Looking at data from the paracetamol cohort in the literature, 

mean M30 levels of 5648±721 U/L and mean M65 levels of 54,770±6717 U/L have 

been reported(205). It is known that increased nucleosome levels may result from 
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failed execution and secondary necrosis of apoptotic cells, a recognized 

phenomenon in cellular models of paracetamol hepatotoxicity (206, 207). In 

paracetamol toxicity, necrosis but not apoptosis is the predominant mode of cell 

death; approximately 15% of cell death in the early phase occurs as a result of from 

apoptosis. This explains why there is evidence of apoptosis in the images shown 

in figure 8. This is further corroborated by the results of the M30:M65 ratio 

(apoptotic index), which demonstrates that the apoptotic index in the ACLF patient 

is significantly higher than in the ALF patient. 

There was no difference in the M65 levels between the no ACLF and ACLF group 

of patients. However, when the M65-based MELD score was used, it was observed 

that patients with ACLF had significantly higher scores than those with no ACLF 

thus suggesting that this modified score may be useful at differentiating these two 

groups of patients. The M65-based MELD score is a modified MELD score in which 

the total bilirubin is substituted for M65 levels. M65 has been shown to be a reliable 

prognostic parameter in ALF and the M65-based MELD score has been described 

as having a superior sensitivity and specificity for predicting survival in ALF 

patients(197). 

A study similar to ours has been conducted by Zheng et al. on ACLF patients (208). 

However, this study was carried out on patients with chronic hepatitis B virus 

whereas our cohort of patients had ACLF with a variety of causes as aetiology 

(predominantly alcohol). It is interesting to put those results in context as a recent 

study describing histological changes in HBV-associated ACLF suggest that the 

main mode of cell-death in this population is sub-massive necrosis(209). Infection 

and alcoholic hepatitis were the most common precipitants in our cohorts and this 

may explain why the plasma levels of M30 and M65 measured in our cohort were 

much higher than that reported by Zheng et al. (208). Despite the differences in the 
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measured M30 and M65 level, the M30:M65 ratio is our ACLF cohort (0.28) is 

similar to that reported in the ACLF cohort in the paper by Zheng et al (0.33) (208). 

Additionally, an important distinction between this study and ours is that we looked 

at the liver histology of our cohort and sought to ascertain if there is a serum-

pathological correlation between the measured M30 levels and the liver histology. 

Interestingly, the patients with ACLF showed higher TNF alpha concentration, 

which is consistent with previous studies and also further corroborates the 

observations suggesting that dysregulated inflammation plays an important role in 

the pathogenesis of ACLF. An intriguing observation was the strong correlation 

between M30 and TNF alpha levels. The interaction between TNF-α and TNF-α 

Receptor-1 on the membrane of liver cells, results in a series of cascade 

mechanism which activates caspase-3 (210). This exposure renders hepatocytes 

susceptible to apoptosis caused by TNF-α and perhaps explains the relationship 

between the M30 and TNF alpha levels observed in this study. 

In order to further demonstrate that there is increased apoptotic cell death in ACLF, 

we measured gDNA in the plasma, as apoptosis is implicated as the major 

mechanism for DNA release. Indeed, DNA in the blood shows low molecular weight 

and size laddering, the hallmarks of the apoptotic process. We observed that there 

was significantly higher gDNA in the plasma of patients with ACLF compared to 

those with no ACLF. The levels of gDNA correlated significantly with the M30 levels 

supporting the hypothesis of the importance of apoptosis in ACLF. 

The role of apoptosis in DNA release is strengthened by observations that 

treatment of mice with an anti-Fas antibody, which induces widespread hepatic 

apoptosis, causes a large increase in DNA in the plasma (211). The setting in which 

plasma DNA levels are elevated are complex and involve cell activation and cell 
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death, often occurring concomitantly. Furthermore, as these processes progress, 

the elaboration of cytokines and other inflammatory mediators may provoke 

subsequent waves of cell death and immune activation(212). 

On the histological sections, we observed that M30 was highly expressed in the 

patients with ACLF-2 and ACLF-3 and its presence was observed in all the patients 

that died. Our data provides compelling argument that there is a clinico-

pathological-biomarker evidence of apoptotic cell-death in ACLF. The inability to 

detect M30 staining in some patients with ACLF1 may well reflect lower intensity 

of expression. It may also be argued that the overall degree of M30 stained positive 

cells on the representative figures seems lower that what one would expect from 

the values of circulating M30. The mechanisms of this discrepancy are not clear 

but may be due to sampling error, which is inherent in small biopsies, the sensitivity 

of the staining or potential masking of epitopes. 

The inability to detect caspase-3 in the tissues could be explained in part by the 

methodology employed in the caspase-3 staining. It is known that not all antibodies 

work well in archival material because of the nature of the peptide or other 

substrate present in the cells (213). Alternatively, the TUNEL assay may have 

allowed for detection and quantification of apoptosis at a cellular level but this was 

not possible because the available tissues were consumed for the unsuccessful 

caspase-3 staining. The relatively thin biopsy samples obtained through the trans-

jugular route precluded performance of other immunohistochemical stains. The 

ethics approval allowed us to use the left-over samples in the paraffin blocks once 

the remainder had been used for clinical purposes of diagnosis rather than 

specifically obtain liver biopsies from these very sick, often coagulopathic patients. 
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Comparing these findings to other studies, a study by Macdonald et al(99)using a 

larger cohort of patients, demonstrated that both apoptotic and non-apoptotic 

markers of cell death are elevated in ACLF. Furthermore, they observed that as 

clinical severity increases, there is a shift in the dominant mode of cell death from 

apoptosis to non-apoptotic mode. Interestingly, a recent AASLD abstract (Takayuki 

et al, Abstract number 289, AASLD 2018) reported data showing that markers of 

necroptosis, a newly defined form of programmed cell death, are elevated in the 

serum and liver of patients with ACLF. Further work into this area is eagerly 

awaited. 

One limitation of this study is the small sample size. However, it is important to 

point out that biopsies are rarely carried in patients with known cirrhosis who 

present with an acute decompensation. Our aim was to investigate if there was a 

clinico-pathological correlation using KRT18 a biomarker and between the years 

2011-2012, only 27 patients with ACLF fulfilled entry by having had a liver biopsy 

& blood samples taken concurrently. It can be argued that using transjugular liver 

biopsy as the main inclusion criteria introduces a selection bias as we are selecting 

for the sickest of patients and thus our results may not apply to all patients 

presenting with ACLF. Clearly, before this test can be used as a biomarker, further 

studies need to be carried out on a larger subset of ACLF patients to ascertain if 

these results can be reproduced in a cohort of patients with different underlying 

aetiologies, precipitating evens and severities of liver disease. Pre-clinical studies 

would be useful but currently there are no ELISA kits for the detection of KRT 18 

in rats. However, a study by Tazi et al. clearly show evidence of hepatocyte 

apoptosis in livers of cirrhotic rats challenged with lipopolysaccharide, a model of 

ACLF (214). 
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In conclusion, the results of this study show that mean M30 levels correlated with 

the severity of liver disease and histological evidence of apoptosis suggesting that 

the predominant mechanism of cell death in ACLF is likely to be apoptosis. The 

novel observation that circulating gDNA is raised in this cohort further supports the 

observation that there is increased apoptotic cell death in this group of patients. In 

this setting, it is possible that the circulating gDNA acts as DAMP and induces the 

expression of various inflammatory genes which further potentiate tissue damage 

and leads to further cell death. Larger studies including appropriate number of 

patients is necessary to determine whether M30 can serve as an early biomarker 

of ACLF. 
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Chapter 3 

Recombinant Alkaline Phosphatase Attenuates Organ 
Dysfunction in a Bile Duct Ligated Model of Acute on 

Chronic Liver Failure 

3.1 Introduction 

Acute decompensation of patients with cirrhosis can lead to catastrophic 

consequences if they progress to develop acute on chronic liver failure (ACLF), (47, 

215, 216). Although bacterial infection precipitates ACLF in approximately one-third of 

patients,(217),in up to 40% of patients there are no identifiable precipitants; yet there 

is evidence of systemic inflammation. The main mechanism for systemic 

inflammation in the absence of infection is gut dysbiosis and increased intestinal 

bacterial overgrowth which then predisposes to the increased translocation of 

viable bacterial and/or PAMPs from the intestinal lumen into the intestinal 

mucosa(98, 218). There is literature evidence showing that patients with ACLF have 

increased levels of circulating endotoxin as a consequence of increased bacterial 

translocation (219) and its concentration have been shown to be associated with 

immune dysfunction, multiple organ failure  and an increased risk of death (220, 221). 

The previous study in Chapter 2 has shown that there is increased cell death in 

ACLF, and the predominant mode of cell death is apoptosis. This is likely to be 

driven by PAMPs and DAMPs. LPS is the PAMP most implicated in the 

pathogenesis of ACLF(220, 221). LPS initiates an inflammatory cascade by binding to 

PRR the most important of which, is the TLR4 receptor. Therefore, the LPS-TLR4 

axis is a potential therapeutic target in ACLF. Furthermore, as previously 
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mentioned, LPS can also led to the generation of pro-inflammatory cytokines by 

signalling via CD14/P2X7R interaction(164). 

Although alkaline phosphatase (ALP) is regarded as a biomarker indicating 

cholestasis, it sub-serves important anti-inflammatory functions. Important 

protective roles of intestinal alkaline phosphatase include regulation of intestinal 

surface pH, absorption of lipids, detoxification of free nucleotides and bacterial 

lipopolysaccharide, attenuation of intestinal inflammation, and possible modulation 

of the gut microbiota (222). These actions of alkaline phosphatase are due to its 

ability to reduce inflammation through dephosphorylation and thus detoxification of 

lipopolysaccharide, which is a potent PAMP(175) and by breaking down ATP, which 

is an important DAMP(223). Thus, alkaline phosphatase may well be therapeutically 

useful in patients with ACLF. Four different isoenzymes of alkaline phosphatase 

have been described, namely placental, germ cell-specific, intestinal, and tissue-

nonspecific highlighting the broad array of the function of alkaline phosphatase in 

health and disease(224). 

Recombinant alkaline phosphatase (recAP) is a dephosphorylating glycoprotein 

that catalyses trans-phosphorylation reactions and the hydrolysis of phosphate 

groups(180). The potential beneficial effect of recAP in the setting of inflammation 

has been shown in animal studies and small clinical trials but their role in liver 

disease is unknown (178, 223). The aim of this study was to investigate the role of the 

LPS-TLR4 pathway in an ACLF rodent model and determine whether recAP 

prevents the progression of ACLF in this model. 

3.2 Materials and Methods 
All animal experiments were conducted according to the Home Office guidelines 

under the UK Animals in Scientific Procedures Act 1986. Male Sprague-Dawley 
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(SD) rats weighing 220–250g, were obtained from (Charles-Rivers, Kent, UK). All 

rats were housed in the comparative biological unit at Royal Free Hospital, London, 

UK and given free access (ad libitum) to standard rodent chow and water, with a 

light/dark cycle of 12 hours (the dark phase extended from 1900–0700 hours), at a 

temperature of 22–23°C and humidity of approximately 50%. 

3.2.1 Animals 

The animal model of ACLF utilised in this study was developed using a well 

characterized rodent model of advanced fibrosis induced by bile duct ligation (BDL) 

and the ACLF was induced in this model by infusion of LPS.  

BDL Surgery was performed after induction anaesthesia with (1L/min Oxygen with 

5% isoflurane) and maintenance with 2% isoflurane. All rats underwent bile duct 

ligation to induce biliary cirrhosis or a sham operation. A midline abdominal incision 

was made. The common bile duct (CBD) was isolated, and three ligatures were 

tied with the highest one proximal to the porta hepatis and sectioned between the 

two distal sutures. Sham-operated rats underwent laparotomy and isolation of the 

CBD without any ligature or section. All rats were given a subcutaneous injection 

of Bupivacaine 5 mg/kg post-operatively as analgesia. The steps involved in 

creating the BDL model are shown in Figure 12. 
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3.2.2 Bile duct ligation (BDL) rat model 

 

Figure 12. Development of the bile duct ligation model of fibrosis/cirrhosis. 
A Under general anaesthesia, the area of the abdominal cavity was shaved, and a 
small abdominal incision was made. B The abdominal cavity was opened just under 
the xiphisternum C The liver was carefully moved laterally, and the intestine carefully 
pulled out. D The common bile duct was identified and tied off with a stay ligature. E 
Two further ties are placed 1cm from the stay ligature before the bile duct was 
ligated. F The abdominal contents were put back and the abdominal cavity closed. 
G The liver of a sham-operated animal which appeared normal. H In contrast the 
liver of a BDL animal showed evidence of fibrotic nodules. Image from Arias et al(225). 

Eight groups of adult male Sprague–Dawley rats (n=12 per group) were studied 4-

weeks after either sham-operation or BDL. The animals were anaesthetised and 
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received a continuous infusion of either intravenous (IV) Klebsiella LPS (Sigma) or 

0.9% saline at 0.3mk/kg/hour for 1 hour. Following which, the infusion was 

changed, and all animals received a fixed volume of 2mls/hour of 0.9% saline for 

a further 2 hours. All animals were terminated at 3 hours.  Animals were treated 

either with saline or recAP – recombinant human alkaline phosphatase (Kindly 

gifted AMPharma, Netherlands) - 1000U/kg, IP on four consecutive days before 

LPS injection. The last recAP injection was performed 3 hours before ACLF 

induction with LPS. The groups were as follows: 

Table 7. Breakdown of the various groups in the recAP study. (Study groups; 
n=12) 

Group Treatment 

Sham Sham -operated controls administered saline IV 

BDL BDL animals administered saline IV 

Sham+LPS Sham- operated controls administered LPS IV (0.3mg/kg/hr.) 

BDL+LPS BDL animals administered LPS IV (0.3mg/kg/hr.) 

Sham+recAP Sham-operated controls treated with recAP (IP) at 1000u/kg (Days 26-
28) and then administered saline (Day 28). 

BDL+recAP BDL animals treated with recAP (IP) at 1000u/kg (Days 26-28) and 
then administered saline (Day 28). 

Sham+recAP+LPS Sham-operated controls treated with recAP (IP) at 1000u/kg (Days 26-
28) and then administered LPS (Day 28) 

BDL+recAP+LPS BDL animals treated with recAP at 1000u/kg (Days 26-28) and then 
administered LPS (Day 28) 

3.2.3 Haemodynamic Measurements 

All haemodynamic measurements were performed on the day of the sacrifice under 

terminal anaesthesia and with the animals maintained at a temperature of 36-37°C 

with a rectal temperature probe on a temperature-controlled board. After induction 

of anaesthesia, a midline incision was made at the neck and the left carotid artery 

was isolated. The cranial end was tied off with a ligature. The caudal end was 

clamped with a vessel clamp and an incision made onto the vessel to insert a 

Polyethylene tube (Portex, Kent, UK) to monitor Mean Arterial Pressure 
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continuously (MAP). Portal pressure (PP) was measured by direct cannulation of 

the portal vein under vision. Both mean arterial pressure and portal pressure were 

transduced independently to a Powerlab linked to a computer using the 

Chartv5.0.1 for computer software (AD Instruments Ltd, Oxford, UK.). 

Measurements of MAP and PP were performed after 3 minutes of stabilisation or 

after a stable trace was obtained on the monitor. The mean of 3 readings taken 1 

minute apart were taken as the correct value for that measurement. 

3.2.4 Renal Blood flow 

After MAP was measured, a midline laparotomy was performed. Following this, 

the left renal artery was identified and a transonic flow probe (Transonic System 

Inc, USA) was placed on the artery. The probe was left on the vessel for 5 

minutes prior to the flow being measured with a flow meter (Transonic System 

Inc, USA). The mean of 3 readings was taken 

3.2.5 Sampling and Storage 

Blood was withdrawn from the carotid line or abdominal aorta as appropriate and 

immediately placed in heparin and EDTA containing tubes (until full 

exsanguination), centrifuged (3,500 rpm for 10 min at 4°C) and the plasma was 

stored at −80°C for later use in biochemistry and cytokine measurements. Urine 

was also collected, processed as above, and stored at −80°C for later use. All 

tissues (liver, brain, kidneys) were harvested and snap frozen in liquid nitrogen and 

also stored at 80°C for further analysis. In addition, organs were harvested in 

formalin for histological assessment. 

3.2.6 Histopathological assessment 

Histology was performed using tissue fixed in 10% formalin for 24 h, dehydrated, 

and embedded in paraffin. Sections (5 µm) were cut, stained using haematoxylin 
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& eosin (Vector Laboratories, UK), and examined by independent pathologists 

blinded to group allocation. Specimens were imaged with a Carl Zeiss Axiovert 

200M microscope equipped with a Plan-Neofluar 10X/0.3 objective and an 

AxioCamMR2 camera system with Axiovision software (Carl Zeiss Inc., Germany). 

3.2.7 In Situ Detection of Hepatocyte Apoptosis by the TUNEL Assay 

Terminal deoxynucleotidyl transferase biotin-dUTP nick end labelling (TUNEL) 

staining of deparaffinised and proteinase K-treated liver and kidney sections was 

performed using the In-Situ Cell Death Detection kit, POD (Roche, UK) as per 

manufacturer’s protocol. 

3.2.8 Biochemistry 

Plasma samples were assessed for alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), alkaline phosphatase (ALP), albumin, total protein, 

ammonia, bilirubin, urea and creatinine levels using a Cobas Integra 400 

multianalyser (Roche; UK). 

3.2.9 Kinetic turbidimetric limulus amoebocyte lysate assay for endotoxin 

Plasma endotoxin concentrations were measured using the Kinetic Turbidimetric 

Limulus Amoebocyte Lysate Assay (Charles River Laboratories International Inc., 

MA, USA). Plasma samples (100µl) were diluted 1:10 with endotoxin-free water 

and heat-treated for 30mins at 75°C. Then 100µl of samples and 100µl of LAL 

reagent was mixed in a 96-well plate and analyse for change in absorbance at 

405nm using the FLUOstar omega spectrophotometer and MARS software (BMG 

LABTECH, Germany). Samples were measured in triplicates and expressed as 

EU/ml. 
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3.2.10 Determination of LPS activity using TLR4 reporter cells 

Presence of bioactive LPS in plasma samples and its ability to activate TLR4 

signalling pathway was assessed using ‘HEK-Blue hTLR4’ cells (InvivoGen, 

California, USA) according to the manufacturer’s instructions, and as in detail 

described previously (16). Briefly, 200 µL of a 100,000 cells/ml cell suspension 

were added to each well in 96 well tissue culture plates. Plates were incubated for 

48 h at 37°C. 22 µL of plasma sample was added to every well. A positive (LPS) 

and negative control (culture medium) was included in each plate. Each plasma 

sample and controls were run in duplicate. Plates were incubated for a further 24 

h. Secreted embryonic alkaline phosphatase (SEAP) activity was detected by 

addition of 20 µL supernatant to 180 µL alkaline phosphatase detection medium 

(QUANTi-Blue, InvivoGen, USA) in 96well plates, which were incubated at 37°C 

for 1 h. SEAP activity was assessed by reading the absorbance at 620nm. As some 

animal groups were treated with recAP (intestinal), which can interfere with SEAP 

quantification, all plasma samples used in the cell culture experiments were pre-

heated for 25 minutes at 56°C to inactivate the exogenous recombinant alkaline 

phosphatase. Preliminary experiments were carried out at 15 mins and 25mins to 

determine the optimal conditions for inactivating the exogenous recAP (Figure 13A) 

LPS capacity to transactivate TLR4 signalling in HEK-BlueTLR4 cells was 

unaffected by heat-inactivated for 25 minutes (Figure 13B) 
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Figure 13. Effect of heat-inactivation on plasma from recAP treated group. Panel 
A shows that 25 minutes of heat inactivation at 56°C effectively eliminates the 
exogenous recAP given and prevents interference in determining SEAP activity. 
Panel B shows that that heat inactivation does not affect LPS capacity to 
transactivate TLR4 signalling in HEK-BlueTLR4. Data are mean ± SEM, n=4 at 
each data point. **p <0.001 [Mann-Whitney test] 

3.2.11 Proteome Cytokine array in Liver Tissue 

Frozen Liver tissue (100μg) was homogenised in phosphate-buffered saline (PBS) 

with protease inhibitor cocktail (Sigma-Aldrich). After homogenization, Trinton-X 

(Sigma-Aldrich Inc) was added to the homogenates to a final concentration of 1%. 

Samples were centrifuged at 10,000 x g for 5 minutes at 4oC. The protein 

concentration was determined using the microBCA assay (Thermo scientific, UK). 

A rat cytokine array (R&D Systems) was performed on the liver homogenates 

according to the manufacturer’s instructions. Liver homogenates of individuals of 

one group were pooled (100µg protein per individual). Equal amounts of protein of 

pooled samples were loaded on the blots and incubated overnight in the detection 

antibody cocktail. The blots were visualised using an enhanced 

chemiluminescence detection system (Super signal west pico chemiluminescent 

substrate, Thermo Scientific). Briefly, a working solution was made by mixing equal 
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parts of the stable peroxidase solution and the luminol/enhancer solution. The blot 

membrane was incubated in the working solution for 5 minutes and then placed in 

a plastic membrane protector. This was then placed in a digital developer 

(FluorChem Q, ProteinSimple, SJ, USA) The software (Alphaview Q, 

ProteinSimple, SJ, USA) was programmed to take images at 10 seconds, 1 minute 

and 5 minutes exposure. The image generated at the 1-minute exposure was 

chosen as optimal. 

3.2.12 Determination of Cytokines and Chemokines by ELISA 

The levels of CINC-1 and CXCL-2 chemokines (in liver homogenates and plasma 

of rats with acute-on-chronic liver failure, respectively) were determined using a 

commercial ELISA (R&D systems, UK) according to the manufacturer’s 

instructions. CINC-1 levels are expressed in absorbance units/μg of proteins. Rat 

TNF-a production was determined in plasma using ELISA kits (R&D Biosystems, 

UK) according to the manufacturer’s instructions. 

3.2.13 Methods for mRNA expression analysis (CXCL2, TNF-a, CCL2) 

2 ml microcentrifuge tubes containing one 5mm stainless steel bead was placed 

into a TissueLyser LT adapter and kept on dry ice for at least 15 minutes. 50 mg 

of frozen liver tissue was then transferred to the precooled tubes and incubated for 

another 15 minutes on dry ice. The tubes were then placed into the insert of the 

TissueLyser LT 96 adapter. 1ml QIAzol Lysis Reagent (Qiagen, CA, USA) was 

then added to each tube and there was a wait until the buffer had frozen. A 7mm 

stainless steel bead was placed on top of the frozen solution. The tubes and 

TissueLyser LT Adapter were placed in the TissueLyser and homogenised at 50Hz 

for 10 minutes. The tube containing the homogenate was then placed at room 

temperature (15–25°C) for 5 minutes. 200μl chloroform was then added to each 
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tube containing the homogenate and capped securely and agitated vigorously for 

15 seconds. The homogenate was then placed on the bench top at room 

temperature for 2–3 minutes. The tubes were then centrifuged for 15 minutes at 

12,000 g at 4°C. The upper aqueous phase was then transferred to a new collection 

tube and 1.5 volumes of 100% ethanol added and mixed. 700 μl of the sample was 

then pipetted into a spin column in a 2 ml collection tube. The tubes were then 

centrifuged at 10,000 rpm for 15 seconds at room temperature and the flow-

through discarded. This last step was repeated with remaining sample. 500 μl of 

Buffer RPE (RNeasy Mini kit) was then added to the spin column and centrifuged 

for 15 seconds at 10,000 rpm and the flow-through discarded. A further 500 μl of 

Buffer RPE was added to the spin column and centrifuged for 2 minutes at 10,000 

rpm. 50 μl of RNase-free water was the pipetted directly onto the RNeasy Mini spin 

column membrane and the tube centrifuged for 1 minute at 10,000 rpm. The RNA 

quality and yield were determined using Nanodrop technology (Thermo Scientific, 

MA, USA) 

0.2 µg of RNA were retro-transcribed into cDNA using the QuantiTect Reverse 

Transcription Kit (Qiagen, CA, USA) and 1 µl of the cDNA sample was used to set 

up real-time PCR reactions using TaqMan gene expression assays for rat TNF-α, 

CXCL2, and CCL2 (Life technologies, CA, USA) and 7500 Fast Real-Time PCR 

System as per manufacturer’s protocol. Each sample was tested in duplicate. 

Target genes were normalized using UbC as endogenous control and their relative 

quantification was carried out with 2−ΔΔCt method (where Ct represents the 

threshold cycle) using the samples from the sham animals as calibrator. Details for 

the TaqMan assays used are shown in Table 8 
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3.2.14 Exosomes Precipitation, protein marker characterisation and miRNA 
isolation 

Circulating exosomes were precipitated from 100μl of plasma as previously 

described(226). Briefly, ExoQuick exosome precipitation solution (EXOQ5A, System 

Biosciences, Mountain View, CA) was mixed with the plasma samples and the 

exosome-rich fraction was precipitated according to the manufacturer’s protocol. 

The exosome pellets were then lysed to isolate either small RNAs using the 

miRNeasy Mini kit; (Qiagen, Hilden, Germany) or proteins using 1X RIPA buffer 

(25mMTris-HCl, pH7.6, 150mMNaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% 

SDS plus a cocktail of protease inhibitors; Sigma, St. Louis, MO). 

Exosomal protein lysates were quantified using the MicroBCA method (Pierce 

Protein Biology Products, Thermo Fisher Scientific, Waltham, MA); 20 μg of sample 

was subjected to SDS-PAGE electrophoresis and then transferred onto PVDF 

membranes. Membranes were blocked and incubated with primary antibodies 

against exosomal biomarkers, Heat shock protein 70 (0.1 ug/ml) (R&D systems, 

Minneapolis, MN]. The membranes were washed and incubated again with a 

horseradish peroxidase-conjugated specific secondary antibody. The bound 

antibody was detected using an enhanced chemiluminescence reagent 

(SuperSignal West Pico chemilumiscent substrate, ThermoFisher Scientific, UK). 

Global and tissue-specific quantification of exosome-bound miRNA  

The quantity and quality of the isolated small RNA and miRNA was assessed using 

Small RNA chips on the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa 

Clara, CA). Tissue-specific miRNA species [miR122 (Liver), miR192 (Kidney) and 

miR124-1 (Brain)] and miR26a (endogenous control) were quantified by reverse 

transcription quantitative polymerase chain reaction (qRT-PCR) starting with an 

input miRNA of 0.25ng for miR122 and miR192, and 0.5ng for miR124-1, and using 

TaqMan MicroRNA Assays (Table 8) with TaqMan MicroRNA Reverse 

Transcription Kit and TaqMan Universal PCR Master Mix, No AmpErase UNG on 

the 7500 Fast Real-Time PCR system (all Applied Biosystems).  
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Table 8. Details of TaqMan assay used 

Gene Abbreviation Assay ID (Company) 

Chemokine (C-C motif) ligand 2 CCL2 Rn00580555_m1 

Chemokine (C-X-C motif) ligand 2 CXCL2 Rn00586403_m1 

Tumour Necrosis Factor alpha TNFa Rn01525859_g1 

Ubiquitin C *(HK) UbC Rn01789812_g1 

mir122a miR122a Hsa-miR-122a 

mir192 miR192 Hsa-miR-192 

mir124 miR124 Hsa-miR-124 

mir26a miR26a Cel-miR-26a 

Assays on demand from ThermoFisher Scientific (Applied Biosystems) for mRNA and miRNA 
quantification. *(HK): Housekeeping gene 

3.2.15 Measurement of urinary biomarkers of acute kidney injury (AKI) 

Urine samples were obtained in rats with acute-on-chronic liver failure. After 

thawing, all urine samples were vortexed, centrifuged (13,000 rpm, 15 min) and 

the supernatants diluted and then measured. Urinary levels of neutrophil 

gelatinase-associated lipocalin (NGAL) were assessed in duplicate using pre-

coated 96 well ELISA plates (Abcam, Cambridge, UK). Absorbance at 450nm was 

measured by spectrophotometry (FLUOstar omega, BMG LABTECH, Germany). 

3.2.16 Brain Water determination 

Immediately after termination, the whole brain was rapidly removed, and 50mm2 

samples were dissected from the frontal cortex (grey matter). Brain tissue water 

content (a measure of cerebral oedema) was determined using a dry weight 

technique. Frontal cortex samples were placed in previously weighed dry tubes. 

The wet brain in them was then reweighed before being dried for >48 hours at 
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40°C. The dry weight was then obtained. The brain water content was calculated 

using the formula: Brain water (%) = (1-dry weight/wet weight) x 100%. 

3.2.17 Statistical analysis 

The sample size for the BDL experiment was calculated based on the results 

provided by Peters E et al(227) showing an intrahepatic IL6 reduction, determined 

by immunohistochemistry, about 40%. Conservatively we presumed an effect size 

of 35% in our model with alpha error of 0.05 and power of 80% calculating a 

samples size of 12 animals per group. 

The data are expressed as mean ± SEM. Group comparisons for continuous 

variables were performed using Mann-Whitney U test and for categorical variables 

by using Chi-square test. Data was analysed and graphs drawn using GraphPad 

Prism 7.0 (GraphPad Software, CA, USA). 

3.3 Results 
3.3.1 Clinical and hemodynamic effect of recAP pre-treatment 

All the rats continued to gain weight following surgery. From the final weight taken 

on the day of termination, the BDL animals weighed less (390.7 ± 35.56g) 

compared to the sham-operated controls (438.1 ± 31.97g), P< 0.001. MAP was 

significantly lower in the BDL group compared to the sham group (p=0.01). 

Administration of LPS to sham animals led to a significant decrease in MAP 

compared to the sham animals (P=0.03). Pre-treatment with recAP was associated 

with a less marked reduction in MAP in the sham+recAP+LPS animals compared 

to the sham+LPS animals although this did not reach significance (p=0.08). There 

was a trend towards a lower MAP in the BDL+LPS animals compared to the BDL 

animals that almost reached significance (p=0.05). Pre-treatment with recAP had 

no effect on MAP in the BDL+recAP+LPS animals compared with the BDL+LPS 
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animals. (Figure 14A). Mean PP was higher in the BDL animals compared with the 

sham animals (p=0.002) and did not change with recAP (Figure 14B) 

Table 9: Mean arterial and portal pressure in recAP treated animals. * p<0.05, 
***p<0.005, ***p<0.0005, a- In comparison with Sham, b- In comparison with BDL, 
c- In comparison with BDL+LPS [ Mann Whitney test] 

 Sham Sham + 
LPS 

Sham + 
recAP 

Sham + 
recAP + 
LPS 

BDL BDL + 
LPS 

BDL + 
recAP 

BDL + 
recAP + 
LPS 

MAP 
(mmHg) 

99.1±2.1 89.2±3.3 99±3.4 96.5±2.7 88.5±3.0a* 80.8±3.1 85.2±3.6 86.8.6±2.1 

PP 
(mmHg) 

6.2±0.3 6.7±0.7 7.0±0.5 7.8±0.6 13.3±0.8a* 12.4±0.9 12.5±0.6 11.9±0.6 

 

 

. 

Figure 14. Effect of treatment with recAP on haemodynamics in SHAM and BDL 
rats. Treatment with recAP had no significant effect on MAP in the recAP treated 
animals (Panel A). Furthermore, no effect on PP was noted in the recAP treated 
animals (Panel B). Data are mean± SEM, Significance vale indicated on graph. 
[Mann Whitney test] Number of animals indicated on graph. 
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3.3.2 Effect of recAP on severity of Liver injury 

Serum levels of ALT (p=0.001), bilirubin (p<0.001) and ALP (p=0.016) were 

significantly elevated in the BDL group compared to the sham-operated group. The 

BDL rats treated with LPS showed a further increase in serum ALT levels (p=0.002) 

compared to the BDL group, which was significantly reduced in those pre-treated 

with recAP (p=0.042). All recAP treated groups showed the highest levels of serum 

ALP demonstrating the presence of the drug (Table 10). 

Histopathologically, in the sham + LPS group (Fig 15C), there was evidence of 

increased inflammatory infiltrate compared to the sham animals (Fig 15A). This 

was reduced in the sham + recAP + LPS animals (Fig 15D). When LPS was 

administered to the BDL rats, extensive foci of cell death and inflammatory cell 

infiltration were observed (Fig 15G), which was significantly reduced in the animals 

in the BDL + recAP + LPS (Fig 15H). 

To further determine the efficacy of recAP pre-treatment in preventing hepatocyte 

death caused by LPS administration, TUNEL staining was performed on liver slices 

from the different groups. There was no evidence of apoptosis in the sham and 

sham + recAP treated animals (Fig 16A and B, respectively). However, in the sham 

+ LPS there was evidence of apoptosis, which was attenuated by recAP pre-

treatment (Sham + recAP + LPS) (Fig 16 C and D, respectively). There was a mild 

degree of apoptosis present in the liver of the BDL and BDL + recAP animals (Fig 

16E and F). Confirming the histopathological findings described above, extensive 

apoptotic foci were found in livers of the BDL+ LPS animals (Fig 16G); the extent 

of these foci was markedly reduced in the BDL + recAP + LPS (Fig 16H). 
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Table 10. Liver biochemistry results in all recAP treated groups. Plasma levels 
of Alanine Transferase (ALT), Bilirubin, and Alkaline phosphatase (ALP) in all the 
groups. Values are expressed as Mean± SEM. n=12 * p<0.05, ***p<0.005, 
***p<0.0005, a- In comparison with Sham, b- In comparison with BDL, c- In 
comparison with BDL+LPS [Mann Whitney test] 

 Sham Sham + 
LPS 

Sham + 
recAP 

Sham + 
recAP + 
LPS 

BDL BDL + 
LPS 

BDL + 
recAP 

BDL + 
recAP + 
LPS 

ALT 
(IU/L) 

46±3 81±11 74±9 63±10 79±8a*** 139±16b*
* 

70±8 104.6±11c* 

Bilirubin 
(µm/L) 

0.8±0.2 1.7±0.4 1.21±0.1 1.1±0.1 154±6a*** 131±8 149±15 130±4 

ALP 
(IU/L) 

135±2 165±21 1630±689 1852±328 266±27a* 352±59 1652±554 2213±335 

 

 

Figure 15. Effect of treatment with recAP on inflammatory response on liver 
histology. Treatment reduces infiltration of inflammatory cells and preserves liver 
histology.  Normal histology was observed in the liver from the sham and sham + 
recAP animals (A and B, respectively). In the sham animals given LPS, there was 
evidence of increased inflammatory infiltrates C. Reduction in the degree of 
inflammatory infiltrates was seen in the sham + recAP + LPS treated group D. 
Compared to the sham histology, the histology of the BDL animals E showed 
evidence of ductal proliferation. Residual ductal proliferation was still observed in 
the liver from the BDL rats pre-treated with recAP; nevertheless, healthy residual 
hepatocytes can be observed F. When LPS is given to the BDL animals the liver 
histology showed evidence of necrosis and inflammatory cell infiltration G. H 
Treatment with recAP in the BDL animals given LPS results in better preservation 
of hepatocytes and a reduction in the degree of inflammatory infiltration 
(Magnification X10) (See Appendix II for larger image) 
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Figure 16. Effect of treatment with recAP on apoptotic cell death. recAP pre-
treatment markedly reduces apoptotic cell death.  TUNEL staining of liver slices 
showed no sign of apoptosis in sham and sham+ recAP treated animals (Panel A 
and B, respectively). LPS treatment alone induced apoptosis and recAP pre-
treatment (recAP+LPS) attenuated the response (Panel C and D, respectively). 
Mild degree of apoptosis was also present in the liver of the BDL and BDL+ recAP 
animals (Panel E and F. Livers from BDL+LPS animals presented with extensive 
apoptotic foci (Panel G; the extent of the foci was markedly reduced in BDL+LPS 
animals pre-treated with recAP (Panel H. (Magnification X20) (See Appendix III 
for larger image) 

3.3.3 Effect of recAP treatment on ammonia and brain water 

BDL+LPS rats had a significant increase of serum ammonia levels compared to 

the sham+LPS animals. However, hyperammonaemia was not prevented by pre-

administration of recAP (Fig 17A). The extent of cerebral oedema was assessed 

by evaluating the brain water content. BDL+LPS rats had a significant higher brain 

water percentage compared to the BDL group (83.2±0.9 vs 80.8±3, respectively; 

p=0.049). recAP pre-treatment resulted in a significant reduction in the percentage 

of brain water in this group compared to the BDL+ LPS group (80.6±0.2 vs 

83.2±0.9, p=0.01) (Fig 17B). 

	
Figure 2: rALP pre-treatment markedly reduces apoptotic cell death.  

TUNEL staining of liver slices showed no sign of apoptosis in normal (sham) and sham+ recAP-
treated animals (Panel A and B, respectively). LPS treatment alone induced apoptosis and recAP 
pre-treatment (recAP +LPS) attenuated the response (Panel C and D, respectively). Mild degree 
of apoptosis was also present in the liver of the BDL and BDL+ recAP animals (Panel E and F).  
Livers from BDL+LPS animals presented with extensive apoptotic foci (Panel G); the extent of the 
foci was markedly reduced in BDL+LPS animals pre-treated with recAP (Panel H). (Magnification 
X20) 
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Figure 17. Effect of treatment with recAP on brain water and ammonia. recAP 
pre-treatment had no effect on ammonia levels but reduced brain swelling. The 
highly significant hyperammonaemia observed in the BDL+LPS group was not 
prevented by pre-administration of recAP (Panel A. However, cerebral oedema 
assessed by brain water measurement, was effectively prevented by recAP 
treatment prior to LPS infusion in the BDL animals (Panel B. Data expressed as 
Mean± SEM, n=8 *P<0.05 [Mann-Whitney test] 

3.3.4 Effect of recAP on severity of kidney injury 

The BDL animals had significantly higher serum creatinine levels than the sham 

animals (Table 11, Fig 18A). In the sham animals, LPS administration led to a 

worsening of creatinine which was abrogated in the animals pre-treated with 

recAP. The BDL+LPS animals also had higher creatinine values than the BDL 

animals.  Pre-treatment with recAP reduced creatinine levels, which was not 

statistically significant in the BDL groups (Fig 18A). In order to determine the 

mechanism of renal protection, we assessed whether recAP treatment had an effect 

of on renal blood flow (Fig 18B) and markers of kidney injury (Table 11). A significant 

reduction in renal blood flow was observed in the BDL group compared to the Sham 

group (14.3 ±1.2 vs 24.7 ± 1.9mls/min p=0.006). However, treatment with recAP did 

not result in a significant change in renal blood flow in any of the treated groups 

compared with their controls (Fig 18B). In addition, although a trend to reduced 
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urinary levels of NGAL was noted treated BDL + recAP + LPS group, this reduction 

was not statistically significant compared with BDL+LPS group as urine samples 

could not be collected in all the animals (Table 11). 

Table 11: Markers of renal injury (Creatinine and Urinary NGAL) in all recAP 
treated animals. Values are expressed as Mean± SEM. n=10 in all animals for 
Creatinine, n=4 in all animals for Urinary NGAL  * p<0.05, ***p<0.005, ***p<0.0005, 
a- In comparison with Sham, b- In comparison with BDL, c- In comparison with 
BDL+LPS [ Mann Whitney test ] 
 

 Sham Sham + 
LPS 

Sham + 
recAP 

Sham + 
recAP + 
LPS 

BDL BDL + 
LPS 

BDL + 
recAP 

BDL + 
recAP + 
LPS 

Creat 
(µmol/L) 

26.9±1.2 40.5±2.3 30.0±1.7 32.5±2.0 31.6±1.0a* 48.1±2.6b*** 36.7±3.3 41.3±2.5 

Urinary 
NGAL 
(pg/ml) 

 
313±70.7 

 
516±72.4 

 
340±26.3 

 
310±83.1 

 
566±85.8a** 

 
994±143.6 

 
643±40.1 

 
676±31.3 

 

 

Figure 18. Effect of treatment with recAP on markers of kidney injury in an 
ACLF-AKI model. recAP has no effect on markers of kidney injury in an ACLF-AKI 
model. Plasma levels of creatinine was reduced in the sham + recAP + LPS group 
compared to the sham + LPS group. However, there was no effect on the BDL 
treated group, n=10 (Panel A). Renal blood flow was significantly reduced in the 
BDL group compared to the sham group (P<0.01) but recAP treatment had no 
effect on RBF (Panel B). Data expressed as Mean ± SEM. *P<0.05, **P<0.005, 
***P<0.0005[Mann Whitney test] 
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Kidneys from the sham+LPS animals demonstrated evidence of congestion and 

presence of “ragged” proximal tubules (Figure 19A) compared to the sham animals 

(Fig 19B). Pre-treatment with recAP resulted in better preservation of the renal 

histology (Fig 19D, Sham+recAP+LPS) compared to the sham+LPS group. There 

was evidence of brown pigmentation in the tubules associated with dilated proximal 

tubules and loss of brush border in the kidney of the BDL rats (Fig 19E). A marked 

worsening and distortion of the renal architecture was observed in the kidneys from 

the BDL+LPS animals (Fig 19G), which was not prevented by recAP pre-treatment 

(Fig 19 H, BDL+recAP+LPS). recAP pre-treatment had no effect on renal histology 

in either the sham + recAP or the BDL+ recAP animals (Fig 19B and F, respectively). 

 

Figure 19. Effects of recAP pre-treatment on kidney histology. Normal 
kidney histology in control (sham) rats (panel A. Evidence of congestion and the 
proximal tubules appear “ragged” was observed in sham + LPS animals (panel C. 
Better preservation of the renal histology was observed in sham +recAP +LPS 
(panel D compared with the sham + LPS. Evidence of brown pigmentation in the 
tubules associated with dilated proximal tubules and loss of brush border was 
observed in BDL (panel E. Worsening of renal architecture shown in BDL+LPS was 
not improved in BDL+recAP+LPS (panels G and H, respectively). recAP pre-
treatment has no effect on renal histology in either the sham or the BDL recAP pre-
treated animals (panels B and F, respectively). Magnification x10. (See Appendix 
IV for larger image). 
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3.3.5 Effect of recAP treatment on cytokine and chemokine release 

As histopathological examination demonstrated extensive infiltration of immune 

cells in BDL and BDL+LPS groups, levels of 29 inflammatory cytokines and 

chemokines using a rat cytokine proteome profiler were screened for. As shown in 

Figure 20A, in the BDL group there was an upregulation of tissue 

metalloproteinase-1 (TIMP-1, dots number 6), which was increased in liver fibrosis, 

compared to the sham group. In addition, up-regulation of LPS-induced CXC 

chemokine (LIX, dots number 3) and L-Selectin (dots number 4) was also observed 

in this group compared to sham. LIX is a murine neutrophil chemoattractant, and 

L-selectin is a cell adhesion molecule mediating lymphocyte capture and 

trafficking. Furthermore, in the BDL+LPS group, a more pronounced upregulation 

of TIMP-1, LIX and L-selectin was present. In addition, over-expression of a 

cytokine-induced chemo-attractant, CINC-1 (dots number 1), Interleukin-1a (IL1a, 

dots number 2), and CCL-20 (dots number 5), a macrophage inflammatory protein 

was observed. Of interest, in the BDL+LPS rats pre-treated with recAP, a 

significant attenuation in the expression of these potent chemokines was 

demonstrated by densitometric analysis (Fig 20B). Liver expression of CINC-1 in 

the different groups was confirmed by ELISA (Fig. 20C, left panel) supporting the 

protective role of recAP against this chemoattractant. Furthermore, the release of 

another important chemokine CXCL2, was evaluated in plasma from the different 

sets of animals, showing a similar trend of expression as CINC1, further supporting 

the beneficial effect of recAP administration (Fig 20C, right panel). 

Plasma analysis for TNF-a demonstrated that the sham + LPS had significantly 

higher levels of this cytokine compared to the sham animal (5107 ± 2490 vs 171 ± 

43.5 pg/ml; p= 0.03). Treatment with recAP led to a significant decrease in systemic 

TNF-a level in the sham + recAP + LPS group when compared with the sham + 
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LPS animals (1248 ± 144.9 vs 5107 ± 2490 pg/ml; p=0.02). Furthermore, in the 

BDL animals, there was a significant increase in systemic TNF-a in the BDL + LPS 

animals compared to BDL (8735 ± 534.1 vs 548 ± 61.32 pg/ml; p=0.01). This 

increase was attenuated with recAP pre-treatment (4521 ± 659.7 pg/ml; p=0.03). 
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Figure 20. Effects of recAP treatment on chemokines in the liver. recAP 
treatment prevents upregulation of pro-inflammatory chemokines in the liver. A Up 
regulation of tissue metalloproteinase1 (TIMP1), lipopolysaccharide induced CXC 
chemokine (LIX), IL1a and L-Selectin is seen in the BDL group (top blot, right) 
compared to the sham controls (Top blot, left). In the BDL+LPS group, besides 
further upregulation of TIMP-1 (dots number 6, LIX (dots number 3 and L-Selectin 
(dots number 4, a marked expression of CINC1(dots number 1, IL1a (dots number 
2 and CCL20 (dots number 5 was observed, compared to the BLD group. Pre-
treatment with recAP resulted in a marked attenuation of the expression of these 
potent chemokines (second and bottom blots, right). The reference spots are those 
on the right and left edges of the blot. B Densitometric analysis of the mostly 
modulated proteins in the different treatment groups (mean pixel density±SD). C 
recAP pre-treatment prevents upregulation of pro-inflammatory CINC1 and CXCL2 
chemokines in the liver and plasma, respectively (** P<0.01, * P< 0.05) when 
assessed by ELISA. 

 

Figure 4:  recAP treatment prevents upregulation of pro-inflammatory 
chemokines in the liver.   

(A) Up regulation of tissue metalloproteinase1 (TIMP1), lipopolysaccharide 
induced CXC chemokine (LIX), IL1a and L-Selectin is seen in the BDL group 
(top blot, right) compared to the sham controls (Top blot, left). In the 
BDL+LPS group, besides further upregulation of TIMP-1 (dots number 6), LIX 
(dots number 3) and L-Selectin (dots number 4), a marked expression of 
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3.3.6 Effect of recAP treatment on mRNA expression of CXCL2, TNFα, and 
CCL2 in the liver 

To further confirm the effect of recAP treatment in modulating circulating CXCL2 

levels, liver CXCL2 mRNA expression was assessed in the key treatment groups. 

There was an 8-fold up-regulation of CXCL2 mRNA in the livers from BDL+LPS 

animals compared to BDL (Fig 21, left panel). This upregulation was significantly 

reduced in the BDL+recAP+LPS. Furthermore, we sought to quantify liver mRNA 

expression of TNFα, a commonly implicated cytokine in ACLF. A stepwise 

significant increase in TNFα mRNA expression was observed in the livers of the 

BDL and BDL+LPS rats, respectively, compared to sham controls. Pre-treatment 

of the BDL rats with recAP resulted in complete prevention of the further LPS-

induced rise in TNFα mRNA expression (Fig 21, middle panel) Nevertheless, 

treatment with recAP had no effect in preventing CCL2 mRNA up-regulation 

observed in liver of BDL+LPS animals [Fig 21, right panel). 

 

Figure 21. Effects of recAP treatment on mRNA expression of CXCL2, TNF-a & 
CCL2 in the liver. recAP reduces hepatic mRNA expression of CXCL2 and TNF-
a but not CCL2. Results expressed as Mean ± SEM, n=6, *p<0.05 [Mann Whitney 
test] 

3.3.7 Effect of recAP treatment on serum endotoxin levels and LPS 
bioactivity 

Using the LAL assay, a significant increase plasma endotoxin level was observed 

in the BDL rats compared to sham-operated controls was observed (4.6±0.8 vs 
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2±0.4; p< 0.05. All the group of animals treated with LPS showed extremely high 

endotoxin levels, significantly different from the non LPS-treated sets (p<0.001). 

Treatment with recAP had no significant effect on the serum endotoxin levels (Fig 

22A). As the LAL assay is a poor indicator of endotoxin bioactivity levels, plasma 

LPS activity was assessed by quantifying TLR4 transactivation using ‘HEK-Blue 

hTLR4’ reporter cells. There was marked activation of TLR4 signalling in the 

reporter cell line treated with plasma from the BDL+LPS animals, showing a 13-

fold increase compared to untreated controls. Similar transactivation levels were 

observed in positive controls (LPS, 1ng/ml). Evidence of effective deactivation of 

TLR4 ligands such as LPS in recAP pre-treated animals was demonstrated. 

Compared with the BDL+LPS group, the plasma from animals treated with recAP 

showed an 80% reduction in TLR4 transactivation (p< 0.001) (Fig 22 B). 

  

Figure 22. Effects of recAP treatment on serum endotoxin levels and LPS 
bioactivity. Treatment with recAP has no effect on total plasma endotoxin level but 
reduces bioactivity of circulating LPS. A Significant increase in plasma endotoxin 
levels in the BDL compared with sham. recAP pre-treatment had no effect on the 
total serum endotoxin levels in any of the recAP treated animals compared with 
control. Data expressed as Mean ± SEM, n=8, * P< 0.05. B Using HEKBlue-hTLR4 
reporter cells, plasma from the BDL+LPS animals showed a 13-fold increase in 
TLR4 transactivation compared to untreated controls. Similar transactivation was 
observed in positive controls (pure LPS, 1ng/ml). Pre-treatment with recAP 
resulted in marked deactivation of circulating LPS as demonstrated by an 80% 
decrease in TLR4 transactivation induced by plasma of BDL+recAP+LPS animals. 
Data expressed as Mean ± SEM, n=6, *P=0.03 
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3.3.8 Effect of recAP administration on preservation of organ function: 
exosome release and tissue-specific miRNAs loading 

A stepwise increase of global miRNA cargo was observed and was not affected by 

recAP pre-treatment (Fig 23A). We then evaluated the contribution of each 

dysfunctional organ to the rise in the miRNA exosomal pool. To this end, we 

quantitatively assessed tissue-specific miRNA (miR122-Liver, miR192-Kidney, 

miR124-Brain, respectively). The reduction in organ injury with recAP treatment 

was reflected in a reduction in the release of organ specific exosomes. Figure 23B 

shows that the exosomal pool from the plasma of the BDL animals was significantly 

enriched with each tissue specific miRNA. The liver seemed to contribute more (8-

fold, p<0.01) than the kidneys and the brain (2-fold, each; p<0.01, respectively) 

compared to the sham controls. When LPS was infused into the BDL animals 

(BDL+LPS), a marked increase in the expression of all the miRNA species was 

observed (p<0.01) and this was fully prevented by recAP administration (p<0.01). 
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Figure 23. Effects of recAP treatment on circulating exosome-bound miRNAs. 
recAP pre-treatment prevents LPS-induced organ injury in ACLF assessed by 
circulating exosome-bound miRNAs. recAP pre-treatment did not prevent the 
significant increase in global exosome-bound miRNA content observed in the 
plasma of the BDL + recAP + LPS animals (panel A, top). However, within the 
miRNA pool, there was a significant reduction in the liver, kidney and brain specific 
miRNA (miR122, miR192, miR124 respectively) isoforms (panel B observed in the 
BDL+recAP+ LPS plasma compared to the BDL + LPS group, (P<0.01), n=6. 
Western blotting using total protein lysates obtain from precipitated plasma 
exosomes demonstrating expression of exosomal protein marker HSP70 and no 
significant differences in its expression between the groups (panel C) 
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3.4 Discussion 
Organ dysfunction in ACLF is mediated by PAMPs and DAMPs. The TLR4-LPS 

pathways has been implicated in ACLF. Therefore, agents targeting this pathway 

may be beneficial in limiting the severity of organ dysfunction in ACLF. This study 

was aimed at using recAP, a novel glycoprotein that has been shown to 

dephosphorylate LPS (PAMP) and ATP (DAMP), to ascertain if the TLR4-LPS 

pathway plays a role in ACLF and also if this agent prevent the progression of 

ACLF in a well-characterized rodent model (228, 229). Administration of recAP, prior 

to administration of LPS aimed to determine whether the manifestations of LPS-

induced ACLF could be abrogated. recAP is of particular interest as its beneficial 

effect is already being investigated in humans and so far, no safety concerns have 

been raised(230). In fact a phase IIa/b clinical trial investigating its use in septic AKI 

is currently in progress (NCT 02182240)(231). 

The data shows that the TLR4-LPS is involved in the pathophysiology of ACLF. It 

shows that administration of recAP reduces the susceptibility to LPS and prevents 

the development of ACLF. Therefore, the data support’s a potential role for recAP 

as a novel therapeutic agent for patients with AD to prevent progression to ACLF.  

The rodent model of ACLF used in the present study has been carefully 

characterized and has been shown to develop the characteristic features of 

multiple organ failure seen in humans. The protocol used in these set of 

experiments was slightly different to previously described protocols as the LPS was 

administered as an infusion (rather than a bolus). Furthermore, following the 

infusion of LPS over 1hour at a dose of 0.3mg/kg, intravenous fluids were 

administered at a rate of 2mls/hour for a further two hours before termination. The 

aim of this was to allow for maintenance of hemodynamic stability and also to try 

to mimic what should ideally happen in a real-life scenario in ACLF patients with 
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bacteraemia.  This “resuscitated model” may in part explain why changes the in 

MAP and PP observed in this study are not as marked as those reported elsewhere 

in which BDL animals were also given LPS (232,233).In a study by Urbanowicz et 

al(233), BDL animals administered intravenous LPS at a dose of 1mg/kg were found 

to have a significant reduction in MAP compared to BDL controls and this was 

associated with a significant increase in heart rate. Furthermore, Seieb et al(232), 

reported a significant increase in portal pressure in BDL animals given 

intraperitoneal LPS at a dose of 1mg/kg for up to 3 hours post LPS administration. 

Our results are not in keeping with this although there was a trend towards a 

reduction in MAP in the BDL animals given LPS (P=0.05). The differences in the 

results obtained may also be due to the fact that we used a much lower dose of 

LPS (0.3mg/kg) than the amount used in the mentioned studies which may explain 

why we did not notice such a significant difference in haemodynamics. It is also 

important to mention that portal pressure measurement was not possible in all 

animals and in in most groups, we were only able to obtain valid measurements in 

half of the animals. Therefore, the study may have been underpowered to detect 

significant differences in portal pressure. Interestingly, in a recent study by Tripathi 

et al(234), the authors also found that LPS administration did not have a significant 

effect on haemodynamics in the BDL model. The authors attributed this to the BDL 

model being an aggressive model of cirrhosis with altered gut permeability and 

endogenous endotoxemia. Therefore, administration of exogenous LPS was 

unlikely to lead to further aggravation of portal hypertension(234). 

The administration of LPS resulted in marked liver injury manifested by elevations 

in ALT(88) which was prevented by the administration of recAP such that there was 

no significant deleterious effect of LPS administration in the recAP treated animals. 
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Histologic examination of the liver of treated animals showed markedly reduced 

infiltration of inflammatory cells and severity of hepatocyte apoptosis. 

There was no significant difference in the total LPS activity, measured using the 

LAL assay in the animals treated with recAP compared with the untreated group. 

However, it was of considerable interest to note that the effect of the plasma 

obtained from the animals treated with recAP on a TLR4 reporter cell line was 

significantly abrogated indicating that although large amounts of LPS were present 

in the plasma, treatment with recAP deactivated this LPS, which prevented the 

deleterious effect of LPS administration. Alternatively, or in addition the reduced 

effect on the reporter cell line may be due to reduced hepatocyte cell death and 

the consequent release of DAMPs such as extracellular core histones that are 

known to be TLR4 ligands (235). 

In order to try and understand the mechanisms behind the considerable reduction 

in the inflammatory cell infiltrate, we performed a proteome array on the liver tissue. 

The data showed that LPS induced increases in several chemokines, including LIX 

and L-selectin, IL1a and CCL20. These were significantly attenuated on treatment 

with recAP. Most notable increase following LPS administration was observed in 

the cytokine-induced neutrophil chemoattractant 1 (CINC1), which was prevented 

on treatment with recAP. CINC1 has been shown to increase with instillation of 

LPS into the lung and this is associated with infiltration of neutrophils (236). Similarly, 

CINC1 has been shown to be associated with alcohol related liver injury (237) 

suggesting that the mechanism behind reduction in inflammatory cell infiltration 

into the liver may well be due to a reduction in CINC1 due to deactivation of LPS 

by recAP. In parallel, we observed prevention of LPS induced increase in the 

circulating and also hepatic mRNA expression of CXCL2, which has been shown 

to be important in the recruitment of neutrophils into the liver and contributing to 
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liver injury(238). This reduction in the chemokines and therefore inflammatory cell 

infiltration in the recAP treated animals was associated with abrogation of 

increases in TNFα that was observed in the untreated animals. In models of acute 

and chronic liver injury and, in patients with severe alcoholic hepatitis, TNFα has 

been shown to play a critical role in mediating liver injury and its antagonism has 

been shown to reduce the severity of liver injury (85, 239). 

Hepatic encephalopathy (HE) is a key manifestation of ACLF, and its occurrence 

is an independent predictor of mortality (240,241). As shown previously, administration 

of LPS to BDL rats resulted in coma, which was associated with severe astrocytic 

swelling (69). Looking at the brain water data, it can be observed that the data in the 

BDL+ LPS group is heterogenous. This variability in brain water percentage data 

may have been due to differences in the weight of the animals. The weight of the 

BDL rats in this group ranged from 346g-450g. As per protocol, all animals were 

given the same volume of fluids. Therefore, the smaller animals may have 

developed more marked cerebral oedema compared to the larger animals in the 

group. Furthermore, within the same group, some animals had quite marked 

ascites compared to others (i.e.) the larger animals. These animals may have also 

been more prone to worsening cerebral oedema when given an LPS insult. These 

two factors are likely to account for the heterogeneity of data in the BDL+LPS 

group. In clinical practice, HE is also often heterogenous in presentation in ACLF 

patients. Administration of recAP prior to LPS infusion was associated with 

significant reduction in brain water. As the experiments were performed in sedated 

animals, it was not possible to determine whether recAP prevented the occurrence 

of coma. The mechanism of the protection of the brain was not due to a reduction 

in ammonia but is likely due to the reduction in systemic TNF-a. It has been 

previously demonstrated that an attenuation in systemic inflammation delays the 



110 

progression of HE(70). Additionally, circulating CINC1, has been shown to lead to 

increases in the permeability of the blood-brain barrier (242) As recAP abolished the 

hepatic expression of this chemokine, it is tempting to hypothesise a similar 

mechanism in the brain. 

Experiments so far have demonstrated that the current model is a robust model for 

studying ACLF-AKI model. Although, the protective effect of recAP on the kidneys 

was not as marked or statistically significant as that observed in the liver and the 

brain, however, some improvements were noted. LPS infusion into the BDL rats 

resulted in an increase in serum creatinine, which was reduced in the animals 

treated with recAP, but this was not statistically significant. BDL animals had low 

renal blood flow, which did not change with recAP. LPS infusion into BDL rats 

reduced this further but recAP had no additional beneficial effect. Histological 

appearances of the kidneys were worsened in terms of inflammatory cell infiltration 

and tubular injury following LPS administration, which was not improved by recAP. 

This observation of minimal protection of the kidneys is in contrast to the effect of 

recAP on sepsis induced AKI, where this recAP is now being evaluated in clinical 

trials (243). One of the factors that may have contributed lack of effectiveness of 

recAP is the observation that the kidneys in BDL animals, show evidence of bile 

acid deposition and consequent bile acid nephropathy (244). Hence, studies should 

be performed in other models of ACLF to further evaluate the role of recAP in 

cirrhosis associated AKI. Of note, in the sham + recAP animals, there was a trend 

towards a reduction in renal blood flow compared with the sham animals. This is 

however not significant. Although the Transonic flow probe used has a high degree 

of accuracy, vascular spasm can occur during measurements(245) and this may 

account for this somewhat unexpected finding. In further studies, using larger 
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number of animals, measures can be taken to reduce spasm by irrigating the target 

vessel with lignocaine(245).  

Exosomes are small extracellular membrane-bounded vesicles (30–100nm), which 

are exocytosed by different cell types into the extracellular space and into biological 

fluids. Exosomes are thought to be the mediators of inter-organ crosstalk in both 

physiological and pathological situations (246). As ACLF is characterised by multi-

organ failure, we aimed to determine whether exosome release and miRNA cargo 

could be used as molecular biomarker to monitor progression of multi-organ 

dysfunction and to assess whether the reduction in tissue injury elicited by recAP 

treatment, was also mirrored by changes in release and content of exosomes by 

the affected organs. Our study confirms that LPS infusion into BDL animals results 

in a significant increase in the global miRNA contained within the exosomes, but 

this was not affected by pre-treatment with recAP. However, the dramatic increase 

of organ specific miRNAs by LPS infusion reflecting release from the liver, kidneys 

and brain were markedly attenuated by recAP treatment. It is interesting to note 

that in acute liver failure and multiorgan failure, the same miRNAs are increased 

but they are not contained within the exosomes but free in the plasma (226). The 

difference may indicate that in ACLF, the release of these miRNAs from the organs 

is perhaps more coordinated and may have functional relevance. Although the 

molecular and clinical significance of this observation is not clear, our results 

however, indicates clear evidence of inter-organ cross talk elicited by organ injury 

and its modulation by recAP, which abrogated this injury. 

We also hypothesised a protective role for recAP because of its ability to detoxify 

extracellular ATP which acts as a DAMP. However, we were unable to measure 

plasma ATP concentrations in this study. Although attempts were made using the 

techniques described in the literature(247,248), they were unsuccessful. This is 
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because sample treatment is critical to the accurate measurement of plasma ATP 

concentrations. Furthermore, ATP concentration can increase in response to 

physical stimuli. Despite the generally acknowledged important role of extracellular 

ATP, only a few tools are available today for its quantification in physiological or 

pathological conditions(249) 

It can be argued that the results show and increase in ALP levels in the sham+LPS 

(septic model) and in the BDL+LPS (ACLF) model. Therefore, according to our 

hypothesis this should be protective as the increase in endogenous ALP should 

dampen the deleterious effects of PAMPs and DAMPs. In a recent study of septic 

AKI patients, total ALP activity was modestly increased from baseline and this 

consisted of mainly the liver and bone isoforms(250). However, the increase in ALP 

activity was not associated with survival. The authors concluded that endogenous 

ALP activity during sepsis showed a limited reserve against septic insult(250). In 

another study(251), acute liver injury in mice was associated with increased ALP 

synthesis by hepatocytes. However, when the liver injury was allowed to proceed 

for 1 week or more, this was associated with a significant decrease in ALP activity 

in the serum and necrotic areas of the liver. The authors reported that progression 

of liver injury may lead to a dysfunction in ALP synthesis and release(251). 

Furthermore, Pike et al(173), reported that in prolonged or worsening inflammatory 

insult, the asialoglycoprotein receptor which transports ALP through the hepatocyte 

to be secreted in the serum, becomes overwhelmed. Therefore, the enzyme is 

unable to adequately perform its detoxifying abilities. These studies provide 

evidence for the benefit of exogenous ALP over that of endogenous ALP in the 

setting of prolonged inflammation. 

In conclusion, the data from these experiments highlight that the TLR4-LPS 

pathway is involved in the pathophysiology of ACLF and is consistent with the 
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hypothesis that that recAP detoxifies LPS in vivo and thus reduces systemic and 

hepatic inflammation in a rodent model of ACLF. This results in abrogation of liver 

and brain injury and provides a potential therapeutic tool to prevent the progression 

of AD of cirrhosis to ACLF. 
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Chapter 4 

The Role of the P2X7R Pathway in ACLF-Acute Kidney 
Injury (ACLF-AKI) 

4.1 Introduction 
Moving on from the previous chapter, the emphasis remained on understanding 

the pathogenesis of organ dysfunction in ACLF. In particular, the role of DAMPs 

had not been clearly demonstrated as we were unable to demonstrate in Chapter 

3 that recAP treatment led to a reduction in ATP levels due to difficulty with ATP 

quantification. 

During my PhD, an opportunity arose to collaborate with the nephrology 

department on exploring the role of purinergic signalling in renal dysfunction 

associated with ACLF (ACLF-AKI). We hypothesized that the P2X7R-ATP pathway 

is involved in ACLF related renal dysfunction. This chapter will focus on studies 

carried out aiming to address this issue. 

Acute kidney Injury (AKI), including hepatorenal syndrome (HRS) is a common 

complication of ACLF occurring in between 25%-33% of patients on admission(89, 

252). Patients with ACLF-AKI are more likely to have progressive renal deterioration 

and are less likely to respond to Terlipressin. Untreated, these patients have a 3-

month mortality rate of approximately 68% (89). Hence, there is an urgent need to 

better understand the pathophysiological basis of ACLF-AKI, so as to develop new 

and effective treatment strategies. 

Bernal et al state that ACLF-AKI is closely linked to the presence of systemic 

inflammatory state(253). In the Liver Failure laboratory, studies in animal models with 
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ACLF-AKI have shown that there is altered cytokine expression, immune cell 

infiltration and tubular cell death. This has also been confirmed to occur in cirrhotic 

patients (123). 

The ATP-sensitive P2X7 receptor (P2X7R) is a cell-surface receptor- best 

characterized in immune cells- that is involved in cytokine secretion and cell death. 

Turner et al. demonstrated using immuno-histochemistry techniques that in normal 

rat kidneys, there is a low level of P2X7 receptor expression, localised to the 

glomeruli(254). However it has been shown that in nephropathy models of diabetes, 

hypertension and glomerulonephritis, the expression of the receptor is up-

regulated (138, 255).In addition, treatment with a P2X7 receptor antagonist reduces 

the severity of glomerular injury in an animal model of glomerulonephritis (172). 

TNF-α also induces an up-regulation of the P2X7 receptor in the rat glomeruli (256). 

This observation is of particular relevance in patients with ACLF as these patients 

have been shown to have higher serum levels of pro-inflammatory cytokines, 

including TNF-α compared to controls(86). For this reason, it is important to clarify if 

the P2X7R-ATP pathway plays a role in the pathophysiology of ACLF-AKI in so 

doing, investigate if modulating this receptor may be of potential therapeutic 

benefit. 

Data from our group show that administration of LPS to rats with cirrhosis induced 

by BDL, a model of ACLF leads to an acute elevation in serum creatinine indicative 

of AKI. The development of ACLF-AKI was associated with a significant increase 

in the plasma and kidney concentration of TNF-α (88). Pilot experiments carried out 

demonstrated that renal tubular expression of the P2X7 receptor is increased in 

BDL animals as well as sham animals given LPS. This increase in receptor 

expression is attenuated in animals undergoing selective gut decontamination with 
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Norfloxacin suggesting that its increased expression may be the result of increased 

bacterial translocation [Figure 24] 

 

 

Figure 24. Immunohistochemistry sections showing P2X7R expression in renal 
tubules treated with LPS. Immunohistochemistry sections showing P2X7R 
expression in the renal tubules of sham rats, sham rats treated with LPS, BDL rats 
treated with LPS and BDL rats receiving Norfloxacin and LPS. In the Sham rats 
there is no appreciable expression of P2X7R in kidneys. Compared to the sham 
group Sham, the Sham + LPS group show increased renal tubular expression of 
the P2X7R. This tubular expression is further increased in the BDL+ LPS group. 
However, this tubular expression is attenuated in the Norfloxacin treated group. 
(Magnification x10) 

Based on the pilot data, I therefore hypothesised that: P2X7R-ATP pathway is 

involved in mediating organ damage in ACLF-AKI 

The aims of this study are to determine: 

1. Whether tubular P2X7R expression is altered in a rat model of ACLF-AKI 

Sham Sham + LPS

BDL + LPS + NorfloxacinBDL + LPS



117 

2. Whether a P2X7R antagonist would reduce the severity of renal injury in an 

ACLF-AKI model. 

4.2 Materials and methods 
All experiments were conducted in accordance with local ethical approval and 

subjected to UK Animals Scientific Procedures Act 1986. 

4.2.1 Materials 

The P2X7R antagonist, A-438079, was purchased from Tocris, Oxford, UK. 

Klebsiella LPS was obtained from Sigma- Aldrich. The P2X7R agonist, BzATP 

triethylammonium salt was purchased from Tocris, Oxford, UK. The agonist 

exhibits 5-10-fold greater potency than ATP. 

4.2.2 Animal Experiments 

Male SD rats weighing 220-250g were studied at 4 weeks after either sham-

operation or BDL. Housing, care and BDL were performed as previously described 

in chapter 3. The animals were treated with either the P2X7R antagonist, 

300µM/Kg, IP given at 12 hourly intervals from week 3 to termination at week 4. 

On the day of termination at week 4, Klebsiella LPS (Sigma) was administered at 

a sub-lethal dose of 0.3mk/kg IP and the animals were culled 3 hours following the 

LPS dose. In the control group, saline was administered via the IP route. The study 

groups are shown in the table below (Table 12). Blood was withdrawn from the 

abdominal aorta and immediately placed in heparin and EDTA containing tubes 

(until full exsanguination), centrifuged (3,500 rpm for 10 min at 4°C) and the plasma 

was stored at −80°C for later use for biochemistry, endotoxin and cytokine 

measurements. All tissues (liver, brain, kidneys) were harvested and snap frozen 

in liquid nitrogen and also stored at 80°C for further analysis. In addition, organs 

were harvested in 10% formalin for histological assessment. 
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Table 12. Study groups of rats treated with P2X7R antagonist and LPS. (N=6 
in all groups) 

Sham + IP saline (0.3mg/kg) BDL + IP saline (0.3mg/kg) 

Sham + IP LPS (0.3mg/Kg) BDL + IP LPS (0.3mg/kg) 

Sham + IP A-438079 (300µM/kg, BD for 7 
days).  

BDL IP A-438079 (300µM/kg, BD for 7 days).  

Sham + IP A-438079 (300µM/kg, BD for 7 
days) + LPS (0.3mg/kg) 

BDL + IP A-438079 (300µM/kg, BD for 7 days) 
+ LPS (0.3mg/kg) 

 

Additional experiments were repeated on 4 rats using intra renal arterial 

administration of the P2X7R agonist, BzATP. This was infused into the renal artery 

30 mins before LPS infusion began and continued for the duration of the 

experiment at a dose of 150μg/hour. 

4.2.3 Measurements 

Cytokine quantification (ELISA) 

Rat TNF-a and IL-1b production was measured in plasma using ELISA kits (R&D 

Biosystems, UK) according to the manufacturer’s instructions. 

Urinary Biomarkers of AKI (ELISA) 

After thawing, urine samples were vortexed and centrifuged. The urine was diluted 

in sterile water using a 1:100 dilution. Urinary quantification of NGAL (Abcam, 

Cambridge, UK) and KIM-1 (R & D Biosystems) were determined using sandwich 

ELISA as per manufacturer’s instruction. 

Liver and renal Biochemistry 

Plasma samples were analysed for Creatinine, ALT, bilirubin and albumin in-house 

using a Cobas Integra 400 multianalyser with the appropriate kits (Roche-

Diagnostics, West Sussex, UK). 
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4.2.4 Western blot 

Protein was extracted using the T-PERTM tissue protein extraction reagent (Thermo 

Scientific, UK). Briefly, 4mls of T-PER reagent was added to 0.2g of kidney tissue 

and homogenized. The sample was then centrifuged at 10,000 x g for 5 minutes to 

pellet the tissue debris. The supernatant was transferred to a fresh tube and an 

aliquot of 15µL was taken for protein quantification using the Micro BCA protein 

assay kit (Thermo Scientific, UK). For protein estimation, 150µl of sample or 

standard was added to a microplate well. 150µl of the working reagent was then 

added to each well and the plate was mixed thoroughly on a plate shaker for 30 

seconds. The plate was covered and incubated at 37°C for 2 hours. Following this, 

the plate was allowed to cool at room temperature. Absorbance was read at 562nm 

with a spectrophotometer. Samples were measured in duplicates. 

Samples (40µg) were heated at 75°C for 10 minutes. 40µg of protein was then 

loaded into 4-12 % Bis Tris Gel. The gel was then run for 45 minutes at 100V. The 

samples were then transferred to a membrane for 45 mins at 10V at room 

temperature. Transfer efficiency was determined using Ponceau Red stain. The 

membrane was washed 3 times in Tris-buffered saline with tween (TBST) and 

blocked for 1 hour with 5% milk in TBST. The proteins transferred to the membrane 

were probed using primary antibodies (rabbit polyclonal to P2X7; Alomone Labs, 

Jerusalem, Israel) at 1:1000 dilution for 16 hours at 4°C overnight. After washing, 

this was followed by incubation with the secondary antibody, HRP-linked anti-

mouse antibody (Cell Signalling, MA, USA) at 1:5000 dilution for 1 hour. The 

membrane was then washed times with TBST, and activity was detected using 

ECL Plus substrate. Protein expression was determined by optical densitometry. 
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4.2.5 Immunohistochemistry 

For detection of P2X7R, formalin-fixed slides were dewaxed and rehydrated 

through graded xylene and ethanol, respectively. The slides were then placed in 

0.01M sodium citrate buffer heated to 90°C in a water bath for 15 mins for antigen 

retrieval. Following this, the slides were cooled in a water bath for 5 mins and 

washed in phosphate-buffered saline (PBS) once. Peroxidase blocking reagent 

(DAKO, CA, USA) was applied for 10 mins and the slides were washed 3 times in 

PBS. The slides were then incubated in 10% milk diluted in PBS to block any none-

specific binding. The primary antibody, anti-P2X7R (Alamone, Jerusalem, Israel) 

was diluted 1:100 in 5% BSA in PBS and incubated at room temperature for 1 h. 

Following this, the slides were rinsed in PBS for 15 min and incubated with 

peroxidase-labelled polymer conjugated to goat anti-mouse immunoglobulins 

(Dako, CA, USA) for 1 h. Antibody binding was visualized using a substrate-

chromogen system (Dako, CA, USA) and nuclear counterstained with 

haematoxylin. Sections were examined using a light microscope (Olympus Optical, 

London, UK) at x20 magnification. 

4.2.6 Statistical analysis 

The data are expressed as mean ± SEM. Determination of normal distribution and 

significance was tested using one-way ANOVA, with Bonferroni’s multiple 

comparison test for selected groups where appropriate, using GraphPad Prism 7.0 

(GraphPad Software, CA, USA). 

4.3 Results 

4.3.1 Effect of A-438079 on renal biochemistry and markers of AKI 

Compared to the sham animals, the BDL animals had significantly higher plasma 

urea and creatinine results in keeping with underlying kidney injury. The 
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administration of LPS to the BDL animals resulted in worsening of the AKI and a 

further rise in serum urea and creatinine (Fig 25A/B). Compared with the BDL+LPS 

group, BDL+LPS animals administered the P2X7R antagonist showed a trend 

towards a further rise in urea (8.75 ± 0.89 mmol/L vs 10.45 ± 0.83 mmol/L; p= 0.24) 

and creatinine (64.05 ± 5.50 µmol/L vs 74.8 ± 8.07µmol/L; p=0.42) and were not 

protected from LPS induced ACLF-AKI. 

With the biomarkers of kidney injury, NGAL and KIM-1, the BDL animals had 

significant higher levels of NGAL and KIM-1 compared to the sham animals (Fig 

25C/D). There was a further significant increase in these biomarkers when these 

animals were given LPS. However, there was no significant difference in levels of 

these biomarkers between the BDL+LPS animals compared with the 

BDL+P2X7RA+LPS animals. (NGAL: 13927 ± 1184 pg/ml vs 13912 ± 1773 pg/ml; 

p= 0.88); (KIM-11250 ± 219.1pg/ml vs 1921 ± 745.8 pg/ml; p=0.97) 
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Figure 25. A-D: Effect of treatment with P2X7R antagonist on renal biochemistry 
and urinary markers of AKI.  Treatment with the P2X7 receptor antagonist 
(P2X7RA), A438079 had no effect on plasma urea A other biomarkers of AKI (B-
D). Data are mean± SEM, n=6 at each data point. **p<0.001 and *p <0.01 [Mann 
Whitney test] 

4.3.2 Intra-renal administration of BzATP 

The administration of BzATP intra-renally, due to its short half-life, led to an early 

loss of 3/6 (50%) of animals from bleeding. Nevertheless, there was a signal 
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towards a protective effect as BzATP attenuated the LPS induced increase in 

serum creatinine in the BDL animals by 21%.  

Table 13. Effect of BzATP on mean plasma creatinine in an ACLF-AKI model 

 BDL 
(n=6) 

BDL+LPS 
(n=6) 

BDL+LPS+BzATP 
(n=3) 

Mean 31.79 64.05 50.37 

SD 3.00 15.49 17.56 

SEM 1.34 5.56 10.14 

 

4.3.3 Histology and Immunohistochemistry 

Compared to the sham animals, the BDL animals had evidence of tubular injury. 

This was localised mainly to the proximal tubules (Figure 26 Top panel). There was 

evidence of dilatation of the proximal tubules and tubular vacuolar degeneration. 

The degree of tubular injury was exacerbated following the administration of LPS 

and the renal histology of the BDL+LPS animals showed congested, oedematous 

tubules with evidence of ballooning of cells, tubular vacuolation and sloughing of 

the tubular cells. BDL animals treated with A438079 were not protected from the 

tubular injury when administered LPS. In fact, there appeared to be more tubular 

sloughing and glomerular injury in these animals. IHC confirmed that P2X7R was 

upregulated in the tubules of the BDL and BDL+LPS animals and there was 

reduced tubular expression with A438079 (Figure 26 bottom panel). 
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Figure 26. Immunohistochemistry showing tubular injury and upregulation of 
P2X7R in the renal tubules. Top panel: H& E staining of the kidneys. Compared 
to the sham animals, the kidneys of the BDL group shows evidence of tubular 
vacuolar degeneration. Tubular congestion, vacuolar degeneration and sloughing 
can be seen in the BDL+LPS group and there is evidence of further tubular 
sloughing and glomerular injury in the BDL+P2X7RA+LPS animals. Bottom panel: 
Immunohistochemistry of P2X7R expression in the kidneys. Compared to the sham 
animals, there is increased tubular P2X7R expression in the proximal tubules of 
the BDL and BDL+LPS animals. This expression is attenuated in the BDL 
+P2X7RA + LPS animals (Magnification x40). 

Sham BDL

BDL + LPS BDL + P2X7R+ LPS

Sham BDL

BDL + LPS BDL +P2X7RA + LPS
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4.3.4 Western blot of kidney homogenate 

Western blot analysis of kidney homogenate revealed increased relative 

expression of the P2X7 receptor in the BDL+ LPS group compared to the BDL 

group. Treatment with A438079 resulted in a decreased expression in the BDL + 

P2X7RA + LPS group in keeping with the mechanism of action of the antagonist  

4.3.5 Effect of A438079 on Liver biochemistry and brain water 

The BDL animals had significantly higher ALT levels than the sham operated 

animals (87.33 ± 4.5 vs 32.9 ± 1.15 IU/ml; p=0.03). Plasma levels of ALT was 

further increased in the BDL+LPS animals (87.33 ± 4.5 vs 142.3 ± 29.01 IU/ml; 

p=0.07). Treatment with A438079 resulted in a 46 % reduction in ALT levels in the 

BDL + P2X7RA + LPS group compared with the BDL+ LPS group. Regarding 

ammonia, the BDL animals had a trend to a higher ammonia level compared with 

the sham animals (181.00 ± 6.03 vs 98.47 ± 11.11 µmol/L, p=0.1). In keeping with 

worsening liver injury, plasma ammonia levels increased by 45% in the BDL + LPS 

group. Treatment with A438079 reduced plasma ammonia levels by 43% in the 

BDL + P2X7RA + LPS group compared to the BDL+LPS group. Furthermore, there 

was a trend towards a higher brain water percentage in the BDL+LPS compared 

with the BDL group (81.55 ± 0.25 vs 80.36 ± 0.08, p=0.05). Animals that received 

A438079 had a trend toward a reduction in brain water percentage, when 

compared with the BDL + LPS group. However, this did not reach significance 

(81.55 ± 0.25 vs 80.54 ± 0.3, p= 0.1). 

4.3.6 Effect of A438079 on plasma pro-inflammatory cytokine levels 

In keeping with a pro-inflammatory state, the BDL animals had significantly higher 

plasma TNF-a and IL-1b levels compared to the sham animals. This was further 

increased by the administration of LPS both in the BDL+LPS group and sham 
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group. Treatment with the P2X7RA in the BDL + P2X7RA + LPS led to a trend 

towards a reduction in plasma pro-inflammatory cytokine levels when compared to 

the BDL+ LPS group. However, this did not reach significance [TNF-a, p=0.057 

and IL-1b ,p=0.2) (Figure 27 A/B). 

 

Figure 27. Effect of P2X7RA on plasma TNF-a and IL-1b. A Plasma TNF-a and 
IL- 1b levels in sham and BDL animals exposed to LPS as well as animals pre-
treated with the P2X7RA, A438079. Data are mean± SEM, n=4 at each data point. 
*p <0.01 [Mann Whitney U] 

4.4 Discussion 

Kidney injury, which can result in renal failure, is the most common organ failure in 

ACLF. Its occurrence is closely related to the presence of a systemic inflammatory 

state. Furthermore, it has been found to be a major prognostic indicator of remote 

organ dysfunction and short- term mortality(47, 253). There is evidence in the 

literature demonstrating that in ACLF-AKI not due to HRS, inflammation driven 

tubular damage may occur accounting for the AKI. There is a need to try to target 

receptors that may play a role in the tubular injury observed in ACLF-AKI. 
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The P2X7 receptor activation has been shown to promote pathologic inflammation 

in experimental models of renal diseases including glomerulonephritis, AKI and 

CKD via activation of NLPR3 inflammasome and consequent release of 

inflammatory cytokines such as IL-1b and IL-18(257, 258). Uncontrolled activation of 

the P2X7R, has been implicated in the inflammatory reactions observed in these 

renal diseases which contribute to renal glomerular, tubular and vascular 

damage(257). Recently published data has shown that treatment with a selective 

P2X7R inhibitor, A438079 in a rodent model of sepsis ameliorates systemic 

inflammatory response and renal dysfunction(139). We therefore aimed to 

investigate if P2X7R blockade with A438079 prevents or ameliorates renal damage 

in a rodent ACLF model. To our knowledge, this is the first study exploring the role 

of the P2X7R in the pathophysiology of ACLF-AKI. 

The results confirm that the application of LPS to a rat model of cirrhosis (BDL) is 

a valid animal model of ACLF. Similar to humans with ACLF, these animals also 

exhibited high levels of pro-inflammatory cytokines (TNF-a, IL-1b) and is 

associated organ dysfunction (liver, kidney and brain). 

We show that in this rodent model of ACLF, there is evidence of renal tubular 

inflammation and injury that is associated with the upregulation of the P2X7R in 

the proximal renal tubules and further exacerbated following LPS administration. 

This is in keeping with recently published data in humans reporting that patients 

with ACLF-AKI are more likely to have structural kidney injury rather than functional 

renal disease, HRS(89, 252). Furthermore, the results demonstrate that this 

upregulation of the P2X7R in the BDL + LPS group is associated with an increase 

in serum creatinine and urinary biomarkers of tubular injury (NGAL and KIM-1). 
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Urinary NGAL has been described as a biomarker for ACLF as it is markedly 

elevated in patients with ACLF compared to those with no ACLF(259).Our findings 

are consistent with this as urinary NGAL was also significantly elevated the 

BDL+LPS group compared to the BDL group. In addition, both urinary NGAL and 

KIM-1 are elevated in in patients with ACLF-AKI(89, 252) in keeping with our findings. 

Paradoxically, blockade of the P2X7R with A438079 was not associated with an 

improvement in serum creatinine or reduction in urinary biomarkers of tubular injury 

(NGAL, KIM-1) in our study. A438079 is a potent and highly selective orthosteric 

ligand for the P2X7 receptor(257) and blockade was confirmed by WB and reduced 

tubular expression on IHC. Contrary to our findings, Arulkumaran et al(139) found 

that in a sepsis-related AKI rodent model, P2X7R antagonism was associated with 

significantly lower serum creatinine and renal IL-1b concentrations. In fact, our 

results indicate that P2X7R activation with BzATP led to a reduction in serum 

creatinine by 21%, perhaps suggesting a protective role for renal tubular P2X7R 

upregulation in ACLF-AKI. However, it should be emphasized that the BzATP 

experiment was a feasibility study to ascertain if BzATP can be given inter-renally 

and is therefore underpowered to detect any changes between the treatment and 

control group. It is worth mentioning that a protective role for P2X7R upregulation 

in the gut has recently been described in a model of colitis(260) 

Uncontrolled activation of the P2X7R has been implicated in acute liver injury 

following acetaminophen induced hepatotoxicity(261) as well as in hepatic 

fibrosis(262). The receptor has also been shown to play a role in in the progression 

of non-alcoholic steatohepatitis(263). In a BDL model of cirrhosis, blockade of the 

P2X7R by brilliant blue G (BBG), a food additive, was associated with amelioration 

of liver fibrosis, downregulation of hepatic pro-inflammatory cytokines. 

Furthermore, in the same study, oxidized ATP, another P2X7R antagonist was 
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found to alleviate splanchnic hyperaemia and improve portal-systemic collateral 

vascular responsiveness in cirrhotic rats(264). These results suggest that P2X7R 

blockade might be beneficial in the management of cirrhosis-related complication. 

In our study, we found that P2X7 receptor blockade with A438079 was associated 

with a 46% reduction in ALT and 43% ammonia level in keeping with an attenuation 

in severity of liver injury with P2X7R antagonism. This was associated with a trend 

towards a reduction in brain water percentage in the BDL+P2X7RA+ LPS animals. 

P2X7R antagonism in this model was also associated with a reduction in plasma 

TNF-a levels which almost approached significance (p=0.057) suggesting that the 

reduction in liver injury is most likely due to A438079 reducing inflammation 

mediated liver injury. This is in keeping with results from Hung-Chun(264) et al who 

found less inflammatory infiltrates on histology in the livers of BDL rats treated with 

BBG. We however did not find that P2X7R blockade in this model led to a 

significant reduction in plasma IL-1b levels. A similar finding was noted in a septic 

AKI model(139). The most likely explanation for this is that LPS stimulates the 

production of mature IL-1b via activation of TLR4 pathway and independent of the 

P2X7R signalling pathway. There is published evidence in the literature that P2X7 

signalling is not required for LPS-induced IL-1b production in dendritic cells and in 

mice(265, 266). 

To our knowledge, this is the first study investigating the effect of P2X7R 

antagonism in a rodent model of ACLF. The study does have limitations. Firstly, it 

would have been of value to perform hemodynamic measurements to ascertain the 

effect of P2X7R antagonism on portal pressure. In addition, determination of tissue 

cytokine levels (kidney, liver and the brain) and histological examination of the 

other organs (liver and brain) would have been useful to ascertain the detrimental 

or beneficial effects of P2X7R antagonism in each organ in this rodent model. 
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The results of this study show for the first time that the P2X7R is expressed on the 

renal tubules in cirrhotic AKI. P2X7R inhibition paradoxically increased renal injury 

but the agonist was relatively protective suggesting that the tubular P2X7R 

expression may be an adaptive response. These data suggest that P2X7R may 

play a role in ACLF-AKI. Further studies are needed to clarify whether activation 

of, or antagonism of this receptor in the kidney may be of benefit in ACLF-AKI. 
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Chapter 5 

Final Overview 

5.1 Discussion of findings 
ACLF is a complex syndrome characterized by multiple organ failure and high 

mortality rates. Systemic inflammation, driven by bacterial translocation and liver 

cell death contributes significantly to the pathophysiology of ACLF. Despite the 

significant clinical and financial burden that is associated with the syndrome, 

management options are currently limited to organ support as approaches to treat 

this syndrome using extracorporeal liver support, anti-TNF strategies or inhibitors 

of apoptosis have failed. There is therefore an urgent need to understand the 

pathophysiological mechanisms underlying the development of ACLF. It is on this 

background that the aim of this thesis was to explore the pathophysiological 

mechanism underlying the development of organ dysfunction in ACLF. 

Acute injury to the liver is an important event in ACLF. Injury to the liver in the 

context of ACLF is likely to involve cell death. In Chapter 2, we sought to elucidate 

the predominant mode of hepatic cell death in ACLF in humans. We were fortunate 

to gain access to human samples for use in this study. We analysed these samples 

for caspase-cleaved cytokeratin M30 (marker of apoptosis) and un-cleaved 

cytokeratin M65 (marker of total cell death) and also investigated how the 

determined levels relate to liver histology. The results from this study confirm that 

hepatic cell death does occur in ACLF and suggests that hepatocyte apoptosis is 

the predominant mode of cell-death in ACLF, which can be identified in the 

peripheral blood. Based on data generated in Chapter 2 supporting the central role 
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of apoptosis in the progression of ACLF, further work has recently been carried out 

by the Liver Failure group. Mehta et al(267), studied the effect of Emricasan, a pan-

caspase inhibitor, as a treatment strategy for ACLF. Their results show that 

although the agent is safe and well tolerated in advanced liver disease, it’s use did 

not lead to significant changes in MELD score, CLIF-C ACLF score or CLIF-C 

organ failure score at 7 days. However, this study was underpowered, so it is 

difficult to draw any strong conclusions. Further studies are therefore required. 

The animal experiments carried out in Chapter 3 and 4 validate the BDL-LPS model 

as a reproducible rodent model of ACLF. Bile duct ligation recapitulates chronic 

liver injury and the administration of LPS mimics the effect of a precipitating event. 

The results show that this rodent ACLF models develop the characteristic features 

of multiple organ failure with evidence of hepatocyte cell death, brain swelling, 

renal failure and marked systemic and hepatic inflammation. Thus, adding weight 

to the available evidence that this is a valid model to study ACLF. Furthermore, in 

Chapter 3, by revising the protocol and administering LPS as an infusion (rather 

than a bolus), which allows maintenance of hemodynamic stability, we were able 

to develop a more realistic model. 

In chapter 3, we sought to reduce signalling via both the TLR4 and P2X7R pathway 

by using an agent that dephosphorylates LPS and ATP. The agent is known as 

recombinant alkaline phosphatase. The aim was to determine if the use of this 

agent was associated with a reduction in the severity of organ damage in a rodent 

model of ACLF. The results demonstrate that recAP reduced systemic levels of 

TNF-a and reduced the severity of liver injury by limiting the infiltration of 

inflammatory cells and subsequent production of hepatic pro-inflammatory 

cytokines. In addition, there was a protective effect on the brain as it reduced the 

degree of cerebral oedema. Supporting the multiorgan protective effect of recAP, 



133 

pre-treatment led to a reduction in the levels of exosome bound tissue specific 

microRNAs. The results from the chapter is of particular importance as it highlights 

a very important point. Any agent likely to be effective in effectively managing ACLF 

should have the ability to modulate different inflammatory pathways. Following on 

from the data generated from these experiments, further work has been carried 

out. Dr Cornelius Engelman from the Liver Failure Group recently presented data 

showing that there is basal expression of TLR4 in the livers of control animals. 

However, a marked increase in hepatic TLR4 expression is observed in the BDL 

and LPS animals. Treatment with recAP significantly reduced the intensity of 

hepatocyte TLR4 expression. This occurred predominantly in the cytoplasm 

whereas staining of the receptors at the cell membrane remained unchanged 

pointing towards a potential TLR4 redistribution in response to recAP. The  

In chapter 4 we decided to focus on the kidneys in ACLF, as severity of kidney 

injury in this syndrome is associated with an increased risk of death. We chose to 

shift gear to investigate the effect of the P2X7R signalling pathway on ACLF-AKI. 

The reason for this being that: (1) there is emerging evidence that in ACLF-AKI, 

the kidneys are not structurally normal and there is often inflammation-induced 

tubular injury (2) the P2X7R has been identified as playing a role in different models 

of inflammatory nephropathy. Results from the experiments showed that in a 

rodent ACLF-AKI model, there is upregulation of the P2X7R in the proximal renal 

tubules. Paradoxically, receptor blockade with an antagonist was associated with 

worsening severity in the degree of renal injury as seen on histology. There was a 

suggestion from the results that the P2X7R agonist led to a reduction in severity of 

kidney injury, suggesting that the tubular P2X7R expression may be an adaptive 

response. The results from this chapter highlight that the P2X7R play a role in 
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ACLF-AKI. Whether this role is beneficial or detrimental requires further 

investigation. 

5.2 Limitations 
To further add weight to the results generated in Chapter 3 and 4, and also to gain 

a deeper understanding on pathological mechanism, it would have been ideal to 

study each organ (brain, liver and kidney) individually. Analysis of tissue cytokine 

production in each organ should have been determined. In addition, histological 

examination of these organs to ascertain the degree of tissue damage would have 

been beneficial. 

5.3 Future research 
Now that a valid reproducible rodent of ACLF has been developed, and it has been 

clearly demonstrated that the TLR4-LPS pathway and the P2X7R pathway are 

involved in the pathophysiology of ACLF, further studies, with a larger number of 

animals, are required to clarify the roles that these pathways play. 

Ultimately, studies with a therapeutic experimental design rather than a 

preventative design are now required to clarify if the agents used in these set of 

experiments would be of benefit in a clinical setting as the effective management 

of ACLF remains an unmet need. 
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Appendix I: M30 immunohistochemistry on liver biopsy specimens (see Figure 11 for detailed legend) 
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Appendix II: Effect of treatment with recAP on inflammatory response on liver histology (See figure 14 for detailed legend) 

 

Appendix III: Effect of treatment with recAP on apoptotic cell death (See figure 15 for detailed legend) 
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Appendix III: Effect of treatment with recAP on apoptotic cell death (See figure 15 for detailed legend) 
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Appendix IV: Effect or recAP pre-treatment on kidney histology (see Figure 18 for detailed legend) 
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