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Abstract 
 

Background: Critical illness (CI), such as haemorrhagic shock and severe acute pancreatitis, is 

characterised by periods of systemic inflammation and may progress to multiple organ dysfunction 

syndrome (MODS), which is often fatal. The pathophysiology of MODS is not fully understood, but the 

intestine has long been suspected to be involved in the pathophysiology of systemic inflammation and 

MODS.  

Hypotheses and aims: The hypotheses of this thesis were that: CI causes failure of the gut barrier, 

leading to formation and transport of conditioned mesenteric lymph (CML) to the systemic circulation, 

thus impacting the heart and lungs (Part I); and toxic mediators in lymph, which are not yet fully 

characterised, may contain pancreatic proteases and messenger molecules that impact distant 

organs (Part II). The aims of this research were to identify the functional derangements at the organ 

(heart), cell (endothelial), and organelle (mitochondrial) levels and to investigate the compositional 

changes in CI using a translational approach, i.e., microRNAs, and by probing the protease-

antiprotease milieu.  

Methods: A range of CI models was investigated, including acute pancreatitis (AP), severe acute 

pancreatitis (SAP), and haemorrhagic shock (HS). Initially, hearts from animals with CI that had either 

lymphatic diversion or no diversion were analysed functionally. Similarly, hearts from normal animals 

were perfused with CML from animals with CI. Endothelial cells were incubated with ML and serum 

from animals with CI and analysed for survival as well as production of further inflammatory 

mediators. Mitochondria from the heart and lung tissues of normal animals were incubated with 

physiological concentrations of ML to determine mitochondrial function. The microRNA profile found in 

ML from animals with AP and SAP was analysed to determine the compositional change in the CML. 

The protease-antiprotease activity in ML and serum from animals with CI was analysed. Based on 

these results, a systemic study was then conducted to investigate the role of serum proteases as 

prognostic markers in prediction of severity of AP.  

Results: Hearts from CI animals with lymphatic diversion were found to have preserved cardiac 

function. Infusion of CML into normal hearts caused cardiac dysfunction similar to that observed in 

animals without lymphatic diversion. The endothelium showed signs of apoptosis when incubated with 

CML and the supernatant fluids also demonstrated significantly elevated levels of inflammatory 

mediators. The heart and lung tissues incubated with CML demonstrated significantly deranged 

mitochondrial respiration along with damage to the outer membrane, thus causing mitochondrial 

dysfunction. It was demonstrated that ML carries some microRNAs that may be involved in 

progression of AP to SAP and MODS. There was significantly elevated protease activity and 

significantly reduced antiprotease activity in CML, which caused a significant protease-antiprotease 
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imbalance. The systematic review revealed that PMN elastase, a leukocyte protease, is a very 

sensitive serum biomarker for early prognostication of AP.  

Conclusion: The results of this study indicate that CML can cause systemic inflammation and that its 

effects may be mediated by organ, cellular and subcellular structures, leading to a profound change in 

physiology, thus forming the basis for MODS. The potential mediators in CML are numerous, although 

it appears that a change in protease composition is one factor that can bring about some of the tissue 

toxicity. Further studies utilising various platforms, including proteomics, lipidomics, metabolomics and 

transcriptomics, are now needed to unravel the nature of these mediators in CML. 
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Chapter 1. Why organs fail in critical illness?  Traditional and emerging 
concepts and role of the gut 
 

1.1. Critical illness  
 

Critical illness (CI) is an acute and severe disease state characterised by vital end-organ failure, and  

without invasive organ support usually culminates in death.   CI is a global health burden and a raison d'être 

for intensive care units (ICUs). CI can be caused by a number of illnesses, the most common of which are 

sepsis, major trauma, traumatic haemorrhagic shock, major burns, and severe inflammatory disease, 

including severe acute pancreatitis. Thus, CI encompasses a wide range of diseases and inciting events, 

but is manifested by a surprisingly similar derangement in physiology, commonly referred to as multiple 

organ failure, but better described as multiple organ dysfunction syndrome (MODS)
1
. More than 40 years 

after its initial description, MODS remains the major cause of death in critically ill patients.
2
  

1.2. Traditional definition of MODS in critical illness 
 

MODS, the hallmark of CI, is defined as the progressive, potentially reversible dysfunction of two or more 

organ systems after acute, life-threatening disruption of systemic homeostasis.
3
 Although the sequence of 

organs that fail in MODS can vary, the lung is generally the first organ to fail clinically and is followed over 

time by clinical deterioration of the heart, kidneys, coagulation system, and liver
4, 5

. Patients with MODS 

appear to have a septic response, but an identifiable infection as the precipitating cause of MODS is found 

in less than half of these patients, suggesting that host-derived, non-bacterial factors are involved in its 

pathogenesis. 

1.2.1. History and epidemiology of MODS 
MODS was not a recognised entity until the Vietnam war, when battle casualties survived the initial trauma 

as a result of improved resuscitation and triage but later succumbed to catastrophic organ failure. In a 

report from Boston on critically ill surgical patients, Skillman et al suggested that the spectrum of life-

threatening complications defining the clinical course of the sickest patients could be considered a 

syndrome, i.e., a manifestation of a common underlying pathological process, rather than “... a random 

constellation of unrelated bits of bad luck”
6
. This notion was further developed in 1975 by Baue, who argued 

that in the absence of overwhelming neurological injury, death in the ICU was rarely the result of 

irreversible failure of any one organ system, but rather reflected the interactive effects of multiple systems, 

the activities of which were functionally interdependent; he termed this problem ‘‘the progressive failure of 

many or all systems after an overwhelming injury or operation’’
7
. Baue emphasised two concepts 

fundamental to death during CI, i.e., that death in the ICU is a consequence of the interaction of multiple 

failing organs and that injury to one organ system could cause dysfunction of others. Later, Fry et al 

reported a linear relationship between the number of failed organs and the mortality rate during the course 

of CI. Whereas the mortality rate associated with failure of a single organ was 30%, that associated with 
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failure of four or more organs was 100%.
8
 A more recent definition of MODS was provided by John 

Marshall, who defined it as “the development of potentially reversible physiologic derangement involving 

two or more organ systems not involved in the disorder that resulted in ICU admission, and arising in the 

wake of a potentially life-threatening physiological insult”
9
. 

Most critically ill patients have a septic response; however, an identifiable source of infection as a cause for 

MODS in these patients was negligible
10, 11

. A classic example is a trauma patient with MODS where 

infection is not an inciting event.
12

 When infection does complicate CI, it sometimes follows rather than 

precedes MODS.
13

 This finding has resulted in a refined understanding of the aetiology of MODS, such that 

a hypodynamic, excessive, or otherwise dysfunctional immune response has been said to be the principal 

cause of organ damage, rather than the direct cytotoxic effect of invading microorganisms or the inciting 

event
14

. In 1992, this inflammatory response was named the “systemic inflammatory response syndrome” 

(SIRS)
15

. Although the concept of SIRS as an antecedent to MODS has been criticised as lacking 

specificity, it is nonetheless important because it allows for the fact that MODS can evolve from either an 

infectious or non-infectious source (e.g., trauma, major burn, or pancreatitis). A diagnosis of SIRS requires 

the fulfilment of two or more of the following criteria: 1) core body temperature >38ºC or <36ºC; 2) heart 

rate >90 beats/min; 3) ventilatory rate >20 breaths/min (not ventilated) or PaCO2 <32 mmHg (ventilated); 

and 4) white blood cell count >12×10
9
/µL, <4×10

9
/µL, or >10% immature forms (bands). When infection is 

the cause of SIRS, the condition is commonly termed sepsis. The interrelationship of infection, sepsis and 

SIRS is demonstrated in Figure 1. 

 

Figure 1 Interrelationship between SIRS, sepsis and infection. Abbreviation: SIRS, systemic inflammatory 

response syndrome. Diagram modified from Bone et al.
16
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MODS is the leading cause of death in critically ill patients,
17

  developing in about 20% of ICU patients and 

carrying a mortality risk of 50%–80%
18, 19

.  This means that patients with MODS have about a 20-fold 

increased risk of death. Moreover, a prolonged stay in ICU is positively correlated with MODS and the risk 

of death. Hypoperfusion, ischemia, or sepsis without shock may be the most common aetiological insults 

responsible for MODS in surgical patients, followed by shock regardless of aetiology
19

.  In the trauma 

setting, an Injury Severity Score  ≥25 points along with a transfusion requirement of ≥6 units of red blood 

cells was associated with a 46% likelihood of MODS.
20

  Another study demonstrated that a trauma patient 

with an Injury Severity Score ≥25 had a 66% risk of developing MODS, regardless of transfusion 

requirements.
21

 For any given pathomechanism, older patients and those with more comorbidity have an 

increased chance of developing MODS when compared with the general population.
22

 Common and 

general causes of SIRS and MODS are listed in Table 1-1. 

 

 

Table 1-1 Causes of the systemic inflammatory response syndrome and multiple organ dysfunction 

syndrome 

 

Major blunt and/or penetrating trauma 

Severe and critical acute pancreatitis 

Severe burns 

Massive haemorrhage 

Gastric aspiration/pneumonia 

Septicaemia from bacterial, viral or fungal infection 

Peritonitis (e.g., secondary to appendicitis, diverticulitis, cholecystitis, or 

anastomotic leak) 

Acute meningitis 

Poisoning 

 

1.2.2. Models of pathogenesis and pathophysiology  
A patient with disseminated malignancy or an acute myocardial infarction may be at imminent risk for death, 

but the phenotypic presentation and clinical setting of this risk differs from that associated with MODS. 

Almost invariably, the physiological derangements of MODS arise following an insult that evokes an 

inflammatory response, such as infection, ischaemia, sterile inflammation, or tissue trauma (see Table 1-1). 

The most common risk factor for development of MODS in this group of patients has been reported to be 

hypoperfusion without shock, sepsis without shock, or shock regardless of aetiology
1, 23

. 
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Several hypotheses for the pathogenesis of MODS exist
24

, which can be broadly classified as the one-hit 

model, two-hit model, and sustained-hit model.  

One-hit model  

According to the one-hit model of MODS, organ failure develops as a result of a massive initial insult of any 

cause (Table 1-1). In the one-hit model, the initial injury is so massive that a severe SIRS is precipitated, 

resulting in early and often lethal multi-organ failure, and usually independent of infection.   

Two-hit model 

According to the two-hit model (also referred to as the multiple-hit or sequential-hit model), a less severe 

initial surgical or traumatic insult (first hit) is responsible for a moderate state of SIRS; subsequent insults 

(second and sequential hits), whether infectious or non-infectious, amplify the pre-existing inflammatory 

state into an exaggerated SIRS sufficient to induce delayed multi-organ failure. The initial event is said to 

prime the host in a way such that an otherwise innocuous secondary insult (the activating event) unleashes 

an uncontrolled inflammatory response and multi-organ failure. The two-hit model in particular owes its 

appeal to the observation that patients with a severe illness or injury are commonly subjected to sequential 

insults that seem to contribute singly or cumulatively to an unfavourable outcome
25

. 

 

Sustained-hit model 

According to the sustained-hit model, a continuous smouldering insult, such as multidrug-resistant 

ventilator-associated pneumonia, both causes and sustains MODS. In reality, any combination of these 

mechanisms may result in MODS. Despite the wide range of insults causing MODS, and irrespective of the 

aetiology, a relatively consistent pattern of organ dysfunction occurs, usually commencing with failure of the 

cardiopulmonary system. The subsequent failure of organs is not homogeneous, but nevertheless follows a 

reasonably similar pattern (Table 1-2).  

Table 1-2 Sequence of organ failure in critical illness 

Sequence of organ failure in critical illness 

Reference First organ Second organ Third organ 

Baue
7
 Lung Kidney Liver 

Border
4
 Lung Heart Liver 

Cerra
26

 Lung Liver Kidney 

Deitch
27

 Lung Coagulation Heart 

Fry et al
8
 Lung Liver Intestine 

Goris et al
12

 Lung Liver Intestine 

McMenamy et al
28

 Lung Liver Heart 

Table adapted from Mittal A. Emerging concepts in the pathophysiology of acute pancreatitis (Chapter 1). PhD thesis in 

Surgery, University of Auckland, 2010. 

The pathology of MODS is poorly characterised
29

, although a variety of alterations in organ histology have 

been described (Table 1-2). Tissue oedema, resulting from a generalised increase in capillary permeability, 
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is a common early finding in patients at risk for developing MODS and in those who have already 

developed it. In the lung, this increased permeability results in impaired diffusion of oxygen from the alveoli 

and is responsible for the hypoxemia and tachypnoea that are the earliest manifestations of ARDS
30

. 

Increased capillary permeability in the brain contributes to the altered sensorium of CI. 

 

Table 1-3 Cytokines, producer cells and actions  

Cytokine Producer cells Main actions 

Haematopoietins 

 

IL-1 

IL-2 

IL-6 

 

IL-7 

 

 

Macrophages, epithelial cells 

T-cells 

T-cells, macrophages 

 

Bone marrow stroma 

 

Fever, T-cell activation, macrophage activation 

T-cell proliferation 

T-cell  and B-cell growth and differentiation, 

production of acute phase proteins 

Growth of immature T-cells and B-cells 

Chemokines 

 

IL-8 

MCP-1 

 

Macrophages, others 

Macrophages, others 

 

Chemotactic for neutrophils, T-cells 

Chemotactic for monocytes 

Modulators of immune response 

 

TNF-α 

TNF-β 

IL-12 

IFN-γ 

 

 

Macrophages, NK cells 

T-cells, B-cells 

B-cells, macrophages 

T-cells, NK cells 

 

Local inflammation, endothelial activation 

Killing, endothelial activation 

NK cell activation, T-cell differentiation 

Macrophage activation, MHC production 

Anti-inflammatory proteins 

 

IL-10 

IL-13 

TGF-β 

 

 

T-cells, macrophages 

T-cells 

Monocytes, T-cells 

 

Inhibition of macrophage function 

Inhibition of macrophage cytokine production 

Inhibition of cell growth, anti-inflammatory 

Abbreviations: IL, interleukin; MCP-1,  monocyte chemoattractant protein-1; TNF, tumour necrosis factor; NK, natural 

killer; IFN,  interferon; MHC, major histocompatibility complex; TGF, transforming growth factor.  Adapted from Janeway 

and Trevers.
31

 

 

Cardiovascular instability, and in particular hypotension, is an early manifestation of dysfunctional 

homeostasis.  In order to maintain perfusion to vital organs, there is reflex vasoconstriction in the 

splanchnic and renal circulations, which are particularly susceptible to ischaemic injury, and with 

resuscitation and consequent reperfusion, ischaemia-reperfusion injury can occur.  Organ damage and 

failure in CI is believed to be secondary to uncontrolled activation of the inflammatory response, which can 

be caused by various factors, including tissue hypoxia because of ischaemia-reperfusion and generation of 

reactive oxygen species, and is characterised initially by monocyte-macrophage activation and secretion of 
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inflammatory cytokines and chemokines. Cytotoxins are released primarily by CD8
+
 cells and act locally, 

damaging cell walls and tight junctions and causing dysfunction of the epithelial barrier
32

. In contrast, 

cytokines act primarily on the CD4
+
 response, and may be secreted by a variety of cell types in addition to 

immune cells. Although cytokines may be classified broadly into groups by function (Table 1-3), the 

cytokine-mediated inflammatory response follows a non-linear or fractal complexity in action (Goldberger’s 

principle)
33

; each cytokine has multiple effects on different cell types, some of which are salutary. The 

proinflammatory and anti-inflammatory responses are not always balanced, and a predominance of either 

may be deleterious.  

The earlier period of MODS is associated with a proinflammatory response, and a distinct later period is 

characterised by immunosuppression during which the host is most susceptible to secondary infection. This 

is most likely brought about by increased serum concentrations of proinflammatory cytokines, such as 

interleukin-10, interleukin-13, and transforming growth factor-β. There is also impaired synthesis of 

antibodies and anergy of T-lymphocytes.
34

 This response has been termed the “compensatory anti-

inflammatory response” (CARS), and the resulting condition is known as immunoparalysis
35, 36

.   The 

generalised disruption of immunological function in MODS is called “immune dissonance”
37

. These two 

extremes of the immune response are thought to reflect a bimodal pattern of mortality, with a first spike due 

to severe inflammation during the early period and a second spike due to secondary sepsis from 

CARS/immunoparalysis. These two distinct periods are shown graphically in Figure 2 for acute pancreatitis 

(AP) and traumatic haemorrhagic shock (upon which this thesis is modelled), and are discussed extensively 

in later chapters. 

 

Figure 2 Bimodal pattern of mortality during acute pancreatitis (black curve) and severe trauma (red curve). 

The first peak is primarily due to an exaggerated systemic inflammatory response, and the second peak is 

due to infectious complications (sepsis associated with a compensatory anti-inflammatory response and 

immunoparalysis). In both cases, multiple organ dysfunction syndrome can ensue, with an increased risk of 

death. 

1
st 

peak Early  

Deaths 

2
nd

 peak 

LateDeaths 
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Polymorphonuclear leukocytes are also activated during inflammation or infection, and are an important 

cause of systemic spread of inflammation. Primed polymorphonuclear leukocytes produce a variety of 

enzymatic/catalytic inflammatory mediators, including lysozyme, myeloperoxidase, and serine proteases, of 

which PMN elastase is the most potent
38

. The finding of abnormal apoptotic proteins and disordered 

apoptosis in the serum of patients with MODS is common. Interestingly, whereas some cell types, such as 

splenic lymphocytes and hepatocytes, demonstrate accelerated apoptosis, other cell types, such as 

circulating polymorphonuclear leukocytes, show inhibition of apoptosis. Still other tissues, such as the 

kidney and lung, show only minimal changes in rates of apoptosis
39, 40

.  

 

Table 1-4 Pathological features of multiple organ dysfunction syndrome  

Pathological feature Examples 

Oedema 

 

 

Activation of monocytes/macrophages, infiltration of 

neutrophils 

 

Microvascular thrombosis 

 

 

 

Altered expression of programmed cell death 

 

 

Cytopathic hypoxia and acidosis 

Peripheral and oedema and oedema of organs 

(Chapter 3), adult respiratory distress syndrome, 

cardiac dysfunction and failure (Chapter 4), altered 

sensorium 

 

Monocytes/macrophages activate innate immunity 

(Chapter 5). Influx of neutrophils to the intestine, 

pancreas, liver, lungs, kidneys and heart (Chapter 3) 

Disseminated intravascular coagulation (Chapter 3), 

endothelial activation/dysfunction (Chapter 5), platelet 

aggregates and D-dimer (Chapter 3) 

Increased apoptosis in gastrointestinal tract, liver, 

spleen, endothelium (Chapter 5) 

Reduced apoptosis of circulating neutrophils 

 

Tissue hypoxia causing mitochondrial dysfunction and 

formation of reactive oxygen and nitrogen species 

(Chapters 6 and 7) 

Table modified from Marshall et al.
29 
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Table 1-5 Organ impairment in MODS, the associated organelle dysfunction, and reference to the 

respective chapters in this thesis 

MODS-related impairment Examples 

Organ dysfunction 

 

Epithelial dysfunction 

 

Endothelium, inflammation and coagulation 

 

Cellular hypoxia  

 

Impaired metabolism 

 

Dysregulated immunity 

Cardiac dysfunction (Chapter 4), pulmonary, renal, 

hepatic failure and coagulopathy (Chapter 3) 

Mainly of the lungs, gastrointestinal tract, especially 

small bowel, and liver (Chapters1-3 and all other 

chapters, histology of intestine) 

Endothelial activation, dysfunction, and increased 

apoptosis of the vascular endothelium (Chapter 5) 

Mitochondrial dysfunction and failure of cellular 

respiration (Chapter 6) 

Disruption of bioenergetic pathways in major part due 

to mitochondrial dysfunction (Chapter 6) and 

dysregulated endocrine and neuroendocrine function 

 

Abbreviation: MODS, multiple organ dysfunction syndrome 

The coagulation system is affected in MODS, and may involve both procoagulant (thrombosis) and 

anticoagulant (disseminated intravascular coagulation) syndromes. Many of the inflammatory mediators 

involved are procoagulant and stimulate the clotting cascade, resulting in activated thrombosis. Most of the 

enzymes in the clotting cascade are controlled by proteases, and because of pathological activation of 

some of these proteases in MODS, some clotting factors are prematurely cleaved, resulting in fibrinogen 

degradation products. The pathology of MODS is complex, with both generic features and organ-specific 

features. A number of aspects of the pathology of MODS are explored in more depth in this thesis, as 

highlighted in Tables 1-4 and 1-5. 

Thus, MODS occurs when an organism maintaining balance or homeostasis is faced with an infectious or 

non-infectious insult and develops sepsis or SIRS (depending on whether the aetiology is inflammatory or 

infective), which, when prolonged, with further amplification leads to disarray of the homeostatic 

mechanism. This is represented diagrammatically in Figure 3. 
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Figure 3 Schematic representation of the possible pathway via which an organism develops MODS. 

Whether it is through a one-hit, two-hit, or sequential-hit mechanism, a homeostatic organism develops a 

severe illness with external stressors (such as infection or inflammation), and with continuation of the 

stressor or new stressor, develops homeostatic disarray (MODS). Abbreviations: AP, acute pancreatitis; 

CARS, compensatory anti-inflammatory response syndrome; MODS, multiple organ dysfunction syndrome 

 

1.2.3. System, organ, cell and organelle involvement in MODS 
It is interesting to note that, irrespective of the severity of MODS, the histological appearance of the organs 

is often relatively normal, with minimal or no apoptosis or necrosis, even in patients who die
41

.  This finding 

suggests that the defect is principally functional rather than structural, and is potentially reversible. This 

altered function is a sum total of the altered functions of the organelle, cell, organ, and organ systems. The 

multiple associations between the subcellular components and the organ systems create a profound 

change in physiology, causing MODS. 
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1.2.2.1. Cardiorespiratory dysfunction 
The lungs and heart are the first organs to be involved in CI (particularly the lungs, see Table 1-2). Acute 

lung injury (ALI) can progress to severe dysfunction, described as adult respiratory distress syndrome 

(ARDS). ARDS is characterised by PaO2:FiO2 <200, diffuse bilateral pulmonary infiltrates on chest 

radiography, and a pulmonary occlusion pressure <18 mmHg.
42

 

Acute cardiovascular failure (circulatory shock) is one of the leading causes of SIRS and MODS, with 

inflammation also causing cardiac failure. Inflammation increases endothelial permeability and vasodilation, 

thus decreasing the circulating blood volume and systemic vascular resistance. There may be a direct role 

of inflammation and depressed cardiac contractility in causing heart failure. Each aspect of cardiac 

contraction is affected, including preload, afterload and contractility.  These result in both diastolic and 

systolic contractile dysfunction. Recent evidence is suggestive of the importance of diastolic dysfunction 

(diastology or lusitropy) of the heart in CI.
43

  

1.2.2.2. Gastrointestinal system injury 
Manifestations of gastrointestinal (GI) ischaemia-reperfusion injury range from stress-related gastric 

mucosal haemorrhage to acute acalculous cholecystitis. Ileus, malabsorption and diarrhoea may be 

manifestations of cytokine-mediated mucosal inflammation. Non-occlusive mesenteric ischaemia (NOMI) is 

one of the well recognised phenomena in ill patients in ICU, and is thought of as an early indicator of 

circulatory stress
44

. This early mucosal ischaemia leads to increased permeability and further mucosal 

hypoperfusion. Disrupted intestinal mucosal integrity may facilitate translocation of bacteria or bacterial 

products and cause bacteremic or non-bacteremic sepsis.
45, 46

 Increased intestinal permeability has been 

associated with subsequent development of both SIRS and MODS.
47, 48

 The damage is produced mainly 

during reperfusion following ischaemia with fresh inflow of oxygen and outflow of waste products into the 

systemic circulation. 

The mechanisms underlying NOMI include macrovascular vasoconstriction, hypoperfusion of the tips of the 

villi, and shunting. NOMI is very common in critically ill and perioperative patients, but also occurs in 

pancreatitis, renal failure, and sepsis.  

Hepatic dysfunction in patients with MODS is characterised by cholestasis and jaundice.
49

 Leakage of 

bilirubin from the hepatic canalicula may be a manifestation of epithelial dysfunction secondary to disruption 

of tight junctions by cytotoxins.
32

 Hepatic synthetic function during inflammation is characterised by early 

upregulation of positive acute-phase reactants (e.g., C-reactive protein, ferritin) and downregulation of 

negative acute-phase reactants (e.g., albumin, transferrin). 

Ischaemic pancreatitis can occur in patients with shock due to prolonged hypoperfusion of the pancreas.
50

 

It has been widely noticed that trauma, major surgical, and critically ill patients in the ICU have 

hyperamylasaemia and lipaemia, with one series reporting an incidence of 15%–80%, along with an 8%–

20% incidence of clinical ischaemic pancreatitis
51

.  

1.2.2.3. Renal injury 
Renal ischaemia-reperfusion injury is the most common cause of acute kidney injury (AKI), and is 

characterised by oliguria, azotaemia, fluid overload, and accumulation of water-soluble metabolites. Other 
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common causes of AKI include rhabdomyolysis and drug toxicity. Electrolyte abnormalities are not a 

prominent feature of AKI unless it is caused by rhabdomyolysis (where potassium and phosphate 

accumulate rapidly), likely because they are monitored and corrected readily. Although renal dysfunction 

(i.e., elevated serum creatinine) usually becomes apparent later in MODS, subclinical hypoxic injury likely 

occurs early. Even mild renal impairment translates into substantial morbidity and mortality rates. Tumour 

necrosis factor-α, a proinflammatory cytokine, activates the renin-angiotensin-aldosterone axis, aggravating 

vasoconstriction and renal ischaemia.
52

 Erythropoietin activity essentially ceases below a glomerular 

filtration rate of 25 mL/min. 

1.2.2.4. Central nervous system, autonomic and neuroendocrine dysregulation 
The impaired mentation of CI is termed septic encephalopathy, and has a prevalence of 10%–70% in ICU. 

The observation that septic encephalopathy is often completely reversible suggests a functional rather than 

structural aetiology, although structural abnormalities on magnetic resonance imaging and long-term 

cognitive impairment have been described. Also, gut-immune system crosstalk, which controls the 

parasympathetic anti-inflammatory and sympathetic inflammatory system, is dysregulated in CI. Autonomic 

dysfunction is common during CI and is characterised by a relative excess in sympathetic tone consequent 

to decreased vagal (parasympathetic) activity. This in turn compromises the ability of the cholinergic anti-

inflammatory pathway to modulate systemic inflammation. Godin and Buchman speculated that autonomic 

dysfunction may lead to MODS as the result of an “uncoupling” of neurally mediated interactions between 

organs.
53

 

1.2.2.4. Endothelial and epithelial dysfunction  
The endothelium is a highly pervasive organ, with the vascular endothelium being one of the largest and 

most important organs in the body. The epithelium covering the GI system also forms a unique subset of 

specialised cells that maintain homeostasis in health. In recent years, it has become increasingly apparent 

that endothelial cells and epithelial cells communicate with their surroundings via converging, integrated 

signalling cascades, and that even minor alterations in these pathways can have dramatic pathological 

consequences.  However, in CI, both the endothelium and epithelium become dysfunctional and may 

contribute to the early pathophysiology of organ failure and MODS
32

. 

Endothelial dysfunction  

Activation and dysfunction of the systemic endothelium is a hallmark of CI, resulting from widespread 

inflammation (systemic inflammatory response syndrome [SIRS]) and sepsis. Almost every stimulus leading 

to a systemic inflammatory response, i.e., severe infection, trauma, AP, excessive tissue breakdown, solid 

tumours, leukaemia, pregnancy-associated complications, vascular anomalies, liver failure, toxicological or 

immunological responses, and activation of the coagulation system, can be associated with endothelial 

damage.
54

 With increasing dysfunction, uncontrolled clotting activation, formation of capillary microthrombi, 

tissue oedema, local hypoxia, and ischemia are initiated, and this in turn creates a vicious cycle leading to 

multiple organ failure and death
54

.  

Epithelial dysfunction 

The lung, GI tract, liver, and kidneys are all lined with epithelium and manifest dysfunction in MODS. 

Epithelial dysfunction of the GI tract, especially of the small intestine, is one of the early manifestations of 



12 

 

NOMI seen in critically ill patients in ICU. The role of hypoperfusion, ischaemia, and the ensuing 

reperfusion phenomena seen in CI is known to damage the intestinal mucosa. This leads to breach in 

intestinal barrier function, leading to barrier failure. As a consequence of this, toxic mediators, intraluminal 

gut contents, and bacteria are presumed to enter the systemic circulation and cause or worsen the organ 

failure and MODS. Gastric pH monitoring by gastric tonometry is a sensitive way of monitoring this 

syndrome.
55

 

1.2.2.5. Mitochondrial dysfunction and bioenergetic failure 
Increasing severity of CI is associated with a decreased ability of tissues to extract oxygen. One of the 

important postulated mechanisms for this is a change in mitochondrial function, leading to inhibition of the 

mitochondrial respiratory complex and a decrease in oxygen utilisation. Thus, it has been proposed that a 

key defect in sepsis is interruption of oxidative phosphorylation within the mitochondria. The result is an 

inability of the cell to use molecular oxygen for production of adenosine triphosphate, despite adequate 

availability of oxygen. This has been termed “cytopathic hypoxia”.
56

  A role for the mitochondria in organ 

failure was initially proposed by Sanders et al in an animal model of lung ischaemia.
57

  A growing body of 

evidence now links cytopathic events, particularly those involving the mitochondria, with the development of 

organ dysfunction
58, 59

 and death
60

 during sepsis.  

1.2.2.6. Summary 
The interactions between these organelles, cells, and organ systems underpin the physiological dissonance 

evident in MODS. Tables 1-4 and 1-5 highlight some of the main changes that occur in CI.   While the 

pieces of the puzzle are now largely identified, the way in which they interact and their relative influence on 

each other remains largely unknown, as illustrated in Figure 4. 
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Figure 4 The MODS puzzle. A coordinated and cross-association of single or multiple factors leads to a 

change in the physiology leading to organ failure. The associations and interrelationships are not linear, 

and sometimes follow a chaotic or fractal pattern (Goldberger’s principle of chaos theory for complex 

systems). Abbreviations: MODS, multiple organ dysfunction syndrome; DAMPs, damage-associated 

molecular patterns; PAMPs, pathogen-associated molecular patterns 

 

 

In summary, the traditional concepts of organ failure suggest that MODS in CI centres on systemic 

inflammation and sepsis, which cause immune dissonance and/or production of systemic mediators, and 

that via biofeedback (brain, gut, endocrine, neuronal) and crosstalk between systems, organs or organelles, 

lead to failure of organ systems in a sequential if not predictable manner.  

All aetiologies for MODS either have hypoperfusion, ischemia or sepsis without shock, or shock due to any 

cause as a common feature.
19

 A healthy animal (i.e., a homeostatic organism) confronted with an infectious 

or non-infectious aetiology leading to SIRS or sepsis loses its homeostatic balance. Persistence of the 

inciting aetiology along with a cytokine storm/CARS and secondary infection result in complete homeostatic 

disarray, leading to MODS. At this juncture, two courses are possible; either the organism regains its 

homeostatic balance leading to recovery and healing or it loses homeostasis because of continuation of the 

insult, resulting in non-recovery and death. These events are schematically represented in Figure 5. 
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Figure 5 Summary schema showing the pathophysiology of MODS and possible outcomes. 

Abbreviations: AP, acute pancreatitis; CARS, compensatory anti-inflammatory response syndrome; 

MODS, multiple organ dysfunction syndrome; SIRS, systemic inflammatory response syndrome 

 

Management of organ dysfunction and failure in the ICU setting has required the development of a number 

of approaches to predicting and scoring the severity of organ dysfunction.  SOFA (Sequential Organ Failure 

Assessment), LODS (Logistic Organ Dysfunction System), and MODS (Multiple Organ Dysfunction 

Scoring) are three such scoring systems,
23

 and are summarised in Table 1-6.  It is apparent that these 

scoring systems use parameters from the vital organs, but do not all use the same parameters. 

Assessment of organ failure using these scoring systems is further aided by parameters of physiological 

derangement as well as some of the generic and organ-specific biochemical markers shown in Table 1-7. 

In this thesis, some of these organ-specific markers and physiological parameters are used to analyse 

organ dysfunction in animals with acute illness. 
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Table 1-6 Comparison of scoring variables used by the SOFA, LODS and MODS scoring methods 

Organ system 
Scoring  

variables 
SOFA LODS MODS 

Respiratory 

 

PaO2/FIO2 

MV 

Yes 

 

Yes 

Yes 

Yes 

Yes 

Haematological 

 

Platelets 

WBC 

Yes 

 

Yes 

 

Yes 

Yes 

Hepatic 

 

Bilirubin 

Prothrombin time 

Yes 

 

Yes 

 

Yes 

Yes 

Cardiovascular 

 

 

 

 

MAP 

SBP 

HR 

PAR 

Inotropes 

Yes 

 

 

 

 

 

 

Yes 

 

Yes 

 

Yes 

 

Yes 

 

CNS GCS Yes Yes Yes 

Renal 

Creatinine 

Blood urea nitrogen 

Urine output 

Yes 

Yes 

 

Yes 

Yes 

Yes 

Yes 

Abbreviations: MV, mechanical ventilation; CNS, central nervous system; WBC, white blood cell count; MAP, mean 

arterial pressure; SBP, systolic blood  pressure; PAR, pressure adjusted heart rate; GCS, Glasgow Coma Scale; LODS, 
Logistic Organ Dysfunction System; SOFA, Sequential Organ Failure Assessment; MODS, Multiple Organ Dysfunction 
Scoring. Table adapted from Mizock.

23 
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Table 1-7 Some physiological and biochemical indicators of organ failure and inflammation 

Organs Biochemical indicators/markers 

Lungs 

Liver 

Kidney 

Haematological system 

Cardiovascular system 

paO2/paCO2, tachypnoea 

Cholestatic jaundice, decreased albumin 

Increased BUN, especially creatinine 

Decreased platelets, fibrinolysis and D-dimer 

Decreased MAP, increased HR, requirement of inotropes/bolus IV fluids 

Serum marker Implication 

C-reactive protein 

Lactate dehydrogenase 

Amylase/lipase 

Procalcitonin 

>10 mg/dL indicates multi-organ injury 

Three times normal indicates widespread tissue injury (>600 μg/L). 

p-amylase >1500 U/L 

High levels indicate sepsis and infected pancreatic necrosis 

Abbreviations: BUN, blood urea nitrogen; HR, heart rate; IV, intravenous; MAP, mean arterial pressure 

1.3. Emerging concept: role of the gut in MODS and critical illness   
The previous section discussed some of the traditional concepts of CI, i.e., systemic inflammation and 

sepsis leading to MODS. This section discusses the role of the intestine in CI and organ failure and why the 

gut has been singled out as the organ primarily responsible for MODS in CI, outlines various hypotheses 

involving the gut, and later discusses the combined role of the mesenteric lymphatics and mesenteric lymph 

in systemic inflammation. 

1.3.1. Why the gut? 
The intestine was long thought of as a quiescent organ in the setting of CI, with the main function of 

digesting and absorbing food. As such, the gut was considered to be a silent bystander during CI and 

MODS.  However, the concept that the gut might be both a victim and a driver of MODS started to gain 

momentum in the 1980s, with evidence accumulating from several directions.  Data documenting the range 

of bacteria responsible for infection in patients with CI demonstrated that a fair percentage of these bacteria 

were derived from the gut
61-63

.  Concurrently, there was evidence of intestinal ischaemia during hypotension 

and CI.  The development of gastric tonometry probes allowed the derivation of pHi as a marker of 

intestinal ischaemia, confirming that this was an expected finding in CI and indicated decreased splanchnic 

circulation
64, 65

.  Subsequent clinical studies suggested loss of intestinal barrier function, leading to systemic 

infection and inflammation, ARDS, and MODS.
12, 66, 67

  In other clinical studies, surgical patients undergoing 

abdominal procedures and having bacterial colonies in the proximal gut showed increased bacterial 

translocation and had significantly more septic episodes
13, 68

. Various studies demonstrated increased 

intestinal permeability in critically ill patients with sepsis
69

, major burns
70

, or major trauma
71, 72

 and in those 

undergoing major abdominal
73

 and vascular surgical
74

 procedures. 

Thus, an active role of the gut in CI was established by a wide range of studies demonstrating early 

intestinal acidosis, barrier failure, and increased permeability with bacterial translocation. This body of 

evidence suggested that the development of ARDS and MODS is due, at least in part, to events occurring 
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in the intestine. This gave rise to the concept of the gut as the “motor of organ failure” (Meakins and 

Marshall, panel discussion, Surgical Infection Society, 1985).
3
 Understanding how the gut contributes to the 

development of MODS in CI has now become a research priority.  To better understand the role of the gut 

in MODS, it is important to highlight some of the important anatomical and physiological features of the gut 

in health and disease.  The gut in this context refers to the GI tract, including the stomach, duodenum, 

jejunum, ileum and colon. 

1.3.2. Anatomical physiology of the gut 
The gut (including the stomach and intestines), the lumen of which contains many times more bacteria 

(about 100 trillion) than all the cells in the human body, has an epithelial surface the size of a tennis court 

(300 m
2
) along with its own enteric nervous system (Auerbach’s and myenteric plexi), which is larger (in 

number) than the entire central nervous system. It is therefore natural to think of the gut as an organ driving 

MODS in CI. The gut also has a large aggregation of lymphoid and specialised lymph drainage channels 

that organise to form the cisterna chyli, so it is also natural to point to the gut as an organ driving MODS 

because of its sheer size (occupying most of the abdominal cavity) and all its intrinsic weaknesses. The 

main intrinsic weakness of the gut is that the splanchnic bed, which drains mostly the stomach and 

intestines, is also the first site to undergo vasoconstriction in CI to conserve the supply of blood to the heart 

and brain.  

The gut is comprised of five interrelated compartments or components: the epithelium and secreted mucus; 

lymphoid tissue (Peyer’s patches), including the reticuloendothelial system of the liver; luminal bacteria that 

also contain the digestive proteases secreted by the pancreas and intestine; a drainage system that 

includes the draining blood vessels, lacteals, and lymphatic channels; and the enteric nervous system 

(Auerbach’s and myenteric plexi). These five interrelated compartments of the intestine are represented 

diagrammatically in Figure 6. 

In health, all the five components of the gut function together as a single entity. The enteric flora 

(“microbiome”) is now considered to be an organ in its own right,
75

 and various data are available 

concerning the role of gut bacteria-enterocyte interactions and the implications for gut immunity. Bacteria in 

the lumen aid in digestion and in clearing the mucosa of any unwanted waste. Any commensal or toxigenic  

strain of bacteria is kept in check by the native bacteria and by enterocytes. Optimal conditions at the 

enterocyte-luminal interspace help in providing the nutritional requirements of the enterocytes. The 

enterocytes also help in the immune function of the gut epithelium via the gut lymphoid system, thus aiding 

in immunosurveillance. In health, luminal proteases aid enzymatic digestion of the intestinal luminal 

contents and regulate the local bacterial milieu. These potent proteases do not cross the mucus layer 

secreted by the paneth and mucin cells of the epithelium. Because of these mechanisms, the epithelium 

and its interspace is protected from enzymatic digestion. Any breach in the mucus layer is immediately 

repaired by endogenous organisation of the layer. 

The intestinal barrier that protects against these bacteria and potent proteases is provided by the mucosal 

epithelium lining the lumen of the intestine. This epithelium is generated by stem cells at the base of the 

crypts between the villi. The transport barrier is generated by tight junction attachments between the 

epithelial cells via E-cadherin adhesion molecules. There is also a group of goblet cells positioned at 
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regular intervals between the epithelial cells. Goblet cells secrete mucus composed in large part of highly 

hydrated mucin molecules that form a continuous thin viscoelastic layer on top of the epithelial cells. The 

mucus is a hydrated polymeric gel with a thickness of 50–800 mm, and is composed of two layers: a 

loosely adherent layer removable by suction and a layer firmly attached to the mucosa.
76

 The mucus gel is 

composed mainly of MUC2 mucin and intestinal trefoil factor. Mucin also consists of water (65%) and 

glycoproteins (1%–10%), and contains a central protein backbone with large numbers of attached 

oligosaccharides
76

.  

The mucus gel separates the luminal bacteria from the epithelial surface throughout the colon in healthy 

individuals. This viscoelastic mucus gel is protective against adhesion and invasion by microorganisms, 

bacterial toxins, and antigens. Some bacteria can invade the mucus layer, and many intestinal 

microorganisms use mucin molecules as a source of nutrients and energy. Although some colonic 

microorganisms can extensively digest the mucus gel, the breakdown of mucin appears to be a cooperative 

symbiotic activity of the gut microbiota. Also, the viscosity of this mucus increases progressively towards 

the distal colon, separating bacteria selectively in the proximal colon and completely in the distal colon. This 

mucus biofilm prevents invasion of the epithelial surface by pathogenic luminal bacteria. The mucus layer 

facilitates peristaltic transport of food along the intestine. It may also form a transport barrier to larger 

molecules and colloidal material.  
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Figure 6 The five compartments of the gut that work in harmony to maintain intestinal integrity, thus forming 

the intestinal barrier. The epithelium and mucus biofilm, immune cells, commensal bacteria, drainage 

systems (lymphatics and blood vessels), and the enteric nervous system work together to prevent invasion 

of bacteria and toxic luminal contents (adapted from Clark et al
77

). 

 

The gut-associated lymphoid tissue is the largest lymphatic organ in the body and is composed of four 

distinct compartments: Peyer’s patches, mesenteric lymph nodes, the lamina propria, and intraepithelial 

lymphocytes (IELs).
77

 Peyer’s patches are lymphoid follicles that come into contact with antigens from the 

gut lumen, acting as the inductive arm of gut immunity. Dendritic cells and macrophages can then travel to 

the mesenteric lymph nodes and present antigens to T-cells as well as induce B-cell differentiation. These 

cells then hone to the lamina propria, which is the main effector portion of gut immunity, via B-cells and T-

cells (mostly CD4+ cells). Additionally, dendritic cells, macrophages, mast cells, and polymorphonuclear 

leukocytes in the lamina propria assist in the immune response. In the proximal small intestine, IELs are 

made up predominantly of gamma-delta T-cells, while in the ileum, lymphocytes on the basolateral side of 

the enterocytes are predominantly CD8+ T-cells
78, 79

. The role of IELs in host defence is less well 

understood than other aspects of gut immunity, but gamma-delta T-cell knockout animals have increased 

early mortality after sepsis which is felt to be due in part to alterations in IELs
80

.  

Most of the nutrients from the villi (particularly lipids) are assimilated by the intestinal lacteals, and are 

transported to the mesenteric duct and to the cisterna chyli. From the cisterna chyli, the nutrients, which are 
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embedded in chylomicrons and lipoproteins, reach the systemic circulation through the abrupt joining of the 

thoracic duct with the subclavian vein. The nutrients encapsulated in the chylomicrons, lipoproteins and 

apolipoproteins dock to the respective endothelium and enter the organs and muscles where they are 

internalised. The undigested lipids are transported by these docked lipoproteins and are further 

metabolised in the liver. The reticuloendothelial system and hepatic Kupffer cells scavenge any pathogenic 

bacteria reaching the liver via the portal blood. The liver also scavenges and detoxifies any harmful 

substances coming through the portal blood from the intestine. 

The enteric nervous system maintains intestinal motility and secretion from the enterocytes, and also helps 

in the release of proteases from the pancreas through its action on the sphincter of Oddi. The motility of the 

intestine is generated by the gastric motor and serves a very useful purpose in maintaining intestinal 

homeostasis in health.  

 

1.3.3. History and evolution of gut hypotheses 
The concept that gut bacteria play a role in systemic infectious complications during severe disease states 

dates back to the 1940s when live bacteria of gut origin were found in the peritoneal washings from dogs 

with haemorrhagic shock
81

.  However, it was not until several decades later that the concept of bacterial 

translocation and gut-origin sepsis as a cause of systemic infection and MODS in surgical and ICU patients 

was developed
82

.   In the 1980s, Berg et al performed a series of animal experiments that supported this 

concept of bacteria or endotoxin being able to escape from the intestine and spread systemically
83

. At a 

subsequent meeting of the Surgical Infection Society in 1985, Meakins and Marshall described the gut as 

the “motor” of organ failure.
3
 Their hypothesis was based on the notion that there was overgrowth of 

commensal flora in the ICU setting; impairment of gut barrier function was proposed to allow translocation 

of gut bacteria into the portal and systemic circulations where host defences were already compromised, 

and this led to disease progression. It is interesting to note that the gut was hypothesised to have a driving 

role in both sepsis and what was then termed “non-bacteremic clinical sepsis” five years before a 

consensus conference fully defined the terms sepsis, SIRS and MODS
15, 16

.  Later, Marshall et al described 

the gut as the “undrained abscess” of multiple organ failure.
84

  The result of these observations and 

concepts was that the gut, once considered to be a quiescent organ and a bystander in CI-related MODS, 

is now understood to play a pivotal role in the development of SIRS and MODS.  

1.3.1.1. Bacterial translocation and gut-origin sepsis 
The gut is a huge reservoir of bacteria, with more than 10

10
 bacterial organisms per gram of luminal 

content. A small epithelial-mucosal breach or dysfunction can lead to failure of the gut barrier, allowing 

bacterial translocation, systemic bacteraemia, and a septic state. A detailed definition and vocabulary 

explaining bacterial translocation and gut-origin sepsis is given in Table 1-8. 
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Table 1-8 Bacterial translocation and gut-origin sepsis 

 

Definitions of bacterial translocation and gut-origin sepsis 

 

 

Bacterial translocation: best defined as the process by which intestinal bacteria or Candida cross the 
intestinal mucosal barrier to reach the mesenteric lymph nodes, from which they may or may not spread 
systemically and cause infection. 

The diagnosis of bacterial translocation requires identification of intestinal bacteria in the intestinal lymph 
nodes. 

Gut-derived sepsis: best defined as the process whereby gut-derived proinflammatory, tissue-injurious 
microbial and non-microbial factors induce or contribute to the development of SIRS, ARDS or MODS. This 
process may or may not occur in the presence or absence of gut-origin systemic infection or bacterial 
translocation. 

The diagnosis of gut-derived sepsis is based on measurements of gut barrier function (permeability) in 
conjunction with the clinical response of the patient. 

 

Abbreviations: CARS, compensatory anti-inflammatory response syndrome; MODS, multiple organ dysfunction 

syndrome; SIRS, systemic inflammatory response syndrome. Table modified from Deitch.
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The best proof of bacterial translocation from the gut is the demonstration of gut-derived bacteria in 

mesenteric lymph nodes.
62

 Consequently, the initial human proof-of-principle studies establishing that 

intestinal bacteria do translocate to intestinal lymph nodes were carried out in patients undergoing 

abdominal surgery for either inflammatory bowel disease
85

 or simple small bowel obstruction
86

. Further 

studies in patients undergoing laparotomy have suggested bacterial translocation to the mesenteric lymph 

nodes in 5%–25% of patients, and in these studies bacterial translocation was associated with a significant 

2–3-fold increase in the rate of infectious complications
66, 87

. Further, in about half of these patients, the 

organisms identified in the mesenteric lymph nodes were the same as in the focus of infection during the 

postoperative period. The notion that the gut is the reservoir for these translocating bacteria was further 

validated by genomic studies in patients showing that the bacteria in the mesenteric lymph nodes originated 

from the gut flora
88

. Thus, studies in surgical patients undergoing laparotomy have confirmed the concept of 

bacterial translocation as a clinical event and that its occurrence is associated with a significantly higher 

incidence of systemic infectious complications. 

Bacterial translocation has been implicated as the mechanism by which necrotising pancreas becomes 

infected in patients with severe pancreatitis. This conclusion is based on work showing that intestinal 

permeability was increased in patients with severe pancreatitis and that this increased gut permeability was 

associated with endotoxaemia, organ failure, and ultimately mortality
89

. Bacterial translocation also 

occurred in patients with cirrhosis and liver failure, and the incidence of bacterial translocation increased 

from 3% to 31% as the magnitude of liver dysfunction (Child-Pugh score) increased. Further, bacterial 

translocation appeared to be the mechanism by which bacterial peritonitis occurred in cirrhotic patients with 

ascites. 
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Although bacterial translocation and gut-origin sepsis have been documented from the above studies in 

patients undergoing laparotomy, organ transplant recipients, and patients with advanced cirrhosis, the 

entity of bacterial translocation in the ICU setting originated from studies in critically ill patients with AP, 

major burns, or polytrauma using intestinal probes to investigate gut permeability. These studies showed 

that gut permeability was increased in thermally injured, trauma, and ICU patients, but a clear association 

between the magnitude of the increase in gut permeability and infectious complications or endotoxaemia 

was found in less than half of these studies, and the evidence linking increased gut permeability to the 

development of MODS was stronger
47, 90-92

. Therefore, based on clinical studies using gut permeability as a 

surrogate physiological marker for bacterial translocation or gut-origin sepsis, there is suggestive but not 

conclusive evidence that loss of gut barrier function contributes to the development of systemic infection 

and MODS
5
.  

Gut-origin sepsis and MODS as proposed by the early researchers explained several phenomena.  Firstly, 

during states of shock, trauma and severe stress, the splanchnic flow to the gut is disproportionately 

decreased. This prolonged period of gut ischaemia could promote translocation of bacteria and endotoxin. 

Secondly, the gut hypothesis for MODS explains the apparent clinical paradox of no infectious focus being 

identified in the subgroup of bacteraemic patients dying of MODS
12

. A third attractive component of this 

hypothesis was the notion that gut-derived systemic endotoxaemia explained how patients could develop a 

septic state in the absence of identifiable infection. To summarise, the gut hypothesis of MODS clarified 

how patients could develop enteric bacteraemia in the absence of an identifiable focus of infection or 

develop a septic state in the absence of microbial evidence of infection. However, the failure of this 

hypothesis to conclusively show any bacteria in the portal blood of polytrauma patients who had already 

developed SIRS and organ failure seriously questioned the bacterial translocation theory
93

. Further, trauma 

patients with MODS were usually not infected.
12

 When infection did complicate CI, it sometimes followed 

rather than preceded MODS.
13

  

1.3.1.2. Gut and autodigestion theory 
Proposed by Schmid-Schonbein et al in 2000, the autodigestion hypothesis was that preformed pancreatic 

proteases in the intestinal lumen generate SIRS and MODS
94

. The entry point leading to the gut 

autodigestion theory was a set of basic experiments designed to identify potential sources of inflammatory 

mediators. If inflammatory mediators could be detected within less than one hour after initiation of 

haemorrhagic shock, then there must be a pre-existing source(s) of these mediators. Further, it would be 

less likely that they are newly synthesised by gene expression and gene product synthesis in such a short 

time frame. The idea was to identify particular organs, such as the lung, liver, intestine, muscle, and 

pancreas, or even specific cell types, that might serve as the source of inflammatory mediators. Thus, 

testing the ability of different tissue homogenates to generate pseudopod projection on fresh naïve 

leukocytes showed that pancreatic digestive enzymes were involved.
95, 96

 

Digestive enzymes (proteases, lipases, amylases, nucleases) are synthesised in the pancreas by exocrine 

acinar cells in an inactive precursor form, and then released via an endocytotic process from the pancreatic 

ducts into the duodenum, the uppermost part of the small intestine. Once in the duodenum and upper 

jejunum, the digestive enzymes are converted into their active form, and mix with food entering the intestine 
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through the stomach. These digestive enzymes are powerful, present in higher concentrations in the small 

intestine than in other organs, and capable of digesting most food components (proteins, lipids, 

carbohydrates, nucleotides). The gut has various mechanisms to protect the mucus and epithelial layers 

from digestion by these potent pancreatic proteases. 

However, under ischaemic conditions, the usually tight epithelial barrier is compromised, and high 

molecular weight molecules are able to penetrate the tight junction regions in the interepithelial gaps and 

enter into the interstitial space of the intestinal wall
91, 97-99

. There may also be decreased mucin secretion 

from goblet cells, thereby reducing a potentially significant diffusion barrier against active digestive 

enzymes. In this way, fully activated digestive enzymes enter into the submucosal space and initiate self-

digestion of unprotected villi, a process that leads to destruction of the tissue matrix of the villus
100

.  

Digestive enzymes can also be carried into the smooth muscle tissue layers of the intestinal wall
101

, where 

they can enter the portal venous circulation and the intestinal lymphatics, and may escape across the 

serous collagen coating into the peritoneal fluid. Thus, in CI, all of the layers of the intestinal wall are at risk 

of autodigestion.  Via the portal venous circulation, mesenteric lymphatic channels, and peritoneal 

absorption
102

, activated digestive enzymes expose other organs to risk of injury. 

The autodigestion theory was tested by a study in which intraluminal blockade was created using 

nafamostat mesilate, a serine protease and lipase inhibitor with broad specificity.
100

 This inhibitor produced 

a reduction in circulating inflammatory mediator levels, reduced morphological damage to the intestinal villi, 

and prevented hypotension as well as failure of several organs in a model of shock due to occlusion of the 

splanchnic (celiac and superior mesentery) artery supplying blood to the small intestine.
103

 The fluid 

requirements to maintain blood pressure at physiological levels after haemorrhagic shock were also 

reduced after blockade of the digestive enzymes
104

. 

1.3.1.2. Gut lymph and MODS 
In 1991, Moore et al carried out a prospective study in which portal vein catheters were placed in severely 

injured trauma patients shortly after their arrival in hospital in an attempt to directly correlate translocation of 

bacteria and endotoxin with the subsequent development of ARDS and MODS. Serial portal blood samples 

were then tested for translocating bacteria or the presence of endotoxin. While 30% of the enrolled patients 

subsequently developed MODS, only 2% of all the portal vein cultures collected were positive for bacterial 

growth and none of the portal blood samples contained endotoxin.
93

 Given the compelling results of this 

study, doubt was cast on the clinical relevance of bacterial translocation in the development of MODS. 

Using a traumatic haemorrhagic shock model, Deitch et al in 1998 demonstrated the role of mesenteric 

lymph, but not portal blood, in lung injury and endothelial dysfunction.
105

 Further, work by Schmid-

Schonbein et al demonstrated intraluminal contents, in particular pancreatic proteases, entering the 

systemic circulation via circulatory and lymphatic routes in the gut and causing systemic inflammation, 

SIRS and MODS. Our own research using a different approach in AP led to the same conclusion. 

The importance of mesenteric lymph was also investigated by our research group in an experimental rodent 

model of AP.   Combining mild AP with mild intestinal ischaemia-reperfusion (IIR) produced SAP and 

promoted the development of pancreatic necrosis.
106

 In a major study by Flint et al, it was demonstrated 

that the effects of IIR on pancreatic perfusion (measured by intravital microscopy) and severity of AP  
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(measured histologically) were mediated by ML.
107

 In the first part of the study, animals with IIR, AP, or AP 

and IIR and controls were studied for intestinal and pancreatic microcirculatory pathology. It was found that 

IIR alone did not affect the pancreatic microcirculation, while pancreatitis alone clearly did. The addition of 

IIR to mild AP resulted in a more severe injury to the pancreatic microcirculation than seen with pancreatitis 

alone. In the second study, mesenteric lymph was collected from rats subjected to mild IIR (but without AP) 

and injected into other rats with mild AP (but without IIR). Mesenteric lymph conditioned by IIR caused a 

marked reduction in pancreatic perfusion (reduced functional pancreatic capillary density and red blood cell 

velocity), increased leukocyte adherence, and increased severity of pancreatitis, thereby recreating the 

phenomenon previously observed in the first study (Figure 7).  

While the concept of bacterial translocation was conceptually attractive, there was increasingly 

contradictory clinical data, with the result that the idea of translocation of bacteria and endotoxin being the 

primary or only cause of MODS became less tenable. Through various animal studies, it was hypothesised 

that sterile, non-bacterial, gut-derived mesenteric lymph had a role in causing lung and other end-organ 

dysfunction. It was shown that ligation of the mesenteric and/or thoracic duct, which prevented the lymph 

from reaching the systemic circulation, decreased end-organ dysfunction. It now appears that many of the 

same insults that are injurious to the intestinal mucosa and promote bacterial translocation also induce the 

production and/or release of nonbacterial gut-derived inflammatory and tissue-injurious factors that 

contribute to SIRS, ARDS, and MODS. Out of this work has developed the hypothesis that MODS-inducing 

factors are carried in the mesenteric lymph and not in the portal circulation. Thus, one of the potential 

explanations for the paradox of evidence favouring a role for the gut in the pathogenesis of MODS and the 

clinical failure to find bacteria or endotoxin in the portal blood of seriously injured trauma patients is that 

nonbacterial, gut-derived factors contributing to SIRS, ARDS, and MODS enter the systemic circulation 

through the intestinal and thoracic lymphatics. With the evolution of concepts of how the gut might be 

involved in CI, it now appears that mesenteric lymph from the intestine in CI likely contains toxic factors that 

drive systemic inflammation and MODS. 
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Figure 7 Pancreatic microcirculation in a rat with sodium taurocholate-induced acute pancreatitis and 

addition of either IIR (A) or infusion of IIR-conditioned mesenteric lymph (B). There was a significant 

decrease in the velocity of the pancreatic microcirculation with induction of AP, which was further 

accentuated by IIR. The same phenomenon was replicated by intravenous infusion of IIR-conditioned 

mesenteric lymph in a sham rat and an AP rat. Abbreviations: AP, acute pancreatitis; IIR, intestinal 

ischaemia-reperfusion; N, normal animals; NL, normal mesenteric lymph; IL, IIR-conditioned mesenteric 

lymph. Modified from Flint et al.
107

 

 

1.3.1.3. Intestinal crosstalk and MODS 
Intestinal crosstalk is a more recent hypothesis, proposed by Clarke and Coppersmith

77
 in 2007. Based on 

the observation that while there are multiple ways of understanding the role of the intestine in propagating 

both SIRS and sepsis in isolation, each of these on their own is incomplete. Intestinal crosstalk is a unifying 

hypothesis and incorporates the gut hypothesis, proposing that the gut should be viewed as “... a three-way 

partnership between its epithelium, immune tissue and commensal bacteria. In this partnership, each 

element modifies the others via crosstalk, leading to a state where all components of the gut interact, and 
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the integrated result of this crosstalk acts as a major determinant for survival in MODS”
77

.   This intestinal 

crosstalk hypothesis does not exclude a role for mesenteric lymph. 

1.3.4. Anatomical pathology of the gut 
Previous sections have explained how the GI mucosa provides a remarkably effective barrier to the 

potentially toxic contents of the GI tract, and includes a myriad of digestive enzymes and bacteria as well as 

their byproducts. This protective effect is accomplished via complex interactions between non-immune and 

immune systems within the gut
108

. The splanchnic organs represent only 5% of the total body mass, but 

receive up to 30% of the cardiac output under normal conditions. The mucosal-submucosal region of the 

villus, the primary site for absorption, is the target for 70% of this blood flow
109

. However, the gut barrier is 

exquisitely vulnerable to post-injury shock because of prioritisation of blood flow over mesenteric needs, 

that is, blood flow is diverted from the gut to the brain, heart, and kidneys in response to circulatory shock. 

The intestinal villus is uniquely precarious because it is supplied by a single arterial vessel that arborises at 

the villus tip into a network of surface capillaries that empty into a central venule. This arrangement permits 

villous counter current exchange (i.e., shunting of oxygen from the nutrient arteriole to the draining 

venule)
110

. During critical conditions, there is selective vasoconstriction of the intestinal inflow arterioles, 

mediated predominantly via the renin-angiotensin system
111

. Despite restoration of central haemodynamics, 

there is persistent vasoconstriction at all levels of the intestinal microvasculature owing to the net effect of 

multiple agents, including endothelial-derived factors and circulating vasoactive substances
112, 113

. 

Thus, the ischaemic condition in the intestine cause changes in all five compartments of the intestine. 

There is now evidence supporting the idea that the permeability properties of the intestinal barrier are 

compromised in haemorrhagic shock and other types of CI
12, 89

. The tight junctions between epithelial cells, 

keeping large molecular weight material from passing across the epithelial layer, start to separate
97

, via a 

mechanism that may involve depletion of adenosine triphosphate in epithelial cells due to decreased 

oxygen transport to the intestine during the period of hypotension. The ischaemic changes in the epithelium 

then lead to epithelial dysfunction. Because of these pathological changes, production of mucus is 

impaired. Sloughing of the epithelium and breach/loss of luminal mucus biofilm expose the intestine to 

hostile luminal contents. The commensal bacteria, which have been supportive in health, now become 

pathological and stimulate the mucosal inflammatory process associated with gut-associated lymphoid 

tissue. Because of the lack of mucus biofilm, pancreatic serine proteases digest the epithelium 

(autodigestion). These proteases are also strong inflammatory mediators and activate intestinal neutrophils. 

The digested epithelium becomes leaky and the lymphatic lacteals are exposed. This allows the toxic 

intraluminal contents, including pancreatic proteases, to leak into the intestinal lymphatics and reach the 

systemic circulation. The intestinal venules also carry these toxic factors from the activated intestine to the 

liver; however, the liver forms a formidable barrier for further transport of these mediators to the systemic 

circulation.  
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Figure 8 The normal and ischaemia-inflamed intestine. The ischaemia-inflamed intestine becomes a 

powerful source of the toxic mediators responsible for systemic inflammation and distant organ failure. 

Abbreviations: DAMPs, damage-associated molecular patterns. Adapted from Schmid-Schonbein et al
114

. 

 

In this way, any toxic mediator leaving the intestine (either from its lumen or epithelium or from its immune 

system) can gain access to the rest of the body via the bloodstream or lymphatics where it can: primarily 

injure distant tissue through systemic inflammation; secondarily interact with the immune system to alter the 

host inflammatory milieu; or cause both primary and secondary damage. In this manner, the gut propagates 

systemic inflammation, organ failure, and MODS (Figure 8).  

1.3.5. Critical illness and organ failure: gut-origin sepsis 
To this point, this thesis has described the traditional and emerging concepts of MODS and outlined the 

various hypotheses explaining the role of the gut in CI. The concept of gut-origin sepsis, which is described 

as” gut-derived pro-inflammatory, tissue-injurious microbial and non-microbial factors induce or contribute 

to the development of SIRS, ARDS or MODS”, has also been discussed, along with the fact that these 

mediators can enter systemically through either the portal route or lymphatic route. It would appear that the 

lymphatic route may be more important in critical patients in ICU (SIRS, sterile inflammation), whereas the 



28 

 

portal or vascular route is important in patients with sepsis (infection, major laparotomy, surgical infection, 

Figure 9)
5, 27

.  

 

 

 

Figure 9 Schematic illustration of the lymphatic and vascular (portal) pathway by which gut-derived 

factors/mediators, including bacteria, can reach the systemic circulation, causing either systemic 

inflammation (SIRS) or sepsis. The portal pathway is important in the vascular route, usually during major 

laparotomy, and the liver would be the first major organ encountered by gut-derived factors. In the 

lymphatic route, intestinal factors would enter the systemic circulation through the thoracic duct opening at 

the subclavian level. The heart and the lungs are the major vascular bed in the lymphatic route. 

Abbreviations: CARS, compensatory anti-inflammatory response syndrome; ICU, intensive care unit; 

MODS, multiple organ dysfunction syndrome; SIRS, systemic inflammatory response syndrome 

 

This anatomical arrangement is important in the spread of systemic inflammation and sepsis. Unlike the 

portal venous blood drained from the intestine, mesenteric lymph does not drain to the liver but instead 

drains directly to the thoracic duct and via the subclavian vein to the pulmonary, cardiac and systemic 
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circulations. While the advantages of this anatomical arrangement are unclear, this offers a possible 

explanation for the specific pattern of organ failure that occurs in MODS. In CI, this arrangement permits 

intestinal and mesenteric factors to pass unchallenged by the liver and to impact the lungs, heart, kidneys 

and other organs. The role of mesenteric lymph conditioned by the critical gut (“conditioned mesenteric 

lymph”) is shown in Figure 9. Mesenteric lymphatics and mesenteric lymph play a major role in the 

propagation of gut-origin sepsis, which forms the subject of the next chapter and is the basis of this thesis. 

1.4. Summary 
The hallmark of CI is organ failure, now described as MODS, and is always associated with systemic 

inflammation.  Various hypotheses relating to the role of the gut in the genesis of MODS in CI have been 

proposed and tested over the last two to three decades.  While the gut was long thought to be a passive 

bystander in CI, there is now compelling evidence that it is not so much a victim but a culprit in the genesis 

of SIRS and MODS.  The “gut lymph” hypothesis has taken centre stage, and here mesenteric lymph 

containing gut-derived toxic factors from a compromised gut in CI bypasses the liver and is delivered into 

the systemic circulation immediately upstream of the heart, lungs and kidneys, which are the organs most 

often affected in CI.  

This thesis explores the validity of the gut lymph hypothesis further in later chapters using animal models of 

AP, SAP, and traumatic haemorrhagic shock. This chapter has provided a description of the vascular and 

lymphatic routes as important pathways for dissemination of gut-derived sepsis. Thus, anatomy and 

function are interrelated; as discussed in this chapter, there is a probability of altered anatomy of the 

intestine in CI. Chapter 2 explores how the anatomical function of the intestine and intestinal lymphatics is 

altered in CI, producing biologically active or conditioned mesenteric lymph. This thesis also explores in 

depth some of the factors/mediators in conditioned mesenteric lymph that may be responsible for systemic 

inflammation and MODS. In later chapters, these hypotheses are developed further to form the backbone of 

this thesis.  
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Chapter 2. Mesenteric lymphatic anatomy and mesenteric lymph in 
critical illness  
 

2.1. Introduction 
The previous chapter discussed critical illness (CI), the systemic inflammatory response syndrome (SIRS), 

multiple organ dysfunction syndrome (MODS), and the pathophysiology of organ failure. It is still unclear 

why organs fail in CI, even though it is evident that there is an initial systemic inflammatory response 

followed by immunoparalysis. The development of MODS is associated with a number of early 

physiological responses, including: shunting of the blood volume from the splanchnic to the central 

circulation, resulting in intestinal ischaemia; intestinal mucosal acidosis; intestinal permeability changes; 

activation of innate immunity (monocytes/macrophages and neutrophils); widespread dysfunction of the 

epithelium, vascular endothelium, and coagulation system; and mitochondrial dysfunction. Gut and gut-

related mesenteric lymphatics and mesenteric lymph (ML) are now thought to play a major role in this 

altered pathophysiology, leading to organ failure and MODS. The previous chapter of this thesis also 

described briefly how non-bacterial, tissue-injurious factors from the gut could bypass detoxification in the 

liver and be carried by the mesenteric lymphatics into the systemic circulation.  This mesenteric lymphatic 

anatomical bypass allows intestinal-derived factors to be transported via ML to injure distant organs via the 

systemic circulation.  This chapter provides a description of what is known about mesenteric lymphatic 

anatomy and the potential role of ML in the pathophysiology of CI. This chapter also focuses on the altered 

composition of ML in acute and CI, and discusses potential mediators, biomarkers and putative agents that 

may play a major role in the genesis of MODS.   

2.2. Anatomy  
This section describes the lymphatic anatomy of the intestine and pancreas based on our current 

understanding of the literature as well as recent research done by our group at the University of Auckland. 

2.2.1. Gross anatomy 
For the gross anatomical study of mesenteric lymphatics, we used Wistar rats (n=8) with streptozocin-

induced diabetes mellitus. These rats develop diabetes within 5–6 weeks, and the lymphatic anatomy of the 

abdominal viscera is well delineated because of the virtual absence of visceral fat. This study used 

alamarBlue® dye to investigate the intestinal and mesenteric lymphatics and their relationship with other 

major lymphatics forming the cisterna chyli.  

2.2.1.1. General organisation of abdominal lymphatics 
The functional unit of the lymphatic system is the lymphangion, which is defined as the contractile lymphatic 

segment between two adjacent valves (intervalvular segment)
115

. The lymphatics of the abdominal viscera 

are organised in a hierarchy. The smallest unit is the initial lymphatic, which drains the interstitial fluid by 

osmosis. In the case of the small intestinal villi, the lacteal is the initial lymphatic and drains ingested fat. 

Initial lymphatics drain to collecting lymphatics, which are the prenodal efferent lymphatics draining into the 

lymph nodes. Efferent post-nodal lymphatics drain lymph from the lymph nodes, and these lymphatics are 
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known as lymphatic ducts or trunks. The lymphatic ducts coalesce in the abdomen to form the cisterna 

chyli, which returns lymph through the thoracic duct to the subclavian or jugular vein.  

The abdominal lymph nodes are arranged systematically.  Splenic, posterior gastric, pancreatic, and portal 

lymph nodes are associated with the upper abdominal organs, the superior ML node chain with the small 

intestine, and the inferior ML node with the descending colon.  The three visceral lymphatic trunks 

associated with these lymph node chains coalesce to form the cisterna chyli (Figure 11).   The usual 

nomenclature for these is the portal, superior mesenteric, and inferior mesenteric lymphatic trunks, but the 

portal one is misleading.  This lymphatic trunk drains the coeliac territory and is associated with the arteries 

of the coeliac artery, in a manner similar to that of the other lymphatic trunks. The portal trunk would be 

named more accurately as the “coeliac trunk”.  The cisterna chyli also receives lymph from the posterior 

lumbar and renal ducts.  

 

 

 

Figure 10 Demonstration of visceral lymphatic anatomy using alamarBlue® dye. (A) Portal or coeliac 

lymphatic duct. (B–D) Interconnections between the portal and superior mesenteric ducts. The lymphatic 

interconnections between the lymphatic trunks occasionally help in lymphatic bypass if there is an 

obstruction to lymphatic flow in the abdominal viscera. 

 

This lymphatic anatomical study of Wistar rats confirmed the results reported by Tilney
116

 (summarised in 

Table 2-1).  However, there are two exceptions that are worth emphasising. Firstly, the portal/coeliac duct 

rather than the superior mesenteric duct drains the fourth part of the duodenum.  Secondly, all three 

lymphatic ducts have multiple interconnecting channels that help in lymphatic bypass (Figures 10 and 11).   

These lymphatic connections could be significant in CI because simple ligation of the mesenteric duct alone 
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would not prevent intestinal-derived factors in lymph reaching the systemic circulation via these 

interconnected lymphatic channels. 

The cisterna chyli lies dorsal to the aorta and vena cava at the level of the renal veins, and narrows to form 

the thoracic duct. The duct runs on the left of the abdominal aorta but crosses deep to the great vessels at 

the diaphragm to continue its thoracic course to the right of the oesophagus. It swings dorsal to the carotid 

arteries and trachea at the level of the clavicles and empties into the left subclavian or internal jugular vein.  

 

Figure 11 Schematic representation of the anatomy of the lymphatic system. The drainage of the lymphatic 

system from the abdominal viscera closely follows the arterial and venous drainage, and follows the 

developmental demarcations of the foregut, midgut and hindgut (labelled in bold). 
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Table 2-1 Abdominal visceral lymph nodes, areas drained, and efferent drainage in the rat 

Abdominal visceral lymph node groups and drainage areas/organs 

Lymph node 
group 

Location Areas drained Efferent drainage 

Splenic Splenic vein Splenic capsule and trabeculae Posterior gastric nodes 

Posterior gastric Gastroduodenal vein Distal oesophagus, stomach, 
duodenum, pancreas and splenic 
node 

Portal nodes 

Portal (coeliac) Portal vein Liver, splenic and posterior gastric 
nodes 

Portal or coeliac duct to 
cisterna chyli 

Superior 
mesenteric 

Root of mesentery Duodenum, small bowel, caecum, 
ascending and transverse colon 

Superior mesenteric duct to 
cisterna chyli 

Inferior 
mesenteric 

Mesentery of 
descending colon 

Descending and sigmoid colon Inferior mesenteric duct to 
cisterna chyli 

Modified from Tilney et al.
114

  

2.2.2. Microscopic lymphatic anatomy 
The lymphatic microvasculature can be divided broadly into two components, i.e., the initial lymphatic 

networks and the collecting lymphatic vessels.
117

 In general, the initial lymphatic networks contain blind-

ended vessels that lack smooth muscle cells and valves and are non-contractile
118

 (Figures 12 and 13). 

Because the initial lymphatics are non-contractile, they rely on extrinsic forces, such as peristalsis, their 

connection to local connective tissues, and unique cell-cell junctions to fill and empty. Lymphatic endothelial 

cells in the initial lymphatic networks have overlapping flaps with a specialised function as unidirectional 

valves during the filling and emptying of the initial lymphatic network
119, 120

. To form these flaps, the 

lymphatic endothelial cells in the initial lymphatics have vascular endothelial, cadherin-dependent, button-

like junctions positioned at the border of the flaps, which anchor the flaps and allow them to act as 

valves
121

. The overlapping flaps allow spaces to open between lymphatic endothelial cells in the initial 

lymphatics during vessel expansion due to extrinsic forces that allow the lymphatic to fill with interstitial 

fluid. Conversely, these overlapping flaps allow these spaces to close during compression by extrinsic 

forces, preventing lymph from returning to the interstitium during vessel emptying. It is presently unclear if 

the openings generated by these overlapping flaps contribute to entry of leukocytes into the initial 

lymphatics. 

Downstream of the initial lymphatics are the collecting lymphatics, which serve to transport lymph away 

from the initial lymphatics. Unlike the initial lymphatics, the wall of these collecting lymphatic vessels 

contain smooth muscle and valves and are not attached to local connective tissue
122

. The collecting 

lymphatics comprise a series of functional units known as lymphangions, which include a valve and a 

portion of the collecting lymphatic extending downstream to the next valve
123

. The smooth muscle within the 

lymphangions allows for spontaneous contraction and, in conjunction with the valves, facilitates the 

transport of lymph to the adjacent downstream lymphangion away from the tissues. 
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2.2.3. Lymphatic anatomy in the intestine 
The intestinal lymphatics are divided into intestinal lacteals, muscle layer lymphatics, and Peyer’s patches, 

which progressively form the lymphatic trunks. In the abdomen, aggregation of these lymphatic trunks 

forms the cisterna chyli. 

 

 

Figure 12 Microanatomy of the lymphatic system in the small intestine. The small intestine consists of two 

independent lymphatic networks that drain into a common network of collecting lymphatics. The lacteals 

draining each individual villus connect with a network of lymphatics within the mucosal layer, whereas the 

lymphatics of the muscle layer form a second distinct network. Both these lymphatic networks have no free 

flow in between the networks and have no valves. Both networks drain into contractile collecting networks 

with valves located at the mesenteric border of the intestine. Prelymphatic channels are non-endothelialised 

and are not considered direct components of the lymphatic system. However, they play a crucial role in fluid 

homeostasis and in the intestine, providing pathways to deliver luminally absorbed substances to the 

lymphatic system. Adapted from Millar et al.
117

 

 

2.2.3.1. Intestinal lacteals 
The intestine contains three layers of lymphatics that can be distinguished as two separate systems, i.e., 

lacteals draining into the submucosal network and lymphatics draining the intestinal muscle layer (Figure 

12). The three layers are organised (progressing from the luminal surface to the serosal surface) as follows: 
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the lacteals in the villi, the submucosal lymphatic network, and the lymphatic network in the smooth muscle 

layer
124

. The number of lacteals in each villus varies depending upon the species of animal and region of 

the small intestine involved
118, 125, 126

. The lacteals connect with the submucosal lymphatic network at the 

base of the villi, which have abundant interconnections. Injection of tracers into the submucosal network 

reveals that tracers are free to flow throughout the network and into adjacent villi, indicating that the lacteals 

and the submucosal network have few valves, if any
124

. 

Most studies indicate that the lacteals and submucosal lymphatic networks do not contain smooth muscle 

and consequently do not exhibit spontaneous contraction. However, studies of lymphatic corrosion casts in 

rat small intestine using scanning electron microscopy revealed the presence of longitudinally oriented 

muscle cells associated with the lacteals.
125

 The inferred function of these cells is to constrict the lacteals 

and transfer lymph to the underlying submucosal lymphatic network. Injection of tracers into the lacteals or 

submucosal lymphatic network did not reveal a connection between these networks and the lymphatic 

network of the muscle layer
124

. 

2.2.3.2. Muscle layer lymphatics 
The lymphatics of the submucosal muscle layer form a distinct lymphatic network. Injection of a tracer into 

the lymphatic network of the muscle layer did not reveal communication with the lacteal or submucosal 

lymphatic networks, but the tracer was able to move freely throughout the lymphatic network of the muscle 

layer
124

. Tracers move freely within each of these networks, suggesting that they contain few if any valves; 

however, tracers are not exchanged between the two networks, indicating that there is no direct connection 

between them. Using two-photon  intravital microscopy, Miller et al
117

 have observed that intraluminally 

administered tracers fill tissue channels within the intestinal lamina propria that lead to a centrally located 

lacteal. Thus, within the intestinal prelymphatic tissue, channels provide a vital function in delivering lymph 

constituents derived from the blood vasculature and from luminal substances.  

2.2.3.3. Peyer’s patches 
Peyer’s patches, also known as gut-associated lymphoid tissue, are located in the wall of the small 

intestine. They comprise lymphoid follicles, which are aggregates of lymphatic nodules, and are located 

along the anti-mesenteric border of the small intestine. Peyer’s patches contain M-cells that sample 

antigens from the intestinal lumen, dendritic cells that process these antigens, and lymphocytes that are 

activated by the processed antigens. These activated lymphocytes then proliferate, differentiate and 

interact with each other to mount an immune response to the antigens. Lymphatic vessels in Peyer’s 

patches originate as a fine mucosal lymphatic network that drains the adjacent mucosa and also lymph 

from the lacteals of many intestinal villi, and facilitate antigen sampling.  This network drains into a 

submucosal network of large lymphatic vessels known as afferent vessels. These drain to the ML nodes 

and then through the efferent vessels into the cisterna chyli.            
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2.3. Mesenteric lymph                                                                                                                                                                                                                                                                                                                                                                                                                                  

2.3.1. Formation of mesenteric lymph                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
Mesenteric lymph is the lymph collected from the small intestinal lacteals and is drained through the 

superior mesenteric duct into the cisterna chyli. The process of formation of ML is more complex when 

compared with formation of lymph in other parts of the body.  

 

Figure 13 Microscopic anatomy of initial lymphatics from the villus of the intestine. Lymph is formed by the 

exudate from the terminal capillary as well as the exudate formed by enterocytes. Lipids absorbed from the 

gut are stored in the ER and Golgi apparatus, and are channelled to the prelymphatic channel for drainage 

into the initial lymphatics. Abbreviations: ER, endoplasmic reticulum; RBC, red blood cell.  

 

Lymph is formed initially by the enterocytes in the intestinal villi, and is then channelled away from the villi 

by prelymphatic channels to the initial lymphatics. Intestinal enterocytes have two types of lipid pool in their 

cytoplasm. One pool is located in the smooth endoplasmic reticulum and Golgi apparatus, and consists 

primarily of lipids derived from exogenous (e.g., dietary) sources
127, 128

. Lipids from this pool are 

predominantly transported to the systemic circulation via the ML, and as such, this pool is referred to as the 

lymph lipid precursor pool. The second pool of lipids (the portal lipid precursor pool) is located within the 

cytosol and comprises mostly endogenous lipids that enter the enterocyte via basolateral uptake from the 

intestinal blood
129, 130

. The lipids from the portal lipid precursor pool are generally transported from the 
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enterocyte to the systemic circulation via the portal vein
128

. Exocytosis of the apically sourced lymph lipid 

precursor pool from the enterocyte occurs mainly during periods of feeding, and is related to the fat load 

and bile secretion
128

. The lipid pool thus forms the initial source of ML, which along with interstitial fluid, is 

channelled to the prelymphatic channel (Figure 13). 

The prelymphatic channels are non-endothelial channels and are not considered to be a direct constituent 

of the lymphatic system. These prelymphatic channels are present in many capillary-lymphatic interspaces. 

However, in the intestinal villi, they form a frond of interconnections around the central lacteal of the 

villus.
117

 Prelymphatic channels play an important role in fluid homeostasis in other tissues, but in the 

intestinal villi, in addition to fluid homeostasis, they also form pathways for delivery of nutrients absorbed 

from the intestinal lumen to the lacteals (Figures 12 and 13). 

The lymph collected from the lacteals drains to the submucosal lymphatics. Lymphatic vessels in Peyer’s 

patches also originate as a fine mucosal lymphatic network that drains the overlying mucosa and also 

lymph from the lacteals of many intestinal villi
131, 132

. The submucosal lymph is intermixed with the deeper 

lymph collected from the muscle layer lymphatics when it enters the collecting lymphatics.  Lymph from the 

collecting lymphatic network in the intestine then drains to lymphatics located in the mesentery. These 

vessels run alongside arteries and veins in the vascular arcades (Figure 14) and drain lymph into the 

mesenteric lymph nodes (MLNs). Afferent lymphatics deliver lymph to the subcapsular sinus of the MLN, 

where the lymph flows over the apex of the lobule, down the transverse sinus, and into the medullary 

sinuses. Lymph drains from the lymph node via an efferent lymphatic at the hilum. Some changes to the ML 

occur in the MLNs, including addition of circulating lymphocytes.  From the efferent lymphatics, the ML 

enters the cisterna chyli through a lymphatic trunk known as the mesenteric duct (Figure 11). Mesenteric 

lymph entering the cisterna chyli is diluted by lymph coming from the other two trunks (portal and inferior 

mesenteric) and also by lymph from the kidneys and the lower part of the body (Figure 11).   

2.3.2. Composition 
The composition of ML has been studied over a number of years, but mostly in the context of fluid 

homeostasis, fat absorption, and lymphatic leak/chyloma.  With the development of the concept that ML 

containing intestinal-derived factors may have a role in the systemic inflammatory response and MODS of 

CI, there has been renewed interest in its composition. This has been facilitated by the recent availability of 

multi-omics platforms, including proteomics and lipidomics techniques.  

The intestinal and mesenteric lymphatic network carries a variety of interstitial molecules, proteins, 

metabolites, and even cells, including lymphocytes. The composition of ML is unique in relation to lymph in 

the non-mesenteric lymphatic vessels because it is the route for transport of absorbed lipids to the systemic 

circulation. A brief description of ML is given below. 

Mesenteric lymph consists mostly of water and solutes comprising electrolytes, lipids, proteins, cells, cell 

debris (e.g., lymphocytes), and other substances. A photograph of the intestinal lymphatics carrying 

absorbed fat and solutes after a meal is shown in Figure 14. 



38 

 

 

Figure 14  Small intestinal lymphatics showing absorbed fat being carried from submesenteric lymphatics 

to larger lymphatic trunks. The patient had eaten a meal shortly before surgery and cloudy lymph can be 

seen. 

 

Electrolytes 

The electrolyte composition of thoracic duct lymph has been meticulously studied by Yoffey and Courtice
133

. 

Total cations are marginally lower and total anions (chloride and bicarbonate) are higher in lymph than in 

plasma. Calcium and magnesium concentrations are affected by their binding to proteins. The 

concentrations of urea and creatinine in lymph are similar to those in plasma.
133

  

Lipids 

The lipid composition of ML has been studied extensively, particularly in relation to fat absorption. The lipid 

content of ML fluctuates widely depending on the type, extent and timing of fat ingestion. Chyle is a 

complex mixture of lymph and chylomicrons. Chylomicrons are the largest (up to 1,000 nm) and least 

dense (less than 0.95% of the lipoproteins). They are made up of 85%–88% triglycerides, approximately 

8% phospholipids, 3% cholesterol esters, 1%–2% proteins, and 1% cholesterol. The lipid content of ML was 

recently analysed by Morishita et al
134

 and Moore et al
135

 using lipidomics, and was found also to contain 

biologically active lipids, including lysophosphatidylcholine, lysophosphatidylethanolamine and 

phospholipase.  
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Proteins 

The protein and amino acid content of ML is relatively high, but is less than that in hepatic lymph and 

usually around half the protein concentration of plasma
133

. Yoffey and Courtice measured the protein 

content of lymph from various body regions in different animal species. This ML protein is derived from 

plasma proteins, all of which are present in different proportions. Another important class of proteins are the 

immunoglobulins derived from plasma cells of the lamina propria in the intestinal mucosa and mesenteric 

lymph nodes (MLNs). The protein composition of ML has been unravelled recently by proteomics, and 

various catabolic and stress proteins were identified in ML from animals with acute pancreatitis (AP)
136

 and 

shock
137

.  

Enzymes 

A wide range of enzymes has been described in ML and thoracic duct lymph. The concentration of many 

enzymes is higher in lymph than in plasma. Lindena et al summarised these studies in man and in four 

different animal species.
138

 They examined the concentrations of 16 enzymes in thoracic duct lymph and 

ML, and concluded that these enzymes are primarily released from tissue cells into the interstitial space. 

They also concluded that these enzymes were catabolic in nature, and included lactate dehydrogenase, 

glutamate dehydrogenase, glutamyl transferase, aspartate aminotransferase, alanine aminotransferase, 

creatine kinase, adenylate kinase, cholinesterase, alkaline phosphatase, acid phosphatase, and amylase. 

Research from our group using proteomics
136

 suggests a significant rise in some of these catalytic 

enzymes, as discussed later in Chapter 9.  

2.4. Role of mesenteric lymphatics in critical illness 
Intestinal lymphatics and lymph have been shown to have a role in the development of MODS in CI, such 

as haemorrhagic shock (HS)
139-142

, major burns
143

, and AP
107, 144

. In animal models of CI, interruption of 

mesenteric lymphatics either by mesenteric or thoracic duct ligation has been found to be beneficial in 

preventing SIRS and MODS. A key concept developed in this chapter is the alteration in composition of ML 

in CI and its role in the systemic inflammatory response and dysfunction of end organs. Chapter 1 of this 

thesis discussed how severe illness and CI brings about changes in the intestine. This section elaborates 

on the changes occurring in the intestinal and mesenteric lymphatics in CI that provide the conduit for 

transfer of ML.   

The anatomical pathology of the intestine in CI was outlined in Chapter 1 (section 1.3.4). How this 

pathophysiology relates to the intestinal lymphatics in CI is described in this section. However, a brief 

introduction is required to explain the pathophysiology of gut or intestinal dysfunction in CI.  

2.4.1. Intestinal ischaemia-reperfusion and changes in the intestinal lumen 
Splanchnic hypoperfusion is a sympathetic response to serious illness, including septic shock, major 

trauma, haemorrhage, major burns, and AP. The blood volume is redirected to the vital organs (heart, 

lungs, kidneys, brain) in these critical states to maintain perfusion.  These acute adaptive changes lead to 

intestinal hypoperfusion and intestinal ischaemia. This intestinal ischaemia causes changes in all five key 

components of the intestine, i.e., the lumen, epithelium and mucus, lymphoid tissue, lymphovascular 

system, and enteric nervous system (described in Chapter 1, section 1.3.2; also see Figure 16).  
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The ischaemic changes in the intestinal epithelium lead to epithelial dysfunction. There is now considerable 

evidence demonstrating increased intestinal permeability or loss of barrier function in HS and other CI
12, 89

. 

The tight junctions between epithelial cells, which keep high molecular weight molecules from passing 

across the epithelial layer, start to separate
97

, by a mechanism that may involve depletion of adenosine 

triphosphate in epithelial cells due to reduced oxygen transport during intestinal hypoperfusion.  Intestinal 

ischaemia also impairs mucus production. Sloughing of the epithelium and breach/loss of luminal mucus 

biofilm exposes the epithelial cells to noxious luminal contents. Some commensal bacteria that are 

supportive in health become pathological in CI and stimulate the gut-associated lymphoid tissue, generating 

an inflammatory response.  Inflammatory mediators cause recruitment and activation of intestinal 

neutrophils, and the respiratory burst produces oxidative damage. The relative lack of mucus biofilm also 

exposes the epithelium to pancreatic serine proteases that cause epithelial injury. The digested epithelium 

becomes leaky and the lymphatic lacteals are exposed. This allows for toxic intraluminal contents, including 

pancreatic proteases, to leak into the intestinal mesenteric lymphatics and reach the systemic circulation. 

The intestinal venules also carry toxic factors from the activated intestine to the liver, a process known as 

translocation.  The liver has a protective and even detoxifying role, and forms a barrier to transport of toxic 

mediators into the systemic circulation. Thus, interaction of luminal factors in an ischaemic intestine 

involves at least three important components, i.e., mucus biofilm, pancreatic proteases, and commensal 

bacteria in the lumen.  

1) Mucus biofilm 

Although limited work has been done investigating the importance of the small intestinal mucus layer as a 

barrier in shock states, studies performed in a canine model in the 1960s showed a correlation between 

loss of the intestinal mucus layer and increased intestinal permeability
145

. Further, the concept of the mucus 

layer being an important protective barrier is well established in the stomach in the context of peptic ulcer 

disease, where stress-induced or ischaemia-induced loss of the gastric mucus layer contributes to gastric 

mucosal injury by intraluminal acid. The mucus gel separates the luminal bacteria from the epithelial 

surface throughout the small intestine and colon in healthy individuals. This viscoelastic mucus gel protects 

against adhesion and invasion by microorganisms, bacterial toxins, and antigens. Some bacteria can 

invade the mucus layer, and many intestinal microorganisms use mucin molecules as a source of nutrients 

and energy.  Although some colonic microorganisms can extensively digest mucus gel, the breakdown of 

mucin appears to be a cooperative symbiotic activity of the gut microbiota. Also, the viscosity of the mucus 

increases progressively towards the distal colon, separating bacteria selectively in the proximal colon and 

completely in the distal colon. This mucus biofilm prevents invasion of pathogenic luminal bacteria at the 

epithelial surfaces and facilitates peristaltic transport of food along the intestine. It may also form a barrier 

to transport of larger molecules and colloidal material. 

In the setting of CI, the protective mucus biofilm is compromised and the reason for this is probably 

multifactorial.  Studies by Schmid-Schonbein et al and Deitch et al have demonstrated loss of intestinal 

mucus biofilm in rodents with HS and other CI,
94, 146-148

 and support the notion of breach in the mucus 

biofilm as a key part of the pathophysiology of intestinal dysfunction in CI.  
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2) Pancreatic serine proteases 

The pancreas is the only organ in the body that produces potent digestive enzymes.  These enzymes are 

produced by activated neutrophils and belong to the family of proteases known as serine proteases. The 

most potent of these proteases are activated by enterokinase, an enzyme located at the intestinal brush 

border, which cleaves trypsinogen to trypsin. Formation of trypsin activates a cascade of other pancreatic 

enzymes, including chymotrypsins and elastases.  The role of activated intraluminal pancreatic enzymes in 

the pathophysiology of intestinal dysfunction in CI has only been appreciated in the last 20 years.  In 2000, 

Schmid-Schonbein et al showed that pancreatic enzymes are critical in shock induced by superior 

mesenteric artery occlusion and neutrophil activation
95, 100, 103

  presumably through damage to the intestinal 

wall.  Later work demonstrated that attenuation or blockade of these pancreatic proteases through either 

oral intraluminal antiproteases or by ligation of the pancreatic duct resulted in preservation of the integrity of 

the gut mucosa, improved organ function, and longer survival in shocked rats
149, 150

. 

It is important to note that nafamostat (a broad-spectrum antiprotease) was found to be more effective 

when administered intraluminally than when administered systemically
149

. This observation lends support to 

the notion that the deleterious effects of pancreatic proteases are due to their action within the intestine. In 

the study by Caputo et al, ligation of the pancreatic duct had an effect similar to that seen when  nafamostat 

is used
150

. These two studies suggest that pancreatic proteases contribute to intestinal epithelial injury.   

Intestinal injury by pancreatic proteases is facilitated by prior destruction of the mucus layer. The action of 

activated pancreatic proteases within the hypoperfused and ischaemic intestine may contribute to SIRS and 

MODS by promoting permeability to luminal and mural factors and to pancreatic proteases themselves. 

Another possibility is that, with HS or other CI, pancreatic proteases may be necessary for production of 

biologically active factors in ML, which in turn serve to transform gut ischaemia into a systemic tissue-

injurious inflammatory response. Lastly, although CI decreases splanchnic blood flow resulting in gut 

intestinal ischaemia-reperfusion (IIR) injury, in the absence of pancreatic proteases, this systemic 

haemodynamic insult is not sufficient to produce systemic inflammation and organ injury. Thus, pancreatic 

proteases appear to be a necessary component in the pathogenesis of CI-induced gut-origin MODS (Figure 

15).   
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Figure 15 Proposed sequence of events in failure of the intestinal barrier and production of conditioned 

mesenteric lymph in critical illness. Abbreviation: IIR, intestinal ischaemia-reperfusion. 

 

Thus, there are several lines of evidence supporting a key role for activated proteases in the intestinal 

dysfunction that characterises CI. 

 

3) Commensal bacteria 

Enteric commensal bacteria are one of the major intestinal luminal factors responsible for gut barrier 

dysfunction and failure. The lumen of the small and large intestine is a hostile environment that contains 

enough bacteria and bacterial products to kill the host in the event of a serious breach.
151

  Various studies 

have documented either bacterial translocation or formation of a proinflammatory state in conditions of CI, 



43 

 

which creates an ideal environment for formation of conditioned ML by the intestinal lymphatics
143, 152

. In 

various studies, diverse measures, including elimination of enteric bacteria with antibiotics, and in extreme 

cases with enterectomy, resulted in improved survival in animals with shock or IIR.
153, 154

 Therefore, it 

seems clear that as conditions within the gut change, the normal gut flora have the capacity to potentiate 

organ injury and contribute to the systemic septic response under conditions of stress or injury. The various 

changes that occur in the gut in CI are schematically represented in Figure 16.  

In spite of the fact that the normal indigenous (commensal) gut flora can lead to adverse host responses, 

under normal physiological conditions the epithelium of the gut characteristically maintains an inflammatory 

hyporesponsiveness toward the luminal gut flora
155

. This fact, plus the observation that spontaneous gut 

inflammation and injury do not occur in healthy animals or humans, suggests that gut ischaemia and/or 

systemic stress is critical in disturbing the delicate beneficial ecological balance between the host and its 

bacterial gut flora. However, conditions in the gut change during stress states and with IIR insults. As 

discussed earlier, the mucus barrier is lost under these conditions, and now the bacteria are able to bind 

directly to enterocytes and even move through injury-induced breaches in the villus barrier. These 

pathogens also stimulate gut-associated lymphoid tissue (Peyer’s patches), resulting in activation of the 

reticuloendothelial system, which also augments systemic transport of mediators through the MLNs to 

efferent lymphatics
75, 156

. Additionally, stress-induced changes in the gut lumen have recently been shown 

to serve as environmental cues that signal non-pathogens to change their phenotype from a non-virulent 

form to a virulent one
157

, as well as to increase their tissue invasiveness
158

.  
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Figure 16 Proposed pathophysiology of intestinal barrier failure, conditioning of mesenteric lymph, and 

transport of gut-derived mediators systemically by intestinal lymphatics. Note that all five components of the 

intestine undergo dysregulation in critical illness. For simplicity, the vascular component is not shown. 

Abbreviation: GALT, gut-associated lymphoid tissue 

 

2.4.2. Intestinal ischaemia-reperfusion causes changes in the intestine and 
intestinal lymphatics 
This section describes the pathological changes in the intestinal wall layers associated with CI, with a 

particular focus on intestinal lymphatic microanatomy.  Our knowledge about intestinal lymphatic pathology 

is mostly derived from recent studies on intestinal inflammation, especially in patients with inflammatory 

bowel disease (IBD), and our understanding of intestinal villous pathology comes from studies in shock and 

IIR.  

There is now emerging evidence for a role of intestinal lymphatics in the inflammation and pathophysiology 

of IBD.
159

 The entity described as being primary to IBD is granulomatous lymphangitis.
159

 The initial stage 

progresses through lymphatic blockage and obstruction. Lymphatic obstruction has been linked to intestinal 

inflammation by studies of deliberate intestinal lymphatic obstruction. Lymphatic obstruction results in a 

build-up of factors that trigger new and often alternative lymphatic pathways that substitute for 
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malfunctioning or blocked lymphatics. By far the most compelling and fascinating work in this area was 

published by Kalima et al, whose studies in rats and pigs showed that experimental obstruction of 

mesenteric lymphatics induced regional enteritis highly reminiscent of IBD
160

. The colon inflammation 

produced by such experimental lymphatic sclerosis very closely resembles that of Crohn’s disease, and 

includes leukocyte extravasation, edema, and even the development of enteroenteric and enterocutaneous 

fistulae. 

However, in the setting of acute inflammation, it is not yet clear how the intestinal lymphatics respond. 

Schmid-Schonbein et al performed studies on rat trapezius muscle lymphatics to demonstrate how the 

initial lymphatics react to acute inflammation.
161

 They found that the primary valves (which are flaps of 

lacteal endothelium) fail to function in acute inflammation, thus compromising lacteal barrier function. Thus, 

a failure of the primary lymphatic valves has two consequences. First, clearance of fluid from the tissue is 

less efficient, which increases the level of oedema. Second, the leaking initial lymphatics allow 

inflammatory mediators to accumulate in the tissue, thereby enhancing interstitial and lymphatic 

inflammatory reactions. Further, the valves sometimes have minimal overlap, and if the volume of the 

lymphatic increases due to increased oedema in the tissue, it is possible that the flap between neighbouring 

cells may be stretched, opening a hole in the lymphatic. Another possibility is the formation of pores in the 

endothelial cells. The lymphatic endothelial lining is thin (on the order of 0.2 mm), and the inflammation 

could cause pores to open up inside the endothelium
162

. Such pores permit free movement of fluid between 

the interstitium and the initial lymphatic channels, compromising the effectiveness of the primary valves
161

. 

 

Figure 17 Intestinal ischaemia-reperfusion is a hallmark of critical illness. The IIR injury causes luminal and 

intestinal pathophysiological changes that become a priming bed for gut-origin sepsis and inflammation. 

Association of gut mucosal injury and barrier failure along with changes in the intestinal 

microvasculature/lymphatics is therefore important in critical illness. Abbreviation: IIR, intestinal 

ischaemia-reperfusion. 
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It can be assumed that during the ischaemic phase of CI, the decreased blood flow results in impairment of 

the microcirculation. Autodigestion may result in acute dysfunction and possible destruction of the 

enterocytes and interstitial architecture, including the lacteals. This damage during the ischaemic phase of 

IIR is not pronounced because of the decreased transport of mediators formed in the intestine to the central 

circulation, either through the circulatory system or the lymphatic system. In fact, during the ischaemic 

phase, there is extravasation of lymph into the intestinal interstitium. This attracts inflammatory mediators to 

the effusate and generates a locoregional inflammatory reaction.
161

 However, with initiation of the 

reperfusion phase, substances from the luminal and interstitium that are contained during ischaemia are 

rapidly transported to the central circulation by the portal and lymphatic transport system
163

. The role of CI-

associated intestinal ischaemia and the various intestinal factors in systemic inflammation and/or sepsis is 

demonstrated in Figure 17. Because of  this anatomical arrangement, the portal system drains the liver and 

these toxic mediators undergo hepatic clearance and detoxification. The anatomical arrangement of the 

mesenteric lymphatic is such that these toxic mediators are carried directly to the systemic circulation, 

thereby bypassing detoxification in the liver.    

2.5. Compositional changes in mesenteric lymph  
The first two chapters of this thesis have outlined various aspects of the pathophysiology of CI and shed 

some light on the possible way in which ML can undergo a compositional change and how this might 

contribute to the development of systemic inflammation and multiple organ dysfunction.  The process of this 

compositional change has been termed “conditioning”.  It is now important to understand the key 

compositional changes in conditioned ML and how these factors mediate its “toxic” effects. 

Since the “gut-lymph” hypothesis is relatively recent and represents a paradigm shift in our understanding 

of the drivers of MODS, it is no surprise that there are relatively few studies investigating the compositional 

changes occurring in ML in various disease states, including acute illness and CI. 

The first description of a toxic mediator was reported by Lefer after his studies of HS in cats. He referred to 

this toxic mediator as a “myocardial depressant factor” that was produced by the pancreas and released 

into the bloodstream, causing cardiac dysfunction
164-168

. He later demonstrated that ligation of the thoracic 

duct was beneficial in preventing the cardiac dysfunction caused by this factor
169

, thereby directly 

implicating the role of the pancreas and the lymphatic factor drained by the lymphatics. Later studies 

suggested that these mediators were either aqueous or lipid factors formed in the ischaemic-reperfused 

intestine. 

Our group at the University of Auckland recently published the first comprehensive description of normal 

rodent ML in the fasted and fed states using the advanced proteomics techniques of isobaric tags 

(iTRAQ™) for relative protein quantitation and liquid chromatography-tandem mass spectrometry for 

identification of the component proteins
170

. Using a similar methodology, our group later published the 

proteome of ML in acute AP and shock
136, 137

. In the AP study, we identified a total of 245 proteins in the ML 

of both animals with AP and those with sham ML. However, there were eight proteins that were significantly 

more abundant in ML from animals with AP. All these proteins were catabolic enzymes, with seven being 

secreted pancreatic catabolic enzymes (Table 2-2). These proteins included pancreatic amylase, lipase, 

carboxypeptidase A2 and B1, chymotrypsinogen B, cationic trypsinogen, pancreatic ribonuclease, and 
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glutathione S-transferase.  Thirty-five hypothetical proteins were also identified in the ML of both groups.
136

 

Sixty proteins were increased during shock, and these represented proteins from several key pathways, 

including gluconeogenesis, glycolysis, and response to injury. Analysis of protein-protein interactions 

revealed several highly connected proteins that are essential to the health of the organism, including actin, 

profilin and cofilin. Thus, these studies indicated that ML undergoes complex changes depending on the CI 

involved.  

Table 2-2 Eight proteins found to be significantly elevated in mesenteric lymph from animals with acute 

pancreatitis versus sham animals 

        Table adapted and modified from Mittal et al.
136 

 

Using the “omics” platform, Deitch’s group have described the mediator to be a peptide
171

 and Moore’s 

group ascribed this to the lipid fraction of lymph
172

. Also, a study by Mole et al demonstrated changes in the 

kynurenine and tryptophan pathways in ML from AP animals.
173

 This pathway was thought to be 

immunoregulatory and to cause cytotoxicity and organ damage. Mole et al hypothesised that tryptophan 

metabolites are produced from the Peyer’s patches. Apart from proteomics and lipidomics, the 

compositional changes in ML can also be analysed by metabolomics (compositional study of intermediary 

metabolites) and transcriptomics (RNA and microRNA) studies.  Based on these initial works, the possible 

mediators in CML are described below.    

1) Altered albumin 

Dayal et al and Kaiser et al demonstrated that a single cationic peptide band was significantly increased in 

post HS lymph, but not in lymph from control animals subjected to trauma without HS
171, 174, 175

. This peptide 

was subsequently identified as the 24 N-terminal amino acids of rat serum albumin by mass spectrometry 

and amino acid sequencing.  

2) Leukotrienes and triglycerides 

Moore et al suggested the role of intestinal phospholipase A2-generated arachidonic acid and the 

subsequent 5-lipoxygenase carried in ML as the culprit in the pathogenesis of acute lung injury and organ 

Name Fold change P-value 

Pancreatic amylase-2 47.0 <0.001 

Pancreatic lipase 38.0 <0.001 

Carboxypeptidase A2 34.5 <0.001 

Chymotrypsinogen B 18.0 <0.001 

Carboxypeptidase B1 23.0 <0.001 

Cationic  trypsinogen 29.6 <0.001 

Glutathione S-transferase 3.5 0.012 

Ribonuclease, RNase A family 40.5 0.024 
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failure
176

. Using the Bligh-Dyer technique
177

 of lipid extraction, they demonstrated that intestinal 

phospholipase A2 is important in the formation of lipid-based mediators. 

3) Lipoprotein lipase 

This mediator was described by Deitch et al as being due to the use of heparin as an anticoagulant in the 

rat model of HS
178, 179

. Heparin is implicated in the production of hepatic lipoprotein lipase and is also 

transported through ML. Using non-heparin and low molecular weight heparin anticoagulants did not 

produce this mediator in ML conditioned by HS. The lipase thus generated in ML has been implicated only 

in the endothelial toxicity seen with post HS lymph and has no other biological effect. Also, the inductive 

effect of heparin in generating lipoprotein lipase was not found below a dose of 50 IU.  

4) DAMPs 

The studies by Deitch
5
 and Moore

176
 et al identified an altered albumin and lipid, which were thought to be 

damaged molecules. These altered factors are known as damage-associated molecular patterns (DAMPs) 

because of their unique molecular nature.
5, 27, 176

 These altered molecules formed by the body activate the 

inflammatory or “inflammasome” pathway, in contrast with the pathogen-associated molecular pattern 

(PAMP) pathway. 

 DAMPs, also known as alarmins, were initially described by Polly Matzinger
180

, and comprise a group of 

substances that are usually released from non-programmed cell death during tissue necrosis. Like PAMPs, 

DAMPs are not recognised by the immune system, so are considered as foreign. Recently, Diebel et al  

demonstrated DAMPs in the systemic lymph of dogs with HS, suggesting the possibility of their existence in 

ML
181

. 

5) Microparticles 

Even though originally described only in platelets by Wolff et al in the 1950s, microparticles are now thought 

to be formed by most cells, especially those in the endothelium. Their role in sepsis and CI is now being 

described, even though very little is known about them. 

6) Mitochondrial DNA 

Different types of mitochondrial DNAs are released into the blood and lymphatic streams after onset of 

tissue, cell and mitochondrial disruption, as occurs in the ischaemia-reperfused gut. The mitochondrial 

DNAs then cause activation of the NLRP3 inflammasome pathway, leading to a systemic inflammatory 

response
182, 183

.  

7) Intermediary metabolites 

There is emphasis now on these transitory molecules, which are described as metabolites. These 

metabolites may have wide-ranging implications, and can demonstrate the intermediary pathway, thus 

aiding understanding of the blueprint of signalling and disease mechanistics. The study of these 

intermediary metabolites is termed “metabolomics”, and is still evolving. 
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8) Pancreatic serine proteases 

These catabolic enzymes have been suspected to exist since the first description of myocardial depressant 

factor by Lefer in the early 1970s. Pancreatic proteases are very potent digestive enzymes and are 

mediators of systemic inflammation and sepsis. To date, there is no quantitative description of these 

proteases in ML. This thesis explores these proteases in Chapter 8 and also describes how they relate to 

systemic inflammation and MODS.   

9) MicroRNAs 

MicroRNAs (miRNAs) are a group of small (approximately 22 nucleotides in length), single-stranded, non-

protein-coding RNAs, which were discovered by Lee et al in 1993
184

. They are highly conserved
185

 and play 

a key role in the regulation of gene expression through sequence-specific downregulation of their target 

mRNAs
186

.   A single miRNA is able to regulate hundreds of mRNAs, so it is no surprise that aberrant 

expression of miRNA has been implicated in the pathogenesis of many diseases
187

. There is also emerging 

evidence for changes in the abundance of specific miRNAs in response to different diseases
188

. 

2.6 Summary and hypotheses 

2.6.1. Summary 
Chapter 1 provided a description of both the traditional and evolving concepts of MODS in CI. How the 

intestine contributes to the systemic inflammatory response and a “septic” state was discussed there.  

Chapter 1 also examined the basis for the “gut-lymph” hypothesis of SIRS/MODS, discussing the role of the 

mesenteric lymphatics in draining the products of the compromised intestine into the systemic circulation 

while bypassing the liver.   

Chapter 2 has described changes that occur in the intestine in CI and the range of studies that have 

identified significant compositional changes in ML in a number of disease settings.  These changes are not 

just in the proteome and lipidome.  Identification of the factors responsible for inciting the systemic 

inflammatory response and organ dysfunction in CI would require both identification of the factor(s) involved 

and demonstration that such a factor(s) has a toxic effect at the level of the organ, cell and organelle.  Once 

this is achieved, it would be possible to design targeted therapies to counter the toxic effect of conditioned 

ML in CI. 

This thesis does not attempt to undertake a complete and comprehensive study of the compositional 

changes in ML that occur in CI, but rather investigates more specifically the compositional changes in the 

ML transcriptome and in the normal balance between proteases and antiproteases.   

The first part of this thesis explores the relationship between CI and organ dysfunction, and the role of 

mesenteric lymphatics and disease-conditioned ML.  For the first part of the thesis, the following 

hypotheses were put forward:   

1) During CI, CML induces organ (i.e., heart and lung) dysfunction, which can be prevented by ligation of 

the thoracic duct. 

2) CML causes cell (i.e., endothelial cell) dysfunction in culture, which is a feature of MODS.   
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3) CML causes organelle (i.e., mitochondrial) dysfunction within the heart and lungs in MODS associated 

with CI.  

The second part of the thesis investigates the transcriptome and protease fractions of conditioned ML as 

potential factors responsible for SIRS/MODS in CI.   For this part of the thesis, the following were 

hypothesised: 

4) Unique transcriptome changes in CI-associated conditioned ML contribute to and may be a biomarker 

of disease severity.  

 

5) Pancreatic serine proteases present in conditioned ML contribute to systemic inflammation, endothelial 

dysfunction, and organ failure. The concentration of lymphatic pancreatic serine proteases predicts 

disease severity. 

 

6) Proteases in serum can be a predictive biomarker for severity of AP. 

2.6.2 Outline of thesis 
After the introduction (Chapters 1 and 2) and the methods (Chapter 3), each of the subsequent chapters 

address each of these hypotheses in turn.  

Chapter 4 describes a series of experiments evaluating the role of conditioned ML in a healthy heart. The 

heart is later studied with and without thoracic duct ligation (hypothesis 1).  

Chapter 5 describes endothelial activation and dysfunction with conditioned ML (hypothesis 2).  

Chapter 6 studies the role of conditioned ML in mitochondrial dysfunction in the heart and lung tissues 

(hypothesis 3). 

Chapter 7 describes a novel translational approach to identification of miRNAs in the ML of animals with AP 

and SAP (hypothesis 4).  

Chapter 8 explores pancreatic proteases and antiproteases and their balance in CI (hypothesis 5).  

Chapter 9 is a systemic review of protease and antiproteases and how they relate to early prediction of 

disease severity in SAP (hypothesis 6). 

Chapter 10 summarises the findings of this thesis and proposes new directions for MODS management 

and therapeutics. 
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Chapter 3. Methods: role of mesenteric lymph in critical illness and 
organ dysfunction 
 

3.1. Introduction 
The methods common to all the experiments conducted in this thesis are described below. The steps taken 

in the development of the animal models and other techniques are described in the appropriate sections of 

the respective chapters. 

3.2. Animal interventions 

3.2.1. Animal handling and ethics 
The University of Auckland Animal Ethics Committee approved all protocols and experiments. Adult inbred 

male Wistar rats (370–500 g) were used for all animal studies.
189

 The rats were housed in standard plastic 

boxes with a mesh stainless steel lid (two rats per box). The boxes were floored with fresh pine wood 

shavings. The animals were subjected to a 12-hour day/night cycle and were maintained at a room 

temperature of 22ºC±2ºC and a humidity of 30%–70%. They were fed a standard commercial rodent chow 

(Teklad 2018, Harlan Laboratories, Madison, WI, USA) and had access to tap water ad libitum. 

3.2.2. Anaesthesia and perioperative preparation 
All animals used for long-duration experiments were intubated, ventilated and maintained in a stable plane 

of anaesthesia, and animals used for immediate tissue collection were maintained in the induction phase of 

anaesthesia as described below.  

3.2.2.1. Induction 
All animals underwent induction of general anaesthesia with 5% isoflurane (2–4 L/min O2). The induction 

chamber was a custom-built Perspex box housed within a fume hood (Airone FC-640, Safelab Systems 

Ltd, Bristol, UK). The plane of anaesthesia was confirmed before proceeding to invasive procedures by 

identifying slowing of voluntary respiration and loss of the pedal withdrawal reflex when pinching the skin 

web between the digits. Anaesthesia was deemed to be sufficient if there was no attempt to withdraw the 

limb. The nociceptive reflex is a useful method for assessing the plane of anaesthesia because it does not 

diminish until deep anaesthesia has been achieved.
190

  

3.2.2.2. Ventilation 
All animal undergoing non-recovery surgery had a tracheostomy performed for ventilation and maintenance 

of anaesthesia. A 1.5 cm cruciate incision was performed at the base of the neck, exposing the strap 

muscles that were separated to expose the trachea. A tracheostomy was made about 0.2–0.5 cm below the 

larynx, taking care not to injure the vessels traversing the tracheoesophageal groove. The trachea was 

immediately intubated with a modified 14 gauge angiocatheter that was shortened to about 2.5 cm in 

length. This was secured with a silk tie and also with Histoacryl® tissue glue (Aesculap A.G. Co, Tuttlingen, 

Germany). The angiocatheter was then connected to a small animal ventilator (Kent Scientific, Torrington, 

CT, USA) which was in turn connected to an anaesthesia machine (Gem 9100, Datex Ohmeda, Rydalmere, 

Australia). Figure 18 shows a tracheostomy with connection to the ventilator. General anaesthesia was 
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maintained with isoflurane (0.8%–3.5%). The fraction of inspired O2/air was kept at 40%, and ventilation 

variables were used to maintain end-tidal CO2 at 35–40 mL/L as measured by an inline capnograph 

(Respironics Novametrix Corp, Andover, MA, USA). The respiratory rate was maintained at about 60 

breaths per minute and the peak inspiratory pressures were 10–20 cm H2O. The operative and anaesthetic 

setup is shown in Figure 19.   

 

Figure 18 Tracheostomy with an angiocatheter connecting to the ventilator. 

 

3.2.2.3. Body temperature 
Body temperature was maintained at 36°C–37°C by placing the animal on a warming plate with an 

adjustable temperature range of 25°C–45°C. A calibrated rectal electronic thermometer (RET-2, Physitemp 

Instruments Inc., Clifton, NJ, USA) continuously monitored the core body temperature. The animal was 

covered with heat-conserving aluminium foil that was removed if core body temperature rose above 37.5°C. 

The warming plate was also switched off at this body temperature and switched on again when the 

temperature reached 36.5°C. 

3.2.2.4. Venous and arterial cannulation lines 
The right femoral vessels were cannulated for infusion of intravenous (IV) fluids and for monitoring of vital 

physiological parameters intraoperatively. The IV line comprised 15–20 cm long PE55 clear polyethylene 

tubing connected to a 21 gauge blunted needle at one end (Tyco Electronics Pty Ltd, Castle Hill, Australia). 

This tubing was rinsed in 70% ethanol prior to use, then primed with normal saline (0.9% NaCl) and 

connected to a 20 mL syringe also containing normal saline. The arterial line was a 2 F, 140 cm long Mikro-

Tip® catheter with a solid state transducer at the tip (Millar Instruments Inc., Houston, TX, USA).  
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A 2–3 cm incision was made below the right groin crease for access to the right femoral artery and vein. 

With the aid of an operating microscope (5× magnification, Leica Microsystems, Wetzlar, Germany; see 

Figure 19), the femoral vein and artery were skeletonised to a length of 1–1.5 cm using a combination of 

blunt and sharp dissection.  

 

Figure 19 The setup used for anaesthesia. The top shelf contains bipolar diathermy on the left and a LED 

light source for the operating microscope. The bottom shelf contains a ventilator, capnograph, and 

anaesthetic scavenging system.  

 

3.2.2.4.1. Cannulation of femoral vein 
A loop of silk suture was applied loosely to the proximal part of the femoral vein (immediately distal to the 

profunda vein). A Biemer vascular clip was used to occlude the proximal portion temporarily, whereas the 

distal femoral vein (proximal to the subsartorial canal) was occluded by bipolar diathermy. A micro 

transverse venotomy was created in the femoral vein using ophthalmic scissors, with the scissor tip 

advanced to accommodate and expand the elastic vein. The femoral line was then inserted with removal of 

the Biemer clip and the line was secured in place with proximal ligation by the silk loop. A syringe 

containing normal saline was attached to the femoral line and fastened to a controlled infusion pump for 

delivery of IV fluids (Genie Precision, Kent Scientific). 

3.2.2.4.2. Cannulation of femoral artery 
The femoral artery was cannulated after venous access. A loop of silk was placed at the skeletonised 

proximal femoral artery with temporary application of a Biemer clamp. The distal femoral artery was 
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carefully cauterised proximal to its entry into the subsartorial canal. A small transverse arteriotomy was 

again made with ophthalmic scissors, with the scissor tip advanced into the lumen of the artery for maximal 

arterial distension. This manoeuvre ensured smooth passage of a Millar pressure transducer into the 

narrow lumen of the femoral artery. The Millar pressure transducer was advanced into the abdominal aorta 

and secured to the artery with proximal ligation using a silk loop.  

 

Figure 20 A jugular cannula ligated to the right jugular vein for withdrawal and reinfusion of blood to induce 

haemorrhagic shock and reperfusion injury. In this picture, blood is withdrawn to induce shock. 

 

3.2.2.4.3. Cannulation of right jugular vein 
The jugular vein was cannulated to achieve central venous access in animals with haemorrhagic shock 

(Figure 20). Access via the cannula served as a channel for withdrawing blood for induction of shock, as 

well as infusion of blood and IV fluids at a rapid rate in this critical illness model. The right jugular vein was 

used for cannulation in preference to the left to ensure no disruption of the thoracic duct anatomy on that 

side.  The cruciate neck incision created for the tracheostomy was used to access the right common jugular 

vein. The sternocleidomastoid muscle at the clavicular border underlies this vein. Gentle retraction of this 

muscle revealed the jugular vein, which was again skeletonised. A loop of silk and a Biemer clip was 

applied proximally and the distal vein was cauterised for occlusion. A polyethylene tube preloaded with 

heparin saline (20 IU) was introduced through a transverse venotomy created using ophthalmic scissors. 

Satisfactory backflow of blood indicated that the tube was in an optimal position without any kink or 

pressure on the back wall of the great veins of the thorax. This tubing was secured to the jugular vein with a 

silk ligature. 
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3.2.2.5. Monitoring blood pressure 
All animals undergoing non-recovery surgery had continuous invasive intraoperative monitoring of vital 

parameters. Mean arterial pressure (MAP) was monitored using a 2 F Mikro-Tip catheter introduced into the 

right femoral artery (section 3.2.2.4.2) and connected to a PowerLab data acquisition software system 

(ADInstruments, Dunedin, New Zealand). The data were recorded and monitored using LabChart 6 

software (ADInstruments; see Figure 21). The MAP was maintained at >75 mmHg in all the animals except 

those with haemorrhagic shock. A normal heart rate was considered to be 250–350 beats per minute; 

however, in critically ill animals, the heart rate was higher.  

 

Figure 21 Real time monitoring and recording of temperature (channel 1), mean arterial pressure (channel 

2), heart rate (channel 3), and systolic blood pressure (channel 4) from the PowerLab system using 

LabChart 6 software. 

 

3.2.2.6. Intravenous fluid regimen 
Normal saline (0.9% NaCl) was used as maintenance IV fluid in all the animals. This was infused at a rate 

of 1–5 mL/hour via the femoral venous line connected to the Genie Precision programmable syringe driver. 

If it was necessary to maintain a falling MAP from intravascular volume depletion, a 1–4 mL bolus was 

infused over a five-minute period (individual regimens are outlined in the respective studies). 

3.2.2.7. Skin preparation 
The skin was prepared for laparotomy by initial sterilisation of the operative field with an alcoholic iodine 

preparation (10% w/v iodine, 30% w/v ethanol, Betadine®, Faulding Pty Ltd, Salisbury, Australia). 

3.3. Animal models 

3.3.1. Acute pancreatitis 
Acute pancreatitis (AP) was induced by intraductal infusion of sodium taurocholate using a well established 

methodology
136, 191-193

. Taurocholate causes a rapid increase in permeability of the epithelial lining of the 
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pancreatic duct, thereby allowing free diffusion of pancreatic catabolic enzymes into the parenchyma of the 

pancreas and subsequent induction of AP.  

A transverse abdominal incision was made down to the muscle. The muscle and peritoneal layers were 

incised using an ultrasonic dissector to maintain haemostasis (Harmonic Scalpel, Ethicon Endo-Surgery, 

Johnson and Johnson, USA). Following laparotomy, the pylorus of the stomach and duodenum were 

identified and exteriorised to expose the biliopancreatic duct traversing the duodenum obliquely through to 

the liver. A 24 gauge angiocatheter was introduced transduodenally through the duodenal wall proximal to 

the papilla, taking the utmost care to avoid any injury to the blood vessels in the wall of the duodenum. At 

this point, the sharp metal guide needle from the angiocatheter was slightly retracted out, and the 

angiocatheter was advanced to penetrate the semitransparent papilla to gain entrance to the common 

biliopancreatic channel. Successful cannulation of the biliopancreatic duct was confirmed by free flow of 

bile from the angiocatheter, after which the cannula was secured in place with a loop of ligated silk tie.  

A Biemer clip (Aesculap Inc, Center Valley, PA, USA) was applied proximally to the common bile duct at 

the liver hilum for temporary occlusion and to prevent any retrograde flow of sodium taurocholate during the 

infusion given to induce pancreatitis. After application of the Biemer clip, any extra bile in the biliopancreatic 

channel was drained by a 3 mL syringe. Sodium taurocholate (4% or 5% w/v in 0.9% NaCl, 0.1 mL/100 g 

rat body weight) preloaded in a 1 mL syringe was connected via the angiocatheter cannula to the 

biliopancreatic duct and infused at a rate of 0.1 mL/min using a controlled infusion (Genie Precision) pump. 

The Biemer clip and angiocatheter were removed 10 minutes after termination of the taurocholate infusion. 

The ligature in the terminal pancreatic duct was reinforced to prevent any reflux of taurocholate into the 

duodenum. A successful infusion was confirmed by pancreatic swelling, haemorrhage and marked oedema 

(Figure 22). Progression of the different disease groups is shown in Figure 24. 
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Figure 22 (A) Induction of acute pancreatitis by infusion of TA into the pancreaticobiliary duct. (B, C) 

Progression of acute pancreatitis. Abbreviation: TA, taurocholate. 

 

3.3.1.1. Resuscitated acute pancreatitis (AP) 
This model of acute pancreatitis (AP) with resuscitation was used to reflect the clinical scenario of a patient 

with AP undergoing IV fluid resuscitation. The objective was to create a pancreatitis of moderate severity 

with all the manifestations of inflammation but without development of hypotensive shock. This 

“resuscitated acute pancreatitis model” was induced with 4% sodium taurocholate, and IV fluid resuscitation 

was carried out using the usual routine protocol before, during and after induction of pancreatitis. In this 

model, bolus IV saline was delivered if the MAP started to drop below 75 mmHg as described in section 

3.2.2.6 (see Figure 24). A 4% infusion of taurocholate produced a moderately severe AP. This resuscitated 

animal model of pancreatitis using 4% sodium taurocholate is termed the AP model in this thesis. 

3.3.1.2. Non-resuscitated severe acute pancreatitis (SAP) 
This model was intended to represent the patient who presents to the hospital late in the progression of AP 

with minimal fluid resuscitation in the community.  This model of severe acute pancreatitis (SAP) was 

induced with 5% sodium taurocholate infusion, and after induction of pancreatitis, IV fluids were restricted in 

this group and given only if the MAP dropped below 60 mmHg. In these instances, fluids were given in 

short bursts (1–5 mL/hour for 1–2 minutes) to maintain the MAP at >60–65 mmHg (Figure 24). An animal 

with SAP usually required 4–5 such short bursts of IV fluids, especially during the third to fourth hour, to 

maintain an MAP >60 mmHg. This regimen of small and short bursts of IV fluids was necessary to prevent 
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the animal going into a hypovolaemic shock state due to “third spacing” of fluid (loss of body fluids in the 

form of mesenteric lymph [ML]). This model was used to induce predominantly inflammatory-based shock 

from severe pancreatitis with minimal resuscitation. This non-resuscitated animal model of pancreatitis 

using 5% sodium taurocholate is termed the SAP model in this thesis. 

Both the AP and SAP models produced gross physiological and biochemical changes in the end organs. As 

expected, SAP produced more profound changes than the AP model because of the more severe 

inflammatory disease. The changes visible were gross ascites, fatty necrosis of peripancreatic and 

mesenteric fat, and patchy small bowel ischaemia, sometimes referred to as non-occlusive mesenteric 

ischaemia (NOMI). NOMI in the small intestine from a sample animal with SAP is shown in Figure 23. 

 

Figure 23 “Shock gut” (NOMI). (A) NOMI in an animal with severe acute pancreatitis. (B) NOMI in an 

animal with haemorrhagic shock. Abbreviation: NOMI, non-occlusive mesenteric ischaemia. 

 

3.3.2. Haemorrhagic shock  
We used a haemorrhagic shock model that involves exsanguination of animals to a low MAP, first 

described by Wiggers et al in the 1950s and now widely known as Wigger’s shock
194

. This model uses 

<100 IU heparin as an anticoagulation agent in the blood withdrawn for induction of shock. However, there 

are reports of high-dose heparin itself inducing altered biological activity in ML
195

 by generation of 

lipoprotein lipase, which was found to cause apoptosis/death of endothelium. Therefore, we elected to use 

a new low-dose model (<50 IU heparin) in our study, as described in Figure 24. The ML from this low-dose 

heparin shock model was found not to develop any intrinsic in vivo biological activity,
179, 195

 and preserved 

the biological activity of ML conditioned by the disease process. 
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Figure 24 Overview of the animal models used for collection of ML. All four models had matched time 

periods for setup and collection of ML. The three disease states (AP, SAP and haemorrhagic shock) had 

additional interventions as shown. Abbreviations: AP, acute pancreatitis; SAP, severe acute pancreatitis; 

ML, mesenteric lymph; MAP, mean arterial pressure; TA, taurocholate; IA, intra-arterial; IV, intravenous 

 

3.3.2.1. Haemorrhagic shock with heparin  
Haemorrhagic shock was induced using a well established methodology and model

105, 137, 196, 197
. The right 

internal jugular vein was cannulated as described in section 3.2.2.4.3 for central venous access. Blood (7–

12 mL) was withdrawn into a syringe preloaded with 25 IU heparin suspended in 1 mL of normal saline to 

prevent clotting. The maximum dose of heparin used in any animal was 50 IU. The MAP during the shock 

phase was maintained at 30±5 mmHg by direct blood pressure monitoring and kept at this level for about 

90 minutes by withdrawing or reinfusion of the exsanguinated blood.  

3.3.2.2. Reperfusion phase 
At the end of the shock period, the withdrawn blood was slowly reinfused according to a standardised 

published protocol
198, 199

 for up to 120 minutes as follows. Initial resuscitation was carried out with a 2× 

volume of exsanguinated blood (shed blood volume) with normal saline for 30 minutes, 75% of reinfused 

blood over the next 30 minutes, and a 2× shed blood volume with normal saline over the next 60 minutes. 

This type of resuscitation protocol is relevant in the traumatic haemorrhagic injury setting, where the patient 
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is initially resuscitated with crystalloids before the availability of blood and later with definitively grouped 

blood for transfusion.  

At the end of the reperfusion phase, this haemorrhagic shock model produced profound changes in the end 

organs, which were visible on gross examination. A hypotensive intestine and kidney are shown in Figure 

23. 

3.3.3. Diabetes mellitus 
Animals with diabetes mellitus were used to demonstrate the anatomy of the mesenteric lymphatics and the 

cisterna chyli (Chapter 2). Diabetic animals have greatly depleted visceral fat, enabling the visceral 

lymphatic anatomy to be clearly visualised.  Diabetes mellitus was induced by streptozocin (STZ) as a 

single injection to the dorsal tail vein.
200

 A fresh solution of STZ (55 μg/kg, Sigma-Aldrich Pty Ltd, Castle 

Hill, Australia) was made with 1 mL of normal saline. A healthy Wistar rat was weighed and anaesthetised. 

The tail was sterilised with an alcohol swab and the dorsal tail vein identified. Using a 24 gauge 

angiocatheter, the lateral aspect of the dorsal tail vein was cannulated. A drop of blood was used to test the 

baseline blood glucose level with an Accu-Chek test strip (Roche Diagnostics GmbH, Mannheim, 

Germany). An appropriate dose of STZ (depending on the weight of the animal) was injected and the tail 

vein flushed with normal saline to prevent STZ-induced chemical thrombophlebitis of the vein. An electronic 

tag (Allflex Australia Pty Ltd, Capalaba, Australia) was inserted in a subcutaneous position to the lateral 

aspect of the neck. This tag helped in the task of tracking blood glucose levels in many animals over a 

number of weeks. The animal was then disconnected from anaesthesia, allowed to recover, and observed 

carefully for 30 minutes. The tail injection site in particular was checked for any residual bleeding, cellulitis 

or necrosis. Diabetes mellitus was confirmed using blood glucose test strips on days 3 and 7 and every 

fortnight thereafter to confirm that the animals remained in a chronic hyperglycaemic state. A protocol 

checklist to monitor the animals included a daily weight check and monitoring for any development of tail 

cellulitis or cataracts, an increase in daily grooming, ocular or nasal discharge, and piloerection. Animals 

that lost  >15% of their original body weight or developed cellulitis at the tail injection site were euthanised.  

3.4. Lymphatic intervention 
Two types of lymphatic intervention were performed: mesenteric duct cannulation (MDC) and ligation of the 

abdominal origin of the thoracic duct, i.e., thoracic duct ligation (TDL). Depending on the study, some of the 

animals received either no lymphatic intervention, only collection of ML through MDC, or had both MDC and 

TDL. The models used and the specific lymphatic intervention performed are described in the relevant 

chapters.  

Briefly, following general anaesthesia, tracheostomy, and insertion of femoral lines for IV access and 

monitoring of physiological parameters intraoperatively, access for both lymphatic interventions was 

achieved by a transverse midline laparotomy as described in section 3.3.1. The intestine and abdominal 

contents were covered with gauze soaked in warm saline to facilitate gentle handling of the organs and to 

prevent desiccation of the tissues. 
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Figure 25 Cannulation of the superior mesenteric duct. (A) Superior mesenteric duct and (B) insertion of 

silastic tubing secured with Histacryl® glue. 

3.4.1. Cannulation of the mesenteric duct  
The intestine and part of the colon were wrapped in a bowel bag (gauze soaked in warm saline) and then 

retracted out and to the left of the animal. This allowed satisfactory exposure of the base of the mesentery, 

retroperitoneum and major vessels in the abdomen. The mesenteric duct was identified by following the 

duodenum and the superior mesenteric artery. The usual anatomy of the mesenteric duct is superior and 

juxtaposed to the superior mesenteric artery (Figure 25). Figure 26 shows the representative anatomy of 

the visceral and abdominal portion of the lymphatic system and formation of the cisterna chyli and thoracic 

duct.  

Lifting this thin membrane by fine dissection provided access to the mesenteric duct. A 14 gauge 

angiocatheter was passed through the right posterolateral abdominal wall to create a tunnel to bring in a 

silastic tubing cannula (ID 0.51 mm and OD 0.93 mm, Dow Corning Corporation, Midland, MI, USA). The 

tubing was soaked in 70% ethanol overnight and flushed with normal saline prior to use in the vicinity of the 

mesenteric duct. Ophthalmic scissors were used to create a small lymphotomy in the mesenteric duct about 

0.3–0.6 cm above the junction with the cisterna, and the edges of the cut ends were held with fine 

dissecting forceps. The silastic tube was gently introduced into the lumen through the lymphotomy entrance 

and tested for free flow of ML. Free flow of cloudy liquid into the tubing confirmed successful MDC. The 

silastic tubing was then secured in place with Histacryl tissue glue. 
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Figure 26 Schematic representation of the anatomy of the lymphatic system. Drainage of the lymphatic 

system from the abdominal viscera closely follows the arterial and venous drainage and the developmental 

demarcations of the foregut, midgut and hindgut. 

 

3.4.2. Infradiaphragmatic thoracic duct ligation  
The animal was approached from the left side for TDL.

201-203
 The small and mobile parts of the large 

intestine were wrapped in a bowel bag and retracted to the right of the animal. Identification of the left 

kidney and the adrenal gland aided identification of the position of the abdominal thoracic duct. Blunt 

dissection with cotton buds superior to the left adrenals revealed the aorta with its coeliac branches. The 

left crus of the diaphragm and the psoas muscle were also useful guides retroperitoneally. The thoracic 

duct was visualised by blunt dissection below the aorta and retroperitoneal muscles. The position of the 

thoracic duct in the rat is below and to the left of the upper abdominal aorta. Using a combination of blunt 

and sharp dissection with curved forceps, a plane was created between the aorta and the thoracic duct. 

Using gentle right lateral traction on the aorta and hooking the thoracic duct with a curved forceps, a silk tie 

was looped and then ligated. Development of a small amount of distention in the distal thoracic duct 

confirmed successful ligation of the infradiaphragmatic thoracic duct (Figure 27).  
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Figure 27 Ligation of the infradiaphragmatic thoracic duct showing the process of identifying the thoracic 

duct (A), and isolation (B) and ligation (C) of the infradiaphragmatic or abdominal portion of the duct. 

 

All the TDL animals in this study also underwent MDC for drainage and collection of lymph. TDL in 

conjunction with MDC was necessary to prevent any ML finding an alternative route that could, for example, 

drain through an accessory mesenteric duct or through the extensive anastomotic arcades of the cisterna 

chyli and then to the thoracic duct and  systemic circulation.  

3.5. Specimen collection 

3.5.1. Mesenteric lymph  
Following MDC as described in section 3.4.1, ML was collected in preweighed, sterile 1.5 mL Eppendorf 

tubes on ice. At the end of the experiment, all tubes were centrifuged (1700× g at 4°C for 10 minutes) to 

remove any cellular debris. If more than one tube was collected, each of the similar supernatant ML 

samples were gently mixed together in a Falcon tube, immediately pipetted into a fresh Eppendorf tube, 

and stored at –80°C until further analysis. 

3.5.2. Blood 
Blood was collected in two ways, i.e., by euthanising cardiac puncture in animals not undergoing functional 

heart studies (as described in section 3.4.2) via cannulation of the inferior vena cava, and by withdrawing 

the maximal circulating blood volume (Figure 28). The latter approach was more suitable for preserving 
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cardiac integrity, so was used for the hearts of animals undergoing functional heart and mitochondrial 

studies. 

The blood collected was immediately aliquoted into serum and plasma separator tubes. The serum 

separator tubes (SST™, BD Biosciences, Franklin Lakes, NJ, USA) were allowed to stand for 30 minutes at 

room temperature until the blood had clotted, and were then centrifuged at 1000× g for 10 minutes at 

25°C
204

. The supernatant was pipetted into Eppendorf tubes and immediately stored at –80°C until further 

analysis. The haematology plasma EDTA tubes were gently inverted 6–8 times and centrifuged at 1000× g 

for 10 minutes at 25°C.
205, 206

 The supernatant was then pipetted into Eppendorf tubes and immediately 

stored at –80°C until further analysis. 

 

Figure 28 Collection of blood from the inferior vena cava. 

 

3.5.3. Tissue collection 
The methods outlined in this section describe the collection of tissues for further analysis. Broadly, the 

tissue collection was divided into three parts: collection of tissues for histopathology; collection of tissues for 

“omics” platform analysis (in particular metabolomics and lipidomics); and collection of the heart en masse 

for the functional studies described in section 3.6.4. 

Tissue for histopathology under light microscopy was fixed with 10% neutral buffered formalin (NBF) for a 

minimum of 24 hours and a maximum of six months
207, 208

 before being transferred to 70% ethanol for long-

term storage. Tissue for “omics” study was collected immediately on liquid nitrogen to halt any 

compositional changes, then collected into Eppendorf tubes, incubated again in liquid nitrogen, and stored 

at –80°C until further analysis. 

 3.5.3.1. Heart 
The heart was the first organ to be harvested after euthanasia. The thoracic cavity was opened through a 

central sternotomy incision. The heart was removed en masse, including the great vessels, divided into two 

portions (a left side, including the left atrium and ventricle, and a right side, including the right atrium and 

ventricle), and immediately preserved in NBF and liquid nitrogen as described in section 3.4.3. 
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3.5.3.2. Lung 
The lung was accessed through the same central thoracotomy incision used for extraction of the heart. The 

right lung was removed along with the right bronchus, tie-ligated with silk, and plunged immediately into 

liquid nitrogen. The left lung was perfused with 2–3 mL of NBF and inflated to ensure that no part of the left 

lung was collapsed. The left lung was kept in NBF for 4–5 minutes, after which it was removed en masse 

and dipped in NBF for later histopathological analysis. 

3.5.3.3. Pancreas 
Using scissors, the pancreas was dissected free from its attachment to the duodenum, stomach, kidney 

and colon (Figure 29). The whole pancreas, including the head, body and tail, was removed along with the 

spleen, and divided into two parts, one for histopathology and the other for future compositional study. 

 

 

Figure 29 An exposed pancreas from an animal with acute pancreatitis showing the body and tail attached 

to the spleen (far right). Its oedematous and inflamed appearance can be appreciated. 

 

3.5.3.4. Ileum 
A 7–10 cm portion of ileum about 10 cm from the ileocaecal junction was excised. The excised intestine 

was cleared of any attached fat and mesentery, and the lumen was gently washed with normal saline to 

remove the intestinal contents (Figure 30). The ileum was then cut into two parts, one for histopathology 

and the other for further analysis. 
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Figure 30 Loop of small intestine ready for tissue harvesting. A 10 cm length of the small intestine 10 cm 

from the ileocaecal junction was harvested. 

 

3.5.3.5. Liver 
The right lobe of the liver was used for histopathology and the left lobe was fresh frozen in liquid nitrogen 

for further study. 

3.5.3.6. Kidney 
The right kidney, along with Gerota’s fascia and fat, was used for histopathology. The left kidney was split 

in half longitudinally and fresh frozen in liquid nitrogen for further study. 

3.5.4. Organs for assessment of mitochondrial function 

The heart and lungs were harvested from normal and healthy rats and incubated in a physiological 

concentration of ML for high-resolution mitochondrial respiratory analysis. The protocols used are described 

in detail in Chapter 6. 

 

3.6. Specimen analysis 

3.6.1. Blood biochemistry 
Serum and plasma biochemistry was analysed using a Roche-Hitachi Modular™ analytical system (Roche 

Diagnostics GmbH, Mannheim, Germany) in accordance with the manufacturer’s instructions. 

3.6.2. Mesenteric lymph biochemistry 
The ML was analysed using the above Roche-Hitachi Modular analytical system, again in accordance with 

the manufacturer’s instructions. 
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3.6.3. Histology 
The histopathological analysis was performed by Professor Brett Delahunt (Professor of Pathology, 

Wellington Hospital, Wellington, New Zealand) who was blinded to the identity of the samples. Histological 

severity scoring was performed on the heart, lung, ileum, pancreas, liver and kidney using 5 μm thick 

longitudinal paraffin sections stained with haematoxylin and eosin.   

3.6.3.1. Heart 
Specimens of myocardium were analysed by light microscopy at a magnification of 100× with a grid 

consisting of 1 mm squares superimposed on the microscopic field. Within each square, the presence and 

severity of histological abnormalities (interstitial edema, hemorrhage, and neutrophil infiltration) were 

individually scored in a qualitative manner as none (0), mild (1+), moderate (2+), or severe (3+). The total of 

all squares analysed within the right ventricular free wall segment was determined, and the percentage of 

the segment affected by each abnormality was calculated for each score category. Precise delineation and 

analysis of the extent of contraction band necrosis required higher magnification (400×). Accordingly, each 

square was visually divided into four quadrants, and the presence and extent of contraction bands within 

the entire square was determined as none (none of four quadrants), 1+ mild (one of four quadrants), 2+ 

moderate (two of four quadrants), or 3+ severe (three of four or more quadrants). The extent and severity of 

contraction bands in the total right ventricular free wall segment was similarly calculated. Myocardial 

histology was scored according to a published methodology.
209

 

                      Table 3-1 Histology severity scoring for heart tissue 

Feature Score Extent 

Interstitial oedema 

0 
1 
2 
3 

None 
Mild 

Moderate 
Severe 

Haemorrhage 

0 
1 
2 
3 
 

None 
Mild 

Moderate 
Severe 

Neutrophil infiltration 

0 
1 
2 
3 
 

None 
Mild 

Moderate 
Severe 

Contraction band necrosis 

0 
1 
2 
3 

None 
Mild 

Moderate 
Severe 
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3.6.3.2. Lung 
The lung was assessed by the same histopathologist blinded to experimental group status. This 

assessment used a published scoring system.
210

  

                            Table 3-2 Histology severity scoring for lung tissue 

Feature Score Extent 

Intra-alveolar haemorrhage 

0 
1 
2 
3 
4 

Normal 
 
 
 

Most abnormal 

Alveolar wall thickening 

0 
1 
2 
3 
4 

Normal 
 
 
 

Most abnormal 

Interstitial oedema 

0 
1 
2 
3 
4 

Normal 
 
 
 

Most abnormal 

Neutrophil infiltration 

0 
1 
2 
3 
4 

Normal 
 
 
 

Most abnormal 

 

 

3.6.3.3. Ileum 
The ileum was assessed by the same histopathologist blinded to experimental group status. This 

assessment used a published scoring system.
211

 

                         Table 3-3 Histological severity score for ileal tissue 

Feature Score Extent 

Interstitial oedema 

0 
1 
2 
3 

None 
Mild 

Moderate 
Severe 

Haemorrhage 

0 
1 
2 
3 
 

None 
Mild 

Moderate 
Severe 

Neutrophil infiltration 

0 
1 
2 
3 
 

None 
Mild 

Moderate 
Severe 
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3.6.3.4. Liver 
 The liver was assessed by the same histopathologist blinded to experimental group status. This 

assessment used a published scoring system.
212

 Liver injury was scored according to the classification 

devised by Blazka et al
212

 as follows: 

 Table 3-4 Histological severity score for liver tissue 

Grade 0 
Characterised by minimal congestion and necrosis of single hepatocytes, limited to the area 

immediately around the centrilobular vein; many of the lobules not affected. 

Grade 1 
Characterised by minimal congestion and necrosis of single hepatocytes, limited to the area 

immediately around the centrilobular vein; many of the lobules not affected. 

Grade 2 

Characterised by moderate congestion and haemorrhage of the area around the centrilobular vein 

and extending into the mid-zonal cells; most lobules are affected. Areas of confluent necrosis limited 

to the liver cells surrounding the centrilobular vein. 

Grade 3 

Characterised by widespread areas of congestion and haemorrhage in the centrilobular and mid-

zonal areas of the liver. Confluent coagulative necrosis involving all hepatocytes in the centrilobular 

zone; bridging of areas of necrosis between centrilobular zones is common. 

 

3.6.3.5. Kidney 
Histological assessment of tubular necrosis was determined in a semiquantitative manner.

213
 Random 

cortical fields were observed using a 20× objective. A graticule grid (25 squares) was used to determine the 

number of line intersects involving tubular profiles. One hundred intersections were examined for each 

kidney, and a score was given from 0 to 3. The total score for each kidney was calculated by addition of all 

100 scores. 

 Table 3-5 Histological severity score for kidney 

Score Description 

0 Normal histology 

1 Tubular cell swelling, loss of the brush border, nuclear condensation, with up to one third of the tubular 

profile showing nuclear loss 

2 Same as for score 1, but more than one third and less than two thirds of the tubular profile showing 

nuclear loss 

3 Greater than two thirds of the tubular profile showing nuclear loss 

 

3.6.3.6. Pancreas 
The pancreas was assessed by the same histopathologist blinded to experimental group status. This 

assessment used a published scoring method.
214
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Table 3-6 Severity of pancreatic histology 

Feature Score Extent 

Pancreatic oedema 
 

0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 

Absent 
Focal expansion of interlobular space 
Diffuse expansion of interlobular space 
Same as 1 + focal expansion of interlobular septae 
Same as 1 + diffuse expansion of interlobular septae 
Same as 2 + focal expansion of interacinar septae 
Same as 2 + diffuse expansion of interacinar septae 
Same as 3 + focal expansion of intercellular spaces 
Same as 3 + diffuse expansion of intercellular spaces 

Acinar necrosis/HPF 0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 

Absent 
Focal occurrence of 1–4 necrotic cells 
Diffuse occurrence of 1–4 necrotic cells 
Same as 1 + focal occurrence of 5–10 necrotic cells 
Diffuse occurrence of 5–10 necrotic cells 
Same as 2 + focal occurrence of 11–16 necrotic cells 
Diffuse occurrence of 11–16 necrotic cells 
Same as 3 + focal occurrence of >16 necrotic cells 
 >16 necrotic cells (extensive confluent necrosis) 

Haemorrhage 0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 

Absent 
1 focus 
2 foci 
3 foci 
4 foci 
5 foci 
6 foci 
7 foci 
>8 foci 

Fat necrosis 0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 

Absent 
1 focus 
2 foci 
3 foci 
4 foci 
5 foci 
6 foci 
7 foci 
>8 foci 

Inflammation/HPF 0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 

0–1 intralobular or perivascular leukocytes 
2–5 intralobular or perivascular leukocytes 
6–10 intralobular or perivascular leukocytes 
11–15 intralobular or perivascular leukocytes 
16–20 intralobular or perivascular leukocytes 
21–25 intralobular or perivascular leukocytes 
26–30 intralobular or perivascular leukocytes 
>30 intralobular or perivascular leukocytes 
>35 intralobular or perivascular leukocytes 

Abbreviation: HPF, high-powered field 

 

 

 

 

 

 



71 

 

3.6.4. Isolated perfused working heart experiment 
The isolated perfused working heart apparatus used for the heart function study was developed in our 

laboratory. The setup of the apparatus was based on the concept developed by Neely et al.
215

  

 

 

Figure 31 Setup for the cardiac perfusion experiment. The lower two images afford a close-up view of the 

heart attached to the aortic and pulmonary connections with the catchment for accommodating coronary 

flow. The pacing lead and the ventricular transducer attached to the apex are also shown. 

 

3.6.4.1. Setup of the apparatus 
The complex circuitry for the working heart apparatus (Figure 31) can be summarised as follows: 

a) Heart chamber and cannula assembly – the male portion of the chamber was made of Teflon® and held 

two stainless steel cannulas with a groove to accommodate ligatures. The female portion contained a glass 

chamber to accommodate coronary flow. 
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b) Aortic and atrial bubble traps and pressure chamber – these were made from female portions of 14/35 

standard taper joints. Male plugs were made of Teflon and fitted with “O” rings to facilitate sealing and 

removal of stoppers. A side arm was sealed to the atrial bubble trap and extended with Tygon® tubing and 

connected to the central position of the apparatus by a ball joint. A side arm for the aortic bubble trap was 

made from the male portion of the 15 ball joint. This was connected to an adaptor which in turn fitted into 

the top condenser of the central portion of the apparatus. 

c) Oxygenation chambers – two condensers with standard taper connections made up the central portion of 

the apparatus. A coarse-porosity sintered glass filter was fitted into the bottom of the oxygenation 

chambers. 

d) Peristaltic pump and heaters – a peristaltic pump was used to pump heat-controlled water around the 

jackets of the oxygenation chambers. An accessory micro infusion pump was used to infuse ML at a 

constant rate. 

3.6.4.2. Extraction of heart 
At the end of the operative procedure, the anaesthetised animals were heparinised (1000 IU/kg IV) via 

puncture of the inferior vena cava through a thoracotomy incision. The heart was then excised and 

immersed in 4°C Krebs-Henseleit bicarbonate buffer. 

3.6.4.3. Perfusion medium 
Modified Krebs-Henseleit bicarbonate buffer (pH 7.40) equilibrated with O2:CO2 (95:5) at 37ºC was used in 

all the experiments.
216

 Final concentrations (mM) of salts in this buffer were: NaCl, 118; KCl, 4.7; CaCl2, 

2.5; MgSO4, 1.2; KH2PO4, 1.2; Ca-EDTA, 0.5; and NaHCO3, 25. Addition of Ca-EDTA improved the stability 

of the preparation, presumably by chelating the trace quantities of heavy metals present in the reagents.     

3.6.4.4. Perfusion of working heart 
Using fine-tipped forceps, the heart was picked up by the aorta and immersed immediately in cold Krebs-

Henseleit buffer medium. Any loose connective tissue around the heart was cleaned off and the heart was 

cooled for another 15–20 seconds. The heart was slipped into the grooved aortic cannula and held in place 

with a haemostat. Retrograde perfusion was immediately established from a reservoir 70 cm above the 

position of the heart. After the aorta was secured with a ligature, the atrial cannula was positioned and 

ligated to the groove. The accuracy and competency of the cannulation were tested by unclamping the tube 

leading from the atrial bubble trap and observing the filling of the left auricle. Retrograde perfusion was 

continued for about 7–10 minutes with medium containing Krebs-Henseleit buffer. This washing served to 

remove all blood, to equilibrate the substrate concentrations in the medium with those in the interstitial fluid, 

and to allow the heart to recover from the period of anoxia during excision and initiation of perfusion. 

Work of the heart was started by clamping the tube from the washout reservoir and unclamping the tubes 

supplying the perfusate to the atrium from an overflow type bubble trap and carrying perfusate to the aortic 

bubble trap. This bubble trap design eliminated pressure fluctuations due to the pump and ensured a 

constant hydrostatic pressure impinging on the heart. A peristaltic pump delivered perfusate from the 

oxygenating chamber to the atrial bubble trap. Buffer entering the atrium passed into the ventricle, and 

ventricular contraction forced the fluid into the pressure chamber attached to the aortic cannula. Also, when 
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the ventricle contracted, development of pressure in this chamber forced fluid out through a Tygon tube into 

an aortic bubble trap 70 cm above the heart. Overflow from the aortic flow trap was returned back into the 

long central oxygenating chamber. After the atrium was cannulated and ventricular pressure filling started, 

cardiac output was more than sufficient for coronary perfusion. Coronary flow was returned from the heart 

chamber through an opening in the central portion of the apparatus and could be estimated by collecting 

the effluent in a cylinder. Cardiac work was increased by elevating the left atrial filling pressure. This was 

done by adjusting the height of the atrial bubble trap relative to the heart.  

The perfusate was oxygenated with a 95:5 O2:CO2 mixture equilibrated with water at 37ºC. Oxygenation 

was accomplished by bubbling gas through the perfusate from the sintered plastic tube and by exposing a 

large fluid surface as the gas flowed through the inner walls of the central condensers.      

3.6.4.5. Pressure measurements 
The aortic pressures were measured using a Statham pressure transducer (model PX23XL, Stratham 

Gould, Oxnard, CA, USA). The intrachamber left ventricular (LV) pressure was measured by an 

ADInstruments transducer (model SP855). Cardiac output and aortic flow was measured using a pressure 

transducer (model T206, Transonic Systems Inc, NY, USA). Intraventricular pressures were measured by 

inserting a micro copper needle through the apex of the heart into the left ventricle.  Pressure and flow data 

were then recorded using Powerlab17s software (Powerlab17s, ADInstruments). LV pressure development 

(+dPLV/dt) and relaxibility (–dPLV/dt) were derived by further analysis using Powerlab. 

3.6.4.6. Pacing 
Ventricular pacing was used only for the experiments in the diversion group. The rationale for this was that 

we were monitoring for contractile failure in these hearts after they had been exposed in vivo to disease-

conditioned ML during the experimental period. Pacing of the animal hearts in the diversion group was 

done at 300 beats per minute using an external pacing machine (Digitimer Ltd, Welwyn Garden City, UK). 

Pacing was not used in either the short or long perfusion studies because we wanted to investigate if there 

was any primary chronotropic effect from normal or disease-conditioned ML.  

3.6.5. Assessment of mitochondrial function 
Use of high-resolution respirometry with a substrate-uncoupler-inhibitor titration (SUIT) protocol using tissue 

homogenates as well as permeabilised cardiac fibres permits rapid analysis of oxidative phosphorylation 

and also affords an understanding of mitochondrial respiratory control and the pathophysiology of 

mitochondrial disease
217-219

. Tissue homogenates and permeabilised cardiac fibres were used in preference 

to standard isolated mitochondrial preparations because they allow rapid and simultaneous measurement 

of tissue-specific mitochondrial respiration flux rates. Whereas mitochondrial isolation removes a portion of 

the mitochondria from the cellular environment, myofibril permeabilisation and homogenates maintain the 

morphology of the mitochondria and their functional interaction with other intracellular components
220-222

. 

Therefore, isolated mitochondria possess functional characteristics that differ fundamentally from those of 

intact mitochondria in homogenates and permeabilised myofibrils
222

. Homogenates were also considered to 

be superior to isolated mitochondria because tissue homogenates constitute the entire mitochondrial 

population in the tissue sample analysed. This approach also avoids the delay in processing enriched 
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organelle preparations as well as the risk of any potential confounding bias that could result from a swollen, 

fragile and damaged mitochondrial subpopulation in these preparations
217, 218, 223

. 

We studied the heart and lungs because these are the organs that initially receive conditioned ML from the 

gut in CI. The lung and heart tissues were prepared as discussed in the previous section. Approximately 40 

μL aliquots of lung/heart tissue was placed in each chamber with 200 mL of lymph and incubated for 15 

minutes before a standard assay was run. The permeabilised apical heart fibres were prepared according 

to a published methodology
224

. 

Mitochondrial respiration was analysed in parallel 2 mL chambers using an Oroboros
®

 Oxygraph 2K system 

(Anton Paar, Graz, Austria). The high-resolution mitochondrial respiration study was conducted with 

technical support from Dr Anthony Hickey, Julia MacDonald, and Dr Catherine Yang. A standard SUIT 

protocol was used, with sequential titrations of substrates, uncouplers and inhibitors of different electron 

transport system complexes
225

.  This is detailed in Chapter 6. 

3.6.6. MicroRNA analysis 
A detailed description of microRNA (miRNA) is provided in Chapter 10. Briefly, lymph and plasma RNAs 

were extracted and the miRNAs were isolated using a Purelink™ miRNA isolation kit (Life Technologies, 

Melbourne, Australia). These were then hybridised to a GeneChip
®
 miRNA Array (Affymetrix Inc, Santa 

Clara, CA, USA) at 48°C and 60 rpm for 16 hours, then washed and stained on an Affymetrix Fluidics 

Station and finally scanned on a GeneChip scanner (Affymetrix). Quantitative polymerase chain reaction 

(PCR) or quantitative RT-PCR was performed using TaqMan® Small RNA assays and reverse transcription 

was performed using a TaqMan microRNA reverse transcription kit (Applied Biosystems, Penrose, NZ). 

PCR amplification was performed in triplicate using TaqMan Universal Master Mix (Applied Biosystems).    

3.7. Cell cultures and endothelial cell analysis 
We used two types of cell-based analysis, the first involving a direct cell-based toxicity assay and the 

second based on the release of cytoplasmic contents and chemokines/cytokines into the supernatant after 

incubation with ML and serum. 

3.7.1. Cell culture and measures of cell toxicity 
Cell culture-related studies were conducted using a human microvascular endothelial (HMEC-1) cell line 

(Gibco
®

 Cell Culture Basics, Life Technologies, Auckland, New Zealand). The cells were maintained 

according to the manufacturer’s instructions. All cells used for the culture studies had undergone up to 25 

passages. 

These cultured cells were used for three studies, i.e., a direct toxicity study, an indirect cell toxicity study, 

and a cell activation/stimulation study. The direct toxicity study was used to analyse the effect of ML or 

serum with regard to apoptosis or death of endothelial cells. The indirect cell toxicity study included a 

supernatant-based technique involving a lactate dehydrogenase (LDH) assay (section 3.7.2.1). The 

endothelial cells were also used to study the extent of activation and production of cytokines or chemokines 

upon contact with ML or serum (described in section 3.7.2).  

The cell-based toxicity study was conducted on cultured HMEC-1 cells in 96-well plates. There were three 

assays in this study: an alamarBlue® cell viability assay (section 3.7.7.2); a JC-1 cationic dye assay 
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(section 3.7.7.3); and an LDH assay (section 3.7.2.1). The LDH assay was done on the supernatant after 

centrifugation of the cultured HMEC-1 cells, and is described in the next section. 

3.7.1.1. Cell culture protocols 
This section explains the cell culture protocol used for all the cell culture-related studies.  

1. The general cell culture protocol involved culture of HMEC-1 cells (< passage 25) in a 96-well, black-

walled, clear-bottom culture plate at a density of 2.5×104 cells/well in 100 µL of prewarmed complete 

medium in a 5% CO2 incubator overnight at 37°C. 

2. Each of the wells was washed with 150 µL of prewarmed minimal medium and the cells were treated with 

5% ML or vehicle (water). For the protease-antiprotease study, we also used nafamostat (a broad-spectrum 

antiprotease also known as FUT; BD Pharmingen 552035) with or without 0.4 mM FUT-175 (stock was 5 

mg FUT/mL water, 9270 µM) or FUT-175 vehicle (water). All these preparations were made up in 

prewarmed minimal medium (100 µL/well) in quadruplicate. A no-cell control, 96-well, standard clear culture 

plate was prepared in exactly the same manner as for the same experimental compounds, except that a 

clear plate not containing any cells was used instead of a black-walled plate. All plates were incubated in a 

5% CO2 incubator at 37°C overnight. 

3. The conditioned medium was transferred into microtubes (with quadruplicate samples pooled into one 

tube). At this point, the no-cell control plate(s) were discarded. 

4. Each well of the remaining 96-well, black-walled, clear-bottom culture plate was washed with 150 µL of 

prewarmed minimum medium. 

5. 110 µL of prewarmed alamarBlue (Life Technologies; DAL1025) working solution (one part alamarBlue to 

10 parts minimum medium) was added to each well and incubated at 37°C in a 5% CO2 incubator for four 

hours. 

6. During the four-hour incubation with alamarBlue, in order to remove any cells present in the conditioned 

medium collected in step 3, the supernatant was centrifuged at 350× g to pellet the cells (no faster because 

we did not want to lyse any cells present). The supernatant was removed and transferred to a fresh tube 

before storage at –80°C. These samples were later used for the LDH and enzyme-linked immunosorbent 

assays (ELISAs) for monocyte chemoattractant protein [MCP]-1 and interleukin [IL]-6). Approximately 100 

µL of supernatant was required for each assay. 

6. Following the four-hour incubation with alamarBlue, the contents of each well were transferred into a 96-

well black plate, covered with tinfoil or a black plate sealer, and stored at 4°C for approximately 45 minutes 

before reading alongside the original plate (see below). 

7. Each well was washed twice with 150 µL of prewarmed Hanks Balanced Salt Solution (HBSS) buffer. 

Next, 100 µL of 20 µM JC-1 made up in HBSS from stock 2 (Life Technologies; T3168; stock 1 is 1 mg/mL 

dimethyl sulfoxide 1.533 mM, stock 2 is 200 µM in dimethyl sulfoxide) was added to each well and 

incubated at 37°C in a 5% CO2 incubator for 20 minutes. 

8. The contents of each well were then discarded, and each well was washed twice with 150 µL of 

prewarmed HBSS buffer. Next, 100 µL of fresh HBSS buffer was added to each well and covered with 

tinfoil or a black plate sealer. The alamarBlue plate and the JC-1 plate were read on an EnSpire® 

fluorescence plate reader (PerkinElmer, Boston, MA, USA). 

9. The alamarBlue plate was read at ex 560 nm/em 590 nm (described in section 3.6.6.2).  
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10. The JC-1 plate was read at ex 485 nm/em 535 nm (green JC-1 monomers) and ex 560 nm/em 595 nm 

(red J-aggregates). The ratio of red J-aggregates to green JC-1 monomers was then calculated (described 

in section 3.6.6.3) 

11. The analysis was done as follows: given that four separate 96-well plates were used, for each plate we 

had to normalise the raw fluorescence units to the mean of the two sets of four replicate control output 

readings/plate (vehicle treatment), and then calculate cell viability as a percentage of control (alamarBlue) 

and mitochondrial membrane potential as a percentage of control (JC-1). This would negate any interassay 

variation and enable the dataset to be brought together as a whole. 

3.7.7.2. alamarBlue assay 
alamarBlue is a cell viability reagent and functions as an indicator of cell health by using the reducing power 

of living cells to quantitatively measure the proliferation of various human and animal cell lines, bacteria, 

plants and fungi, thereby allowing the relative cytotoxicity of agents within various chemical classes to be 

established.
226

 When cells are alive, they maintain a reducing environment within the cytosol. Resazurin, 

the active ingredient in alamarBlue reagent, is a non-toxic, cell-permeable compound that is blue in colour 

and virtually non-fluorescent. Upon entering cells, resazurin is reduced to resorufin, a compound that is red 

in colour and highly fluorescent. Viable cells continuously convert resazurin to resorufin, increasing the 

overall fluorescence and colour of the medium surrounding the cells
226

.  

When added to cell cultures, the oxidised form of alamarBlue (resazurin) enters the cytosol and is 

converted to the reduced form (resorufin) via mitochondrial enzyme activity by accepting electrons from 

NADPH, FADH, FMNH, and NADH, as well as from the cytochromes. This redox reaction is accompanied 

by a shift in colour of the culture medium from indigo blue to fluorescent red/pink, which can be measured 

easily by colorimetric or fluorometric reading. Damaged and non-viable cells have lower innate metabolic 

activity and thus generate a signal that is proportionally lower than that generated by healthy cells. 

3.7.7.3. JC-1 assay 
JC-1 is a cationic dye that exhibits potential-dependent accumulation in mitochondria, indicated by a 

fluorescence emission shift from green (approximately 525 nm) to red (about 590 nm). The assay reagent 

was sourced from Life Technologies (Invitrogen Inc., Auckland, New Zealand). Consequently, mitochondrial 

depolarisation is indicated by a decrease in the red/green fluorescence intensity ratio. The potential-

sensitive colour shift is due to concentration-dependent formation of red fluorescent J-aggregates. JC-1 can 

be used as an indicator of mitochondrial potential in a variety of cell types, including myocytes, isolated 

mitochondria, and cultured endothelial cells
227

. JC-1 is more specific for the mitochondrial membrane 

potential than for the plasma membrane potential, and is more consistent in its response to depolarisation 

than other cationic dyes, such as DiOC6(3) and rhodamine 123
228

. 

The ratio of green to red fluorescence is dependent only on the membrane potential and not on other 

factors, such as mitochondrial size, shape, and density, that may influence single-component fluorescence 

signals. Therefore, use of fluorescence ratio detection allows comparative measurements of membrane 

potential and determines the percentage of mitochondria within a population that responds to an applied 

stimulus. The most widely implemented application of JC-1 is detection of the mitochondrial depolarisation 

occurring in the early stages of apoptosis
229

. 
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3.7.2. Cell supernatant assays for measurement of indirect cell toxicity and 
production of cytokines/chemokines 
For this study, human microvascular endothelial (HMEC-1) cells were grown in 96-well plates (black-walled, 

clear-bottom plates) and incubated with CML or serum or with no-cell controls. After four hours of 

incubation, the conditioned medium was collected and centrifuged at 350× g to remove any further cells 

and to pellet cells. The speed of this centrifugation was gentle enough not to lyse the cells. The supernatant 

was collected and stored at –80ºC for further analysis.  

The no-cell controls were grown in 96-well clear culture plates. This group contained all the types of culture 

medium and ML or serum but did not contain HMEC-1 cells.  This group was necessary when analysing the 

cytokines produced by conditioned HMEC-1 cells and comparing them with those already present in the CI 

or sham ML and serum groups. This control group would later be used to subtract the corresponding 

HMEC-1-incubated group when analysing the cytokines produced naturally by the activated HMEC-1 cells.  

The no-cell supernatant was also collected and stored at –80ºC for further analysis.  

3.7.2.1. Lactate dehydrogenase assay 
The LDH assay was measured in cell culture supernatant and provided information on cell membrane 

permeability and hence cell viability. The LDH assay kit was sourced from Roche GmbH (Lot 12099500, 

Basel, Switzerland). 

LDH is a stable cytoplasmic enzyme present in all cells. It is rapidly released into cell culture supernatant 

upon damage to the plasma membrane. LDH activity can be determined by a two-step enzymatic test: in 

the first step, NAD+ is reduced to NADH/H+ by the LDH-catalysed conversion of lactate to pyruvate; in the 

second step, the catalyst (diaphorase) transfers H/H+ from NADH/H+ to the tetrazolium salt INT (pale 

yellow) which is reduced to formazan (red). An increase in the amount of dead cells or plasma membrane-

damaged cells results in increased LDH activity in the culture supernatant. This increase in the amount of 

enzyme activity in the supernatant directly correlates with the amount of formazan formed during a defined 

time period. Therefore, the amount of colour formed in the assay is proportional to the number of lysed 

cells.
230

 

The protocol used to run the assay was as follows. First, 50 μL of assay medium was added into each well 

of a 96-well plate.  Next, 100 μL of reaction mixture were added to each well (blue cap catalyst plus red cap 

dye), followed by incubation at room temperature for 30 minutes with protection from light. After this, 50 μL 

of stop solution was added to each well and the plates were shaken for 10 seconds. Absorbance was read 

at 490 nm using an ELISA plate reader. Preparation of the reaction mixture for 100 tests, i.e., one 96-well 

plate, was as follows. The blue cap catalyst was reconstituted with 1 mL of double distilled water for 10 

minutes and mixed. Next, 250 μL of blue catalyst was added to 11.25 mL of red dye. For the first test, 2.5 

μL of blue catalyst and 112.5 μL of red dye were added. 
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3.7.2.2. Interleukin-6 assay 
We used the OptEIA™ human IL-6 ELISA set (catalog number 555220, BD Biosciences) for quantitative 

determination of IL-6 in rat serum and in the supernatant from the conditioned tissue culture medium
231

. 

This assay recognises both natural and recombinant rat IL-6. 

The kit is a solid-phase sandwich ELISA. A monoclonal antibody specific for rat IL-6 is coated onto the 

wells of the microtiter strips. During the first incubation, standards of known rat IL-6 content, controls, and 

unknown samples are pipetted into the wells. After washing, biotinylated secondary antibody is added
231

. 

After washing, the streptavidin peroxidase enzyme is added. This binds to the biotinylated antibody to 

complete the four-member sandwich. After a third incubation and washing to remove all the unbound 

enzyme, a substrate solution is added, which is acted upon by the bound enzyme to produce colour. The 

intensity of this coloured product is directly proportional to the concentration of rat IL-6 present in the 

original specimen. A general protocol for running the assay was used as per the instructions provided in the 

kit. 

3.7.2.3. Monocyte chemoattractant protein-1 (MCP-1) assay 
This study used the BD OptEIA™ human MCP-1 ELISA set (catalog number 555179, BD Biosciences) for 

quantitative determination of MCP-1 in serum and in the supernatant from the conditioned tissue culture 

medium
232

. This assay recognises both natural and recombinant rat MCP-1.The kit is a solid-phase 

sandwich ELISA. A monoclonal antibody specific for rat MCP-1 is coated onto the wells of the microtiter 

strips. The assay procedure is similar to the one for IL-6 described in the previous section except that the 

standard quantity of each vial for MCP-1 assay was 123 ng/vial rather than the 53 ng/vial used for the IL-6 

assay.   

3. 7.3. Analysis of protease-antiprotease  
A detailed description of protease-antiprotease in CI is provided in Chapter 8. A brief description of the 

methodology of the assay is given in this section.  

3.7.3.1. Protease assay 
We used the EnzCheck

®
 protease assay

233
 using the green fluorescence assay kit (E6638, Molecular 

Probes, Invitrogen, Mount Waverley, Australia). This assay is based on the premise that quenched 

substrate (containing BODIPY casein), when added to the wells, only fluoresces when cleaved by 

proteases in the samples (ML) or controls (e.g., α-chymotrypsin).  The assay kit contains the following: 

component A, consisting of lyophilised BODIPY FL casein (five ×200 μg vials), and component B containing   

20 × digestion buffers (13 mL). The reagents were sufficient to run 200 assays using a 96-well plate. 

Briefly, a stock and working solution was prepared using the contents from the kit. We used α-chymotrypsin 

(Sigma-Aldrich Pty Ltd, Australia) as a positive control. Preparations were titrated in triplicate in 1× 

digestion buffer, e.g., 0 (buffer only), 0.1, 1, 5, and 10 μg/mL, and in each of the 96-well plates. The ML 

samples were used as 5% (the reason and rationale for this dilution is given in Chapter 9) dilutions in 1× 

digestion buffer and were titrated in triplicate. Distilled H2O was used as a negative control. To 100 μL of 

the control and samples, 100 μL of BODIPY casein working solution was added in triplicate for each well 

plate. The 96-well plates were then wrapped in tinfoil to protect against direct light and incubated overnight. 
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The fluorescence from the plate was then read in a fluorescence microplate reader (EnSpire Multimode 

plate reader). The fluorescence was calculated at ex 485 nm and em 530 nm. The mean fluorescence 

change was mapped and graphed as fluorescence change per unit sample. 

3.7.3.2. Antiprotease activity 
In addition to being used to compare the protease activity of ML and serum, the EnzCheck kit was also 

used to determine the antiprotease activity in ML and serum. To achieve this, 5% of ML or serum was 

added to a standard aliquot of 10 µg/mL chymotrypsin made up in digestion buffer (instead of only digestion 

buffer as in the standard protease assay). We inferred that those samples lowering the control 10 µg/mL 

chymotrypsin protease response (control) had antiprotease activity. Details of these assays are found in 

Chapter 8. 
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Part I – Role of mesenteric lymphatics and 

lymph in organ dysfunction 
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Chapter 4. AP and haemorrhagic shock conditioned mesenteric lymph 

causes rapid cardiac dysfunction in rats 
  

4.1. Introduction 
Acute impairment of myocardial contractility and function is now an established entity in some patients with 

critical illness (CI) with no preceding cardiac disease
234-237

. The prevalence of cardiac dysfunction is 

estimated to be in the range of 40%–60% in intensive care patients.
238

 Impaired myocardial function has 

also been recognised as one of the important factor in the early manifestation of multi-organ dysfunction 

syndrome (MODS) in CI of various aetiologies, including trauma, major burns, sepsis, and acute 

pancreatitis (AP)
237, 239-241

.  Despite the pervasive nature of myocardial dysfunction and its key contribution 

to MODS in CI, its pathophysiology is still not fully understood, so treatment is generally supportive rather 

than specific. 

AP can manifest with a wide spectrum of clinical severity, ranging from mild to critical
242, 243

. Further, the 

associated systemic complications may range from a relatively indolent clinical course of isolated organ 

inflammation to fully established MODS.
244

  Acute respiratory distress syndrome and cardiac dysfunction 

have long been recognised in severe AP (SAP), but are generally attributed to the concomitant shock and 

sepsis that they share with a wide range of CIs
245, 246

. However, there are reports of underlying cardiac 

dysfunction in mild to moderate AP, suggesting that shock may not be the sole driver of this dysfunction.
247, 

248
  

In CI, including AP, the gut undergoes splanchnic hypoperfusion due to hypovolemia and vasoconstriction, 

which in turn plays a pivotal role in systemic inflammation, cardiac dysfunction, and organ failure
249-251

.  

This impaired intestinal microcirculation can still be detected even when systemic blood pressure is 

normalised,
65

 Recently, our group and others have been investigating if particular toxic moieties could arise 

from the gut and pancreas, be carried in the mesenteric lymph (ML) draining from these organs to impact 

on remote major organs, such as the heart and lungs, and then mediate the resulting onset of organ 

failure.
5, 107

 This lymph mediation hypothesis has found support outside of pancreatitis in a number of 

animal studies of hypovolemic haemorrhagic shock (HS) and major burns, in which diversion or interruption 

of the return of lymphatic fluid to the systemic circulation protected animals from developing acute 

respiratory disease and cardiac dysfunction
252, 253

.  However, it is unknown if pancreatitis has a direct effect 

on cardiac function, and if it does, whether it is mediated through lymph, and in turn, if the development of 

lymph toxicity requires sustained underlying hypotension or not. 
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Figure 32 Schema showing the role of mesenteric lymphatics and mesenteric lymph in cardiac dysfunction 

on analysis using working heart apparatus. 

 

This study initially explored whether resuscitated mild AP causes cardiac dysfunction by generation of toxic 

ML and then investigated the effect of ligation and diversion of mesenteric lymphatics on  cardiac function 

(see Figure 32). This study also compared non-resuscitated SAP with HS to identify the extent of the 

component of shock, hypovolaemia, and the role of critical intestine/pancreas-generated ML in cardiac 

dysfunction. Confirmation of cardiac dysfunction in the AP group would lend credence to the notion that ML 

from early and mild AP could also lead to organ failure.  Thus, in this study, we hypothesised that:                                                                                                                                                                

1) AP may alter ML to cause cardiac dysfunction, and that these toxic changes can occur with or without 

any concomitant hypovolemic shock 

2) Interruption of lymphatic mediators by thoracic duct ligation (TDL) and mesenteric duct cannulation 

(MDC) would abrogate cardiac dysfunction 

3) Infusion of this ML into normal hearts would cause cardiac dysfunction 

4) Similar cardiac dysfunction would be likely in severe disease such as SAP and HS, and may be due to 

hypovolemia. 
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4.2. Methods 

4.2.1. Animals 
The University of Auckland Animal Ethics Committee approved all protocols and experiments. Healthy, 

pathogen-free male Wistar rats (380–420 g; age 70–80 days; maintained at 20ºC–22ºC under a 12-hour 

day/night cycle; and fed standard rodent chow (Teklad 2018, Harlan Laboratories, Madison, WI, USA) with 

access to tap water ad libitum) were randomised to four experimental groups.  

4.2.2. Experimental groups 

4.2.2.1. Haemorrhagic shock model  
A previously published fixed-pressure HS and tissue trauma model (in the form of laparotomy) was used in 

this study.
137

  All surgical procedures were done as previously described.
137

 Briefly, anaesthesia was 

induced and maintained by isoflurane (2%–5%; 2 L/min O2 via nasal cone). A tracheostomy was inserted 

(using a modified 14 gauge angiocatheter) and connected to a small animal ventilator (Kent Scientific 

Corporation, Torrington, CT, USA).  Anaesthesia was maintained with isoflurane 1%–2.5% (inspired O2/air 

ratio 0.4, respiratory rate 50–80 beats per minute, peak inspiratory pressures 11–15 cm H2O, and expired 

CO2 maintained at 35–45 mL/L via a capnograph [Respironics Novametrix Corp, Andover, MA, USA]). Body 

temperature was maintained at 36°C–38°C using a warming plate. Maintenance fluid (0.9% NaCl) was 

infused at 2–5 mL/hour via a femoral intravenous (IV) line for the duration of the experiment. Mean arterial 

pressure (MAP) was monitored using a solid-state 2 F pressure transducer (Millar Instruments Inc., 

Houston, TX, USA) placed in the right femoral artery. A right internal jugular cannula was inserted.  

A midline laparotomy (4–5 cm) was performed to access the mesenteric duct for cannulation and collection 

of lymph. After 60 minutes of stabilisation, blood was withdrawn via the right internal jugular vein into a 

heparinised syringe (25 IU/mL, preloaded). MAP was maintained at 30–35 mmHg for 90 minutes by 

withdrawing or reinfusing the syringe blood as needed. At the end of the shock period, the animals were 

resuscitated by reinfusing the blood and administering IV fluids. This reperfusion phase lasted for 120–140 

minutes and normotension was maintained. The collection period was similar for the normal (sham) 

animals, but no blood was withdrawn. 

4.2.2.2. AP and SAP  
We used an established method to induce mild AP and SAP

191, 192, 254
.  Briefly, after induction of 

anaesthesia and MDC, the common pancreatic duct was cannulated through the same midline laparotomy 

with a 24 gauge angiocatheter passed transduodenally into the pancreaticobiliary duct. Any excess bile in 

the duct was drained, and the hepatic bile duct was temporarily occluded at the liver hilum (Biemer 

atraumatic vascular clip). Sodium taurocholate (4% w/v in 0.9% NaCl for AP and 5% v/v in 0.9% NaCl for 

SAP; both 0.1 mL/100 g body weight) was infused at 0.1 mL/min. The Biemer clip and angiocatheter were 

removed upon completion of the infusion, and the common pancreatic duct was ligated to prevent reflux of 

taurocholate into the duodenum.  For AP, maintenance fluid (0.9% NaCl) was infused at 2–5 mL/hour via a 

femoral IV line for the duration of the experiment. For SAP, the baseline infusion of IV fluids was withheld 

after induction and given only as short bursts (at a rate of 1–5 mL/hour for 1–2 minutes) to restore MAP to 
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>65 mmHg if it dropped below 60 mmHg. Rats with SAP usually required 4–5 such short bursts of IV fluids, 

especially from the third to fourth hour, to maintain an MAP >65 mmHg. 

4.2.2.3. Lymphatic intervention models (diversion group) 
Two models were used for the functional cardiac assessment study, i.e., sham and AP (resuscitated, 4% 

sodium taurocholate model, Figure 33). Both groups were subdivided into those animals with lymphatic 

intervention (comprising mesenteric lymphatic duct cannulation with collection of ML along with TDL; these 

groups were called the "diversion groups") and those animals without this intervention. We also added a 

control group in which the heart was immediately removed after induction of isoflurane anaesthesia. This 

was to give a reference point for optimal cardiac function and to determine any background effect of 

anaesthesia and the stress of the 5–6-hour operative procedure.  

 

 

Figure 33 Models used for the diversion study. Abbreviations: AP, acute pancreatitis; D, diversion; IA, 

intra-arterial; IV, intravenous; MD, mesenteric duct; MDC, mesenteric duct cannulation; TA, taurocholate; 

TDL, thoracic duct ligation 
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TDL entailed occlusion of the very upper part of the cisterna chyli just before it passed through the 

diaphragm to become the thoracic duct. Briefly, the thoracic duct in rats is below and to the left of the upper 

abdominal aorta at the left crus. This can be mobilised, and then with gentle right lateral traction on the 

aorta, a silk ligature can be placed. An immediate small bulge in the distal lymphatic duct confirmed 

successful ligation of the infradiaphragmatic thoracic duct. All the TDL animals used in this study also had 

MDC for drainage and collection of ML. TDL in conjunction with MDC was necessary to prevent escape of 

any ML that would otherwise drain through accessory mesenteric ducts or their extensive anastomotic 

arcades to the cisterna chyli, and from there into the thoracic duct and the systemic circulation. The MDC 

would also yield ML that could be used for further experiments and analysis.  

4.2.3. Collection of mesenteric lymph 
A transverse midline laparotomy (4–5 cm) was performed to provide access for MDC and collection of 

lymph. This incision was also used for TDL in the rats undergoing lymphatic intervention. Silastic tubing 

(0.96 mm internal diameter) presoaked in 70% v/v ethanol and rinsed in Milli-Q™ water (Millipore, Billerica, 

MA, USA) was drawn through the right posterolateral abdominal wall using a 14 gauge angiocatheter. The 

mesenteric duct was cannulated with the silastic tube and secured in place with a drop of Histoacryl® tissue 

glue (Aesculap A.G. Co, Tuttlingen, Germany). The intestines were then returned to their original position 

and the abdomen closed. Collection was performed directly into sterile, ice-cold, siliconised Eppendorf 

tubes. At the end of the experiment, the ML was centrifuged (1,700× g at 4°C for 10 minutes) to remove any 

cellular material, and the supernatant was stored immediately at  –80°C until analysis. The lymphatic 

collection included two ML donor groups:  

1) Short perfusion study donor group – these rats belonged to four groups with similar time periods of ML 

collection, and included normal (sham) animals and animals with AP, SAP, or HS. The ML was drained for 

60 minutes before induction of shock (HS), AP, or SAP, and in a similar manner for the sham group.  After 

induction of the disease process, lymph was collected continuously for 210 minutes. The animals in this 

study did not undergo any TDL. 

2) Long perfusion study donor group – these rats belonged to the lymphatic intervention groups as 

explained above (sham and AP) and also included animals with HS. However, the heart and other organs 

from the HS group were used for a different study. 
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Figure 4-2 Overview of the animal models used for collection of ML. Abbreviations: AP, acute 

pancreatitis; D, diversion; IA, intra-arterial; IV, intravenous; MAP, mean arterial pressure; MD, mesenteric 

duct; MDC, mesenteric duct cannulation; ML, mesenteric lymph; SAP, severe acute pancreatitis; TA, 

taurocholate; TDL, thoracic duct ligation 

 

4.2.4. Experimental studies 
Three studies were undertaken. The first study was designed to evaluate if the hearts of rats with 

established AP developed underlying cardiac dysfunction in situ and if this could be ameliorated by 

preventing return of ML to the heart in vivo. The second study investigated whether ML collected from 

donor animals with SAP or shock could acutely alter normal cardiac function ex vivo after short infusions. 

The third study investigated the impact of a longer 10-minute infusion of AP-conditioned ML to see if this 

mimicked the in vivo data (from the short perfusion experimental group). 

Study 1: Lymphatic diversion study with AP 

This study consisted of TDL with collection of ML (TDL + MDC = D; also called the diversion group). The 

groups were: group 1 (sham; n=8), sham animals without ML diversion; group 2 (sham + D; n=8) sham 

animals with ML diversion; group 3 (AP; n=8), AP animals without ML diversion; and group 4 (AP + D; n=8) 

AP animals with ML diversion. Pancreatitis was induced in the AP animals using 4% sodium taurocholate 

with IV fluid resuscitation as described in sections 3.3.1 and 4.2.2.2. The AP and sham ML collected from 
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these diversion experiments was stored and used to investigate long lymph perfusion as described in study 

3 below.  

 

Study 2:  Short perfusion study 

This study consisted of perfusion of ML into normal healthy rodent hearts for three minutes. Donor lymph 

was obtained from animals with a similar operative duration and strict collection protocols, and not pooled: 

group 1 (sham; n=8) sham animals; group 2 (shock; n=8), animals with HS; group 3 (SAP; n=8) non-

resuscitated animals with 5% taurocholate-induced acute pancreatitis; and group 4 (AP; n=8), fluid 

resuscitated animals with 4% taurocholate-induced acute pancreatitis. Thirty-two additional normal animals 

were also used to provide the hearts for the isolated perfused working heart study. Heart function was 

measured at two time points, the first before infusion of ML to determine baseline cardiac function and the 

second at 30 minutes after termination of ML infusion. 

 

Study 3: Long perfusion study 

This comprised of longer (10 minutes as opposed to three minutes for the short perfusion study) perfusion 

of disease-conditioned ML (CML) into normal healthy rodent hearts. Four groups (n=8 per group) of normal 

hearts were perfused with either normal saline (group 1), sham ML (group 2), AP ML (group 3), or HS ML 

(group 4).  Donor lymph for this study was obtained from animals with lymphatic intervention (from study 1, 

for sham and AP lymph). HS donor lymph was collected from a lymphatic diversion study with similar 

operative durations and strict collection protocols as for study 1. Thirty-two additional normal animals were 

also used to provide hearts for an isolated perfusion working heart study. Heart function was measured at 

two time points, the first before infusion of ML to determine baseline cardiac function and the second at 30 

minutes after termination of ML infusion. 

 

4.2.5. Cardiac function in isolated perfused normal working rat hearts 
Cardiac performance was measured using isolated perfused working hearts. The animals were 

anaesthetised and acutely heparinised (1000 IU/kg IV). The hearts were excised one minute later and 

immersed in 4°C Krebs-Henseleit bicarbonate buffer (KHB).  Retrograde (Langendorff) perfusion was 

established (KHB, 37°C, gassed with O2:CO2 95:5 v/v). A working heart perfusion mode was then 

established with a 10 cm H2O preload and a 109 mmHg afterload while the heart stabilised. 

For the diversion study, the hearts were paced at 300 beats per minute with an external pacer (Digitimer 

Ltd, UK). A working heart perfusion mode was established; the atrial filling pressure was decreased to 5 cm 

H2O and then increased in seven 2.5 cm H2O steps to 22.5 cm H2O (final), and one-minute averages were 

extracted. Filling pressure was then fixed at 10 cm H2O, and the afterload was increased from 54.7 mmHg 

in eleven steps of 5.3 mmHg to a maximum of 118.5 mmHg (final). Since the durations of anaesthesia and 

the operative procedure might have influenced cardiac function, we also tested baseline cardiac function in 
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a naïve rat (reference control) that underwent a very brief period of anaesthesia only for the purpose of 

harvesting the heart.                                                                                                                                                                                                                                                                                        

For the infusion studies, hearts were obtained from normal healthy Wistar rats (mean body weight 300 g) 

and used without pacing to determine any chronotropic effect. The heart was stabilised and cardiac function 

was measured for 14 minutes. Next, ML (short infusion, where 1 mL of neat was diluted to 30% in normal 

saline making a 3 mL solution; or long infusion, where 3 mL of ML was diluted with NaCl  to a final volume 

of 10 mL) was infused at a rate of 1 mL/min into the side arm, carrying KHB to the left atrium at a rate of 50 

mL/min. The relationship between heart rate and cardiac output and between increased preload and 

cardiac output under normal physiological conditions and in the diseased heart is shown in Figure 34. For 

this reason, the hearts were paced at a constant physiological rate (around 300 beats per minute) in this 

study. 

 

Figure 34 Relationship between heart rate and cardiac output in a rat model (A) and between preload and 

cardiac output under normal physiological conditions and in different disease states (B). Extremes of 

bradycardia or tachycardia can cause low cardiac output. Abbreviation: CHF, congestive heart failure 

 

Cardiac function: The intrachamber IV pressure (model SP855, ADInstruments), cardiac output, and aortic 

flow (model T206, Transonic) were measured. Pressure and flow data were recorded (model PX23XL, 

Stratham Gould and Powerlab17s, ADInstruments), and maximum LV pressure development (+dP/dtmax) 

and relaxibility (–dP/dtmax) rates were derived. A detailed discussion of the apparatus and methodology is 

given in section 3.6.4 (apparatus shown in Figure 35). 
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Figure 35 Perfused working heart apparatus used for this study. The various parts and circuitry are 

labelled. Abbreviation: ML, mesenteric lymph 

 

 

4.2.6. Taurocholate perfusion study of the heart 
An additional experiment was performed to rule out any confounding toxic cardiodepressive effects from the 

intraductal infusion of taurocholate used to generate the AP model.  Sodium taurocholate in concentrations 

of 0.1%, 0.2%, 0.5%, 1%, 2%, 5%, 6%, 7.5%, 10%, and 15% was infused into the perfused normal working 

heart, and the cardiac output was obtained, along with contractility and relaxibility rates.  

4.2.7. Wet and dry weight analysis 
Oedema in key organs was evaluated using the left ventricle of the heart, the small intestine, and the 

pancreas. For these assays, a known weight of each respective tissue sample was harvested immediately 

into a preweighed Eppendorf tube and reweighed. The samples were then dried for 72 hours in a dry oven 

set at 60°C to remove the excess oedema fluid. The dried samples in the Eppendorf tubes were then 
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weighed again. The oedema index (i.e., wet to dry ratio for the respective organs) was calculated as the 

ratio of wet weight to dry weight of the tissue: 

                        Oedema index = Weightwet/Weightdry 

4.2.8. Histology and biochemical analysis  
Pancreatic, ileal and cardiac tissues were fixed (in 10% neutral buffered formalin) on 5 mm thick 

longitudinal paraffin sections with haematoxylin and eosin staining. Histological severity scoring was then 

performed by a consultant histopathologist blinded to the groups. For pancreatic injury, the score assessed 

leukocyte infiltration, pancreatic oedema, haemorrhage, fat necrosis, and acinar necrosis using a published 

scoring system
214

. An ileal injury score was derived from Lane et al, and included mucosal injury, 

inflammation and haemorrhage
211

. For the heart, interstitial edema, haemorrhage, neutrophil infiltration, and 

contraction band necrosis were studied
209

. 

Serum and lymph lipase and amylase, liver function, total proteins, electrolytes, and renal function were 

measured using a Cobas® 6000 series modular analyser (Hitachi-Roche).  

4.2.9. Statistical analysis 
The statistical analyses were performed using SigmaPlot and Graphpad Prism software. The results were 

expressed as the mean ± standard error of the mean. Statistical analysis was performed by repeated 

measures two-way analysis of variance, with Tukey’s and Kramer’s post hoc test for multiple comparisons. 

For intra-operative physiology, one way repeated measures ANOVA with Holms- Sidak post hoc analysis 

was utilised. Serum biochemistry and histological severity were analysed using one way ANOVA with 

Kruskal-Wallis test and Dunn’s post hoc analysis. Any value with P<0.05 was considered to be statistically 

significant. 

 

4.3. Results 

4.3.1. Models  
All the disease groups produced the desired systemic inflammation, and depending on the severity, 

produced changes in the intraoperative parameters (Table 4-1 and 4-2). The HS group showed sustained 

reduced MAP and recovery on reperfusion. The SAP group also showed reduced MAP and tachycardia.  
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Table 4-1 Baseline characteristics and intraoperative vitals in the short perfusion study group 

 Sham AP SAP HS 

Number 8 8 8 8 

Age (days) 82 ± 5 84 ± 4 83 ± 6 82 ± 5 

Weight (g) 422 ± 5 425 ± 9 420 ± 12 421 ± 11 

Intraoperative vitals: MAP (mmHg) 

1
st
  hour 

2
nd

 hour 

3
rd

 hour 

4
th 

hour 

       119 ± 8 

114 ± 12
a
 

121 ± 10
a,c

 

113 ± 8
a
 

108 ± 9 

115
  ± 

12
b 

111 ± 17
b
 

115 ± 9
b
 

107 ± 12 

87 ± 8
a,b 

78 ± 12
a.b 

79 ± 7
a,b 

117 ± 12 

33 ± 1
a,b,c 

38 ± 5
a,b,c 

79  ± 12
a,b 

Intraoperative vitals: heart rate/minute 

1
st
  hour 

2
nd

 hour 

3
rd

 hour 

4
th

 hour 

331 ± 17 

323 ± 21 

350 ± 10
a 

354 ± 23
a 

328 ± 12 

352 ± 19 

359 ± 17
b 

363 ± 30 

314 ± 27 

347 ± 22 

385 ± 17
a,b 

391 ± 29
a 

327 ± 22 

320 ± 12 

381 ± 13
a,b 

397 ± 27
a 

Intraoperative vitals: cumulative volume for fluid resuscitation/mL 

1
st
  hour 

2
nd

 hour 

3
rd

 hour 

4
th

 hour 

0.8 ± 0.3 

3.1 ± 0.8 

6.3 ± 1.3
a 

12.7 ± 2.5
a 

1.2 ± 0.9 

4.7 ± 1.9 

8.2 ± 1.5
b 

14 ± 2.3
b 

1.1 ± 0.7 

2.7 ± 0.1 

2.9 ± 0.1
a,b,c 

3.1 ± 0.1
a,b,c 

1.4 ± 0.5 

1.9 ± 0.7 

11 ± 4.5
c 

21 ± 5.5
c 

Notes: Like letters indicate P<0.05 for the one-way analysis of variance with Holm-Sidak correction.  Values are shown as the mean ± 

standard error of the mean. Abbreviation: AP, acute pancreatitis; HS, haemorrhagic shock; MAP, mean arterial pressure 
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Table 4-2 Baseline characteristics and intraoperative vitals in the diversion study group 

 Control Sham Sham + D AP AP + D 

Baseline characteristics 

Number 8 8 8 8 8 

Age (days) 75 ± 1 73 ± 2 74 ± 3 75 ± 1 74 ± 3 

Weight (g) 409 ± 3 402 ± 2 405 ± 4 410 ± 2 408 ± 5 

Intraoperative  vitals: MAP 

1
st

 hour 

2
nd

 hour 

3
rd 

hour 

4
th

 hour 

5
th

 hour 

 

111 ± 12 

106 ± 9 

114 ± 14 

109 ± 15 

112 ± 14 

102 ± 7 

111 ± 12 

108 ± 15 

104 ± 17 

113 ± 15 

103 ± 12 

116 ± 10 

109 ± 12 

106 ± 11 

115 ± 17 

105 ± 13 

101 ± 17 

113 ± 13 

99 ± 12 

107 ± 12 

Intraoperative vitals: heart rate 

1
st

 hour 

2
nd

 hour 

3
rd

 hour 

4
th

 hour 

5
th

 hour 

 

321 ± 13 

334 ± 17 

342 ± 21 

348 ± 17 

357 ± 22 

322 ± 15 

346 ± 13 

364 ± 17 

367 ± 10 

365 ± 13 

329 ± 12 

339 ± 23 

356 ± 12 

363 ± 13 

372 ± 14 

354 ± 12 

349 ± 16 

367 ± 21 

366 ± 17 

369 ± 14 

Intraoperative vitals: fluid resuscitation volume 

1
st

 hour 

2
nd

 hour 

3
rd

 hour 

4
th

 hour 

5
th

 hour 

 

0.9 ± 0.1 

3.0 ± 1.0 

6.4 ± 1.8 

11.8 ± 2.7 

14.6 ± 2.9 

1.5 ± 0.9 

4.3 ± 1.3 

7.5 ± 2.5 

13.4 ± 3.5 

15.7 ± 3.8 

1.2 ± 0.7 

3.1 ± 1.2 

7.1 ± 2.7 

11.8 ± 2.7 

16.6 ± 3.2 

1.3 ± 1.1 

4.5 ± 1.4 

8.5 ± 2.8 

13.8 ± 3.2 

17.1 ± 3.3 

Note: Controls were culled immediately after induction of anaesthesia, hence the empty entries in the Control column. 

Abbreviations: AP, acute pancreatitis; D, diversion;  MAP, mean arterial pressure 

 

The histological results show that we successfully produced the desired spectrum of pancreatitis severity in 

the AP and SAP groups (Table 4-3 and 4-5).  The pancreata from the HS group (seven of eight animals) 

also demonstrated low-grade changes of pancreatitis. 
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Table 4-3 Serum biochemistry and histology in the short perfusion study group 

Test Units Sham AP SAP HS 

Diagnostic markers 

p-amylase U/L 1012 ± 227
a,b 

4123 ± 318
a,c 

4786 ± 327
b,d 

2893 ± 213
a,c,d 

Histological severity 

Pancreas  0.3 ± 0.5
a,b 

7.1 ± 1.7
a,c 

12.2 ± 1.4
b,d 

4.8 ± 1.1
a,c,d 

Intestine  0.2 ± 0.1
a,b,d 

1.7 ± 0.9
a 

3.1 ± 1.3
b,c 

1.6 ± 0.4
c,d 

Heart  0.1 ± 0.05 0.2 ± 0.07 0.2 ± 0.03 0.3 ± 0.07 

Tissue oedema index 

Pancreas  1.9 ± 0.9
a,b,d 

5.5 ± 1.7
a
 6.2 ± 1.4

b,c 
3.2 ± 1.4

c,d 

Intestine  2.2 ± 1.3
a,b,c 

3.9 ± 1.5
a 

4.9 ± 1.3
b 

3.8 ± 1.3
c 

Heart  1.7 ± 0.8
a,b,c 

3.3 ± 1.1
a 

3.5 ± 1.2
b 

3.3 ± 1.2
c 

Electrolytes 

Na
+
 mmol/L 134 ± 12 141 ± 14 139 ± 21 137 ± 12 

K
+ 

mmol/L 5.7 ± 0.2 6.3 ± 0.4 6.5 ± 0.5 6.1 ± 0.6 

Cl⁻
 

mmol/L 107 ± 11
a 

112 ± 13
a,b 

113 ± 11 102 ± 9
b 

Mg
+ 

mmol/L 0.94 ± 0.06
a,b 

1.13 ± 0.05
a 

1.17 ± 0.07
b 

0.89 ± 0.07 

Ca
++ 

mmol/L 2.6 ± 0.8 2.9 ± 0.6 2.7 ± 0.5 2.6  ± 0.7 

Kidney function 

Urea mmol/L 11.1 ± 0.3
a,b 

15.7 ± 0.3
a,c 

18.4 ± 0.5
b,d 

12.1 ± 0.7
c,d 

Creatinine μmol/L 37.9 ± 2.3
a 

61.5 ± 4.7 67.2 ± 10
a,b 

40.5 ± 2.6
b 

Serum proteins 

Albumin g/L 34 ± 1
a,b 

33 ± 2 24 ± 3
a 

24 ± 2
b 

Total proteins g/L 46 ± 2 46 ± 2 44 ± 3 43 ± 2 

Globulin g/L 18 ± 1 18 ± 1 16 ± 1 17 ± 1 

Liver function tests 

Bilirubin μmol/L 2.0 ± 1.0 4 ± 1 5 ± 1.0 3.0 ± 1.0 

GGT U/L 2.0 ± 1.0 3 ± 2 3.0 ± 1.0 3.0 ± 1.0 

ALP U/L 61 ± 4
a,b 

99 ± 10
a 

104 ± 8
b 

72 ± 4 

ALT U/L 40 ± 1
a,b 

88 ± 6
a,c 

97 ± 7
b,d 

37 ± 1
c,d 

Inflammatory markers 

CRP mg/dl <2
a,b,c 

9 ± 1
a 

13 ± 2
b 

15 ± 2
c 

LDH U/L 202 ± 17
a,b,c 

543 ± 17
a 

678 ± 28
b 

823 ± 75
c 

Notes:  The values highlighted in bold are important and significant findings. Like letters indicate P<0.05 for the one-

way analysis of variance with Holm-Sidak correction. For histology, one-way analysis of variance with the Kruskal-

Wallis post hoc test was used. Each group contained eight animals and the results are expressed as the mean ± 

standard error of the mean. Abbreviations: AP, acute pancreatitis; GGT, gamma glutamyl transferase; HS, 

haemorrhagic shock; ALP, alkaline phosphatise; ALT, alanine transaminase; LDH, lactate dehydrogenase; SAP, severe 

acute pancreatitis 
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4.3.2. Disease severity due to systemic inflammation, SIRS, and organ failure 

4.3.2.1. Physiological and biochemical parameters 
The haemodynamic parameters shown in Table 4-1 indicate that animals with AP, SAP and HS had 

significantly greater derangements in intraoperative physiology associated with hypotension and 

tachycardia. The serum and ML biochemistry data presented in Tables 4-3 and 4-4 show that the AP, SAP, 

and HS models had significantly elevated serum C-reactive protein and lactate dehydrogenase levels, 

indicating activation of systemic inflammation and tissue hypoxia/damage. The serum biochemistry data 

also suggest significant organ system impairment in the more critically ill models. This impairment included: 

liver failure (a cholestatic picture in animals with AP/SAP and HS); kidney failure (significantly increased 

creatinine and urea); and haematological derangement (significantly reduced albumin in the SAP and HS 

groups). The ML from CI animals demonstrated significant elevation of lactate dehydrogenase, indicating 

downstream intestinal ischaemia and tissue injury. This ML also demonstrated high concentrations of urea 

and creatinine, possibly indicating increased breakdown of muscle and/or muscle proteins. Inflammatory 

markers were markedly reduced in the animals that underwent diversion (Table 4-5). 

Table 4-4 Mesenteric lymph biochemistry in the short perfusion study group 

Test Units Sham AP SAP HS 

Diagnostic marker 

p-amylase U/L 591 ± 112
a,b

 3555 ± 233
a,c

 3891 ± 234
b,d

 1588 ± 95
c,d

 

Electrolytes 

Na
+
 mmol/L 133 ± 13

 
147 ± 12

 
144 ± 14

 
153 ± 0.7

 

K
+ 

mmol/L 5.5 ± 0.3
a
 5.6 ± 0.3 5.2 ± 0.5 7.1 ± 0.1

a
 

Cl⁻ mmol/L 117 ± 4.7 115 ± 15 121 ± 12 121 ± 3 

Urea mmol/L 8.7 ± 0.6
a,b 

11.7 ± 0.5 12.8 ± 0.5
a
 15 ± 0.3

b 

Creatinine μmol/L 21 ± 2
a
 37 ± 5.3 29 ± 1 65 ± 5.7

a
 

Mg
+ 

mmol/L 0.7 ± 0.02
a 

0.71 ± 0.02 0.72 ± 0.01
 

1.01 ± 0.07
a 

Ca
++ 

mmol/L 1.5 ± 0.09
 

1.7 ± 0.01 1.7 ± 0.06 1.77 ± 0.1
 

Lymph proteins 

Albumin g/L 8 ± 1
a 

10 ± 1 9.0 ± 0.6 2 ± 1
a 

Total proteins g/L 15 ± 1
a
 15 ± 1 12 ± 1.0 5 ± 1

a
 

Lymph liver enzymes 

Bilirubin μmol/L 3 ± 1
a,b 

11 ± 1
a,c

 12 ± 2
b,d

 4 ± 1
c,d 

GGT U/L 3 ± 1
 

3 ± 1 4 ± 1 3  ± 1
 

ALP U/L 44 ± 4
 

52 ± 4
 

61 ± 5
 

23 ± 2
 

ALT U/L 32 ± 9.0 43 ± 6 48 ± 6 33 ± 4 

Lymph inflammatory mediator 

LDH U/L 176 ± 35
a,b,c

 471 ± 52
a
 578 ± 43

b
 527 ± 56

c
 

Notes: Like letters indicate P<0.05 for the one-way analysis of variance with Holm-Sidak correction.  Each group contained eight 

animals and the results are expressed as the mean ± standard error of the mean. Abbreviations: AP, acute pancreatitis; GGT, 

gamma glutamyl transferase; HS, haemorrhagic shock; ALP, alkaline phosphatise; ALT, alanine transaminase; LDH, lactate 

dehydrogenase; SAP, severe acute pancreatitis 
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4.3.2.2. Tissue water content (oedema index) 
The pancreatic, intestinal and cardiac tissues from animals with CI showed significantly high tissue oedema 

when compared with sham animals. Table 4-3 shows the water content (oedema index) in these three 

types of tissue from animals used for the short perfusion study. Table 4-5 demonstrates the oedema index 

for these three organs in animals from the diversion study. The oedema index for the heart, pancreas and 

lungs shows that there was significant oedema in tissues without ML diversion compared with those with 

ML diversion. 

 

Table 4-5 Histology and oedema index for the pancreas, intestine and heart in the diversion group 

 Control Sham Sham + D AP AP + D 

Diagnostic marker 

p-amylase 377 ± 127 418 ± 234
a,b 

477 ± 189 5735  ± 456
a,c 

4030 ± 345
b,c 

Inflammatory markers 

CRP (mg/dL) <2 <2
a,b 

<2 13.2 ± 2.2
a,c 

6.3 ± 0.5
b,c 

LDH ( IU/L) 121 ± 15 265.6 ± 37.5
a,b 

198 ± 34.7 672.6 ± 37.5
a,c 

491.5 ± 23.5
b,c 

Histology severity 

Pancreas 0.1 ± 0.1 0.3 ± 0.1
a,b 

0.3 ± 0.2 12.8 ± 3.4
a,c 

7.7 ± 2.3
b,c 

Intestine 0.1 ± 0.1 0.2 ± 0.2
a,b 

0.1 ± 0.2 4.2 ± 1.2
a,c 

2.1 ± 1.1
b,c 

Heart 0.3 ± 0.1 0.4 ± 0.1 0.4 ± 0.2 0.5  ± 0.2 0.4 ± 0.1 

Tissue oedema index (wet to dry ratio) 

Pancreas 1.7 ± 0.8 1.9 ± 0.8
a,b 

1.7 ± 0.6 5.7 ± 1.9
a,c

 2.1 ± 0.8
b,c 

Intestine 2.1 ± 1.1 2.2 ± 1.1
a,b 

2.0 ± 1.1 4.3 ± 1.3
a,c 

2.1 ± 0.9
b,c 

Heart 1.7 ± 0.8 1.9 ± 0.8
a,b 

1.7 ± 0. 7 3.5 ± 1.1
a,c 

1.9 ± 0.9
b,c 

Notes: Like letters indicate P<0.05 for the one-way analysis of variance with Kruskal Wallis post hoc analysis. Each group contain 

nine animals. The results are expressed as the mean ± standard error of the mean. Abbreviations: AP, acute pancreatitis; CRP, C-

reactive protein; D, diversion; LDH, lactate dehydrogenase 

 

4.3.2.3. Histological severity 
All the tissues from animals with CI demonstrated some changes in the pancreas and intestine. Table 4-3 

shows the histological changes in animals used for the short perfusion study. The pancreata from the AP, 

SAP and HS groups showed significant pancreatic inflammation. The SAP group demonstrated significantly 

greater pancreatic injury than the other groups. The intestine also showed significant injury in all the CI 

groups, with disruption of mucus and presence of mucosal oedema and peri-intestinal inflammation. The 

heart and lungs were grossly normal, apart from alveolar and myocyte oedema in the CI group. The 

histology of the pancreata, intestines and hearts from the diversion study is demonstrated in Table 4-5. The 

AP group had statistically significant pancreatic and intestinal injury scores when compared with the AP + D 

group. Histology demonstrated no significant cardiac injury in any of the animals studied. 

 



96 

 

4.3.3. Diversion study  
The baseline characteristics of the animals used for the diversion study are shown in Table 4-2. The 

intraoperative parameters show a stable pattern throughout the procedure for the whole group. Ex vivo 

cardiac assessment demonstrated that with increasing preload pressure (to test diastolic dysfunction) the 

AP heart without lymphatic diversion started to fail, which was evident in a significant decline in cardiac 

output and rates of contractility (+dP/dtmax) and relaxibility (-dP/dtmax). The failure was evident with quite low 

preload pressures (12.5 cm H2O onwards) and was highly significant at higher preloads (17.5 cm H2O 

onwards, see Figures 36A, 36C, and 36E). In contrast, AP + D hearts performed on par with the hearts 

from sham animals without diversion. The hearts from naïve controls and sham + D animals showed robust 

cardiac function and performed exceedingly well. On testing these hearts with variable afterloads (to 

determine contractile or inotropic function), again the AP heart without lymphatic intervention started to fail, 

which was initially evident at lower afterloads (50 mmHg onwards) and was highly significant at higher 

afterload pressures (60 mmHg onwards, see Figures 36B, 36D, and 36F). The heart from naïve controls 

and sham animals with lymphatic diversion again demonstrated robust cardiac function and performed 

exceedingly well with increasing afterloads.  
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Figure 36 Cardiac dysfunction seen in hearts from animals with AP without diversion. The figures represent 

changes in cardiac output (A, B), inotropic index, +dP/dtmax (C, D), and lusitropic index, –dP/dtmax (E, F) with 

increasing preload pressures on the left and corresponding afterload on the right. *P<0.05 versus the AP 

and AP + D group.  The data are expressed as the mean ± standard error of the mean for nine rats. 

Abbreviations: AP, acute pancreatitis; D, diversion 
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4.3.4. Short perfusion study 
Table 4-1 shows the baseline characteristics of the four donor groups used for the short perfusion study. 

The intraoperative changes in vital parameters and resuscitation fluids are also shown. The SAP and HS 

groups had a significantly reduced MAP and an increased heart rate when compared with the sham and AP 

groups during the operative period. The HS group required significantly more resuscitation fluid and also 

showed significantly higher flow of ML, as shown in Table 4-1.  

 

 

Figure 37 Three-minute cardiac perfusion with conditioned ML caused an immediate and significant 

decrease in cardiac output (A), inotropic index, or +dP/dtmax (B), and lusitropic index, or –dP/dtmax (C) in a 

healthy, perfused working heart. (D) Change in heart rate with infusion of ML was not statistically 

significant. Notes: *P<0.05, ***P<0.001. a, sham versus SAP; b, sham versus shock; c, sham versus AP. 

Values are shown as the mean ± standard error of the mean for eight rats. Abbreviations: AP, acute 

pancreatitis; CO, cardiac output; ML, mesenteric lymph; SAP, severe acute pancreatitis 

 

Table 4-3 shows the basic diagnostic criteria for AP and SAP and demonstrates general changes in 

electrolytes and renal and liver function. Table 4-4 shows the corresponding changes in the biochemical 

constitution of ML from these groups. Figure 37 shows the baseline changes in cardiac output, maximal 
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rate of contractility (+dP/dtmax), and maximal rate of relaxibility (-dP/dtmax) with a three-minute infusion of ML 

into the perfused working heart. ML from the AP, SAP and HS groups, when infused into a normal working 

heart, caused a sudden and significant reduction in cardiac output, rate of contractility, and rate of 

relaxibility. There was significant cardiac dysfunction after about one minute of infusion of lymph, with a 

gradual and delayed return of cardiac function on termination of infusion. Some of the cardiac function did 

not return to baseline even after a significant elapse of time since infusion (about 18–20 minutes).  

4.3.5. Long perfusion study 
The long perfusion study was intended to confirm the findings of the short perfusion study, i.e., the sudden 

decline in cardiac function with infusion of CML into a normal working heart. The baseline characteristics of 

the animals used in this study are shown in Table 4-6. ML from the AP and HS groups caused a sudden 

and significant reduction in cardiac output when infused into a normal working heart, confirming the findings 

of the short perfusion study (Figure 38). Saline and sham ML infusion did not result in any reduction in 

cardiac output.  Figure 39 demonstrates the respective changes observed preinfusion (first time point) and 

post infusion (second time point) of CML, sham ML, and saline. Cardiac function was normal before 

infusion of CML (Figures 38 and 39A); however, 30 minutes after termination of infusion of CML, there was 

a significant reduction in cardiac output (Figure 39B), rate of contractility (Figures 39C and 39D), and rate of 

relaxibility (Figures 39E and 39F) in the normal working heart. When subjected to increasing preload 

pressures, the normal hearts infused with CML started to fail, and this heart failure was highly significant at 

higher preloads. In contrast, the hearts infused with saline and sham ML maintained healthy cardiac 

function and showed no indication of failure.  

 

Table 4-6 Baseline characteristics of animals used in the long perfusion study 

Baseline Saline Sham AP Shock 

Number 8 8 8 8 

Age (days) 75 ± 2 74 ± 2 74 ± 3 75 ± 1 

Weight (g) 409 ± 3 402 ± 2 405 ± 4 410 ± 2 

Abbreviation: AP, acute pancreatitis 
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Figure 38 Timeline for the long perfusion study in a normal heart. The heart was stabilised initially for four 

minutes and the preinfusion preload on the heart was measured (indicated by an arrow on the extreme left). 

Mesenteric lymph was infused for ten minutes as indicated by the centre bar. Approximately 45 minutes 

from the start of the experiment, the heart was again evaluated with variable preload to assess the cardiac 

functional changes (indicated by an arrow on the far right). The sudden and steep drop in cardiac output 

was again demonstrated, with gradual recovery over time. However, there were signs of heart failure when 

the hearts subjected to infusion of conditioned mesenteric lymph were evaluated later with increasing 

preload pressures (see Figure 39). Each group contained eight animals. The data are expressed as the 

mean ± standard error of the mean. Abbreviation: AP, acute pancreatitis 
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Figure 39 Cardiac output with increasing preload pressure, before (A) and after (B) a ten-minute infusion of 

CML or saline. Cardiac output was not affected before infusion of CML but after infusion there was a 

significant decrease in cardiac output when compared with the sham and saline controls at higher preload 

pressure. **P<0.01. a, sham versus AP; b, sham versus shock. Inotropic index (+dP/dtmax) with increasing 

preload pressure, before (C) and after (D) a ten-minute infusion of ML or saline. The inotropic index was not 

affected before infusion of CML, whereas after infusion of CML, there was a significant decrease in this 
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index when compared with sham and saline controls with increasing preload pressure. *P<0.05, **P<0.01. 

a, sham versus AP; b, sham versus shock. Lusitropic index (-dP/dtmax) with increasing preload pressure is 

shown before (E) and after (F) a ten-minute infusion of mesenteric lymph and saline. The lusitropic index 

was not affected before infusion of CML, whereas after infusion of CML there was significant decrease 

when compared with sham and saline controls with increasing preload pressure. *P<0.05, **P<0.01. a, 

sham versus AP; b, sham versus shock. Each group contained eight animals. The data are expressed as 

the mean ± standard error of the mean. Abbreviations: AP, acute pancreatitis; CML, conditioned 

mesenteric lymph 

 

4.3.6. Taurocholate infusion in the working heart 
Taurocholate infusion at a concentration of 0.1%–7.5% did not cause any cardiac dysfunction; however, at 

a concentration of 10% it caused immediate transient depression of cardiac function that recovered slowly 

to 85% of normal. At an infusion concentration of 15%, taurocholate caused immediate total heart failure 

resulting in “stone” heart, which was not reversible. 

4.4. Discussion 
This is the first study to demonstrate the role of ML and the lymphatics in development of the cardiac 

dysfunction of AP. It was found that rats with AP developed cardiac dysfunction manifesting as both 

reduced cardiac output and derangement of the ventricular contractile and relaxation phases of the cardiac 

cycle. These changes were largely prevented or improved by interruption of systemic flow of ML during 

development of disease. In a separate study, ML conditioned by AP, SAP or HS both upon short infusion 

(three minutes) and long infusion (10 minutes) could induce a similar spectrum of cardiac dysfunction when 

infused into normal working hearts. Of note, the AP inducing cardiac dysfunction did not require 

concomitant sustained hypotension for the lymph to have a toxic effect on contractile activity.     

Cardiac dysfunction has been noted in patients with severe trauma, major burns, AP, and sepsis who were 

otherwise healthy with no preceding cardiac disease
255

. The incidence of cardiac dysfunction in CI is 

around 40%–67% based on data from different studies
238, 256

. This cardiac dysfunction is present even in 

patients who had no cardiac or coronary disease preceding the onset of CI, and has been reported to be 

reversible and to resolve after resolution of the CI
256

. The other intriguing finding in these patients was that 

they would recover from their cardiac dysfunction once the systemic injury/insult subsided.  In that study, it 

was found that a predominantly inflammatory-based disease (i.e., AP) could induce cardiac dysfunction 

within five hours of disease onset and did not require sustained hypotension to have this effect. 

A retrospective study by Kollef et al found congestive cardiac failure to be the leading cause of cardiac 

dysfunction (85%) in critically ill patients with previously normal cardiac function.
255

 A similar study by Pulido 

et al recently demonstrated left ventricular systolic and diastolic dysfunction and right ventricular diastolic 

dysfunction in patients with severe sepsis, implying that cardiac pump failure is the leading cause of  

cardiac dysfunction.
238

 The dysfunctional organs also include the lung, liver, and kidneys, and this 

constellation of associations is thought to be due to the altered physiology that occurs in CI, and is termed 

MODS
41

. The post mortem histology of these organs in patients who died has been described as near 
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normal, implying that the defect is not structural but functional
41, 257

. The cardiac dysfunction seen in these 

autopsy studies was thought to be due to acute hypotension-driven systemic inflammation and sepsis
256, 258

. 

The group of animals with disease in our study had SIRS, with biochemistry showing derangement of 

multiple organs, especially the liver, kidney and haematological system. These derangements were more 

obvious in the SAP and HS groups, and corresponded to more severe disease states.  

It is still unclear why and how a severe disease causes activation of systemic inflammation leading to 

cardiac dysfunction and MODS. One of the proposed mechanisms is the role of gut and the associated 

lymphatics in the pathophysiology of systemic inflammation, cardiac failure, and MODS
5, 27

.  The gut lymph 

hypothesis states that the stressed intestine in critically ill animals produces toxic ML, and because of the 

anatomical arrangement, this toxic ML bypasses hepatic detoxification and directly drains the heart and 

lungs, thus causing organ dysfunction
5
. Production of toxic ML thus requires stress-related changes in the 

intestine. These observations have been corroborated by histological studies reporting failure of the 

intestinal mucosal barrier with disruption of the villi architecture
94, 148

.  These histological changes in the 

intestine and the role played by ML then helped in formulating and evolving the gut lymph hypothesis
5, 27

.  

Our own study in mild AP demonstrated impaired intestinal and pancreatic microcirculation, whereas 

addition of intestinal ischaemia-reperfusion (IIR) worsened the severity of pancreatitis. These findings were 

later mimicked by IIR ML when injected into rats with mild AP.
107

 Consistent with these results, this study 

has shown that even mild AP generates tissue-injurious ML. The histology from the intestine and pancreas 

in this study is also revealing. The intestine in most of the critically ill animals demonstrated significant 

sloughing of mucus, mucosal swelling, and inflammation, as reported in similar studies
147

. It was also noted 

that SAP had a slightly higher severity scoring (Tables 4-3 and 4-5). Apart from AP animals, we also found 

that HS animals had pancreatic edema and inflammation (seven of eight animals).  Ours is also the first 

such study to demonstrate the effect of lymphatic diversion on the intestine and pancreas. A beneficial 

effect was seen in these organs, which showed less severe histological changes with lymphatic diversion. 

The serum biochemistry of the animals with diversion indicated significantly less inflammation and more 

protection of organs (Table 4-5). These findings make scientific sense in that lymphatic diversion prevents 

the vicious loop of systemic activation and inflammation, thus preventing hypoperfusion of the intestine and 

pancreas. These findings also reinforce our previous observation regarding the role of the intestine and 

pancreas in generating toxic tissue-injurious ML. Even though the oedema index indicated decreased 

cardiac edema with diversion, histological study did not find any cardiac injury in any of the animals studied. 

Therefore, these findings suggest that the defect is principally functional rather than structural.  

This project initially found in in vivo studies that cardiac dysfunction exists in milder AP and that this could 

be abrogated by lymphatic diversion. In the donor lymph study, we found that short (three-minute) perfusion 

with AP, SAP, or HS lymph resulted in sudden and dramatic depression of cardiac function that subsided 

after the end of perfusion. However, some aspects of cardiac function did not return to normal even at 30 

minutes after termination of perfusion. These results indicate long-term and probably irreversible inhibition 

of cardiac function. These changes were analysed further in the donor lymph long perfusion study in which 

CML was perfused for ten minutes. Cardiac function was normal before perfusion of CML; however, 30 

minutes after the end of perfusion, the findings suggested that the hearts were failing at physiological 

preload and afterload pressures, with severe failure at higher loads (an approximately 35%–37% drop in 
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cardiac output, +dP/dtmax, and -dP/dtmax). From these in vivo and donor perfusion heart studies, the 

following conclusions can be made: the organ and cardiac protection afforded by lymphatic diversion in AP 

animals implicates ML and lymphatics in systemic inflammation, cardiac dysfunction, and MODS; the in 

vivo studies suggest formation of factors in the stressed gut and pancreas that are carried systemically 

through the thoracic duct, causing systemic inflammation; the donor lymph study indicates that lymph from 

diseased animals contains preformed mediators that cause cardiac dysfunction when perfused into a 

normal heart even at subphysiological concentrations; and the rapidity of the response of these lymph 

mediators as well as the persistent cardiac depression with significant elapse of time suggest that these 

mediators act through various channels controlling myocardial contractility and relaxability (+dP/dtmax and -

dP/dtmax). Thus, from this study, it can be deduced that there are two separate pathomechanisms via which 

mediators in CML cause cardiac dysfunction, one involving generation of systemic inflammation and the 

other involving a direct effect on myocardial function.  

More recently, with the use of well controlled animal models of HS, AP and burns, a series of 

pathophysiological studies has convincingly illustrated elevation of intracellular expression of 

proinflammatory mediators such as tumour necrosis factor-α or interleukin-6 in the heart following HS
259-262

. 

Since the organ dysfunction and MODS in non-infective CI, such as HS, SAP and major burns, is primarily 

driven by SIRS, a role for these mediators may be plausible. Also, a recent major review has brought into 

view the receptor for advanced glycation end-products (RAGE), a common ligand for danger molecules 

(damage-associated molecular patterns) in the pathophysiology of myocardial dysfunction in non-infective 

CI
263

. A study by Cox et al using animal models of IIR demonstrated myocardial oedema and failure of the 

cardiac pump secondary to ML-mediated systemic inflammation.
264

 In that study, as in ours, animals with 

mesenteric ischaemia but without lymphatic diversion exhibited systemic inflammation and cardiac 

dysfunction. Therefore, mediators carried by lymph through the mesenteric lymphatics would probably 

cause systemic inflammation, microcirculatory disturbance, and cardiac dysfunction.    

The donor lymph study showed sudden cardiac depression with onset of perfusion with CML which 

persisted at 30 minutes after termination of perfusion. These responses are likely to be mediated by 

myocardial receptors through signalling pathways that modulate cardiac function. However, the lymphatic 

mediators have not been identified, and the exact molecular signalling pathways that are responsible for 

cardiac dysfunction in CI are not known. Our present study suggests that the mediator in CML acts in a 

manner similar to that of a β-adrenergic antagonist of the heart through its role in all aspects of cardiac 

contractility, relaxibility and cardiac output. The β-adrenergic agonists function by binding myocardial 

surface receptors and activating guanine nucleotide-bound proteins, which in turn activate adenylate 

cyclase, thereby synthesising cyclic adenosine monophosphate (cAMP). The cAMP-dependent protein 

kinases then phosphorylate intracellular proteins, resulting in intracellular influx of calcium and enhanced 

myocardial contraction. To varying degrees, β-agonists enhance both myocardial contractility (inotropy) and 

diastolic relaxibility (lusitropy), thereby increasing cardiac output. The cellular and molecular mechanisms 

for these altered myocardial contractile properties have been studied primarily in cardiac hypertrophy and 

failure.
265

 These studies have shown that abnormal cellular Ca
2+

 handling may underlie the depressed 

myocardial contractility in heart failure. Alterations in cellular Ca
2+

 signalling have also been proposed to 

play a critical role in the myocardial and vascular smooth muscle contractile dysfunction seen in shock 
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conditions related to major burns, trauma, and sepsis
266

. A recent study by Sambol et al using HS animals 

demonstrated that ML indeed alters calcium handling by the myocyte, thereby decreasing myocardial 

function
253

. From their work in rats with major burns, they further suggest that the effects of ML result from 

modification of signalling pathways responsible for the regulation of L-type Ca
2+

 channel activity
252

. In this 

regard, it is important to discuss the electrolyte balance found in ML and serum in our study. We found that 

the ionised calcium level in all the groups studied was within normal range; however, the calcium 

concentration in ML for all the groups was half that in serum. It is also interesting to note that the 

concentrations of potassium and magnesium in ML were significantly elevated in the HS group. Whether 

reduced lymphatic calcium would cause the above cardiac dysfunction is debatable, since the 5% lymph 

that was infused was further diluted 50 times before reaching the heart (as happens physiologically).  

There is now a body of data from animal studies implicating ML in CI and MODS
243, 244

. This study adds a 

further pathomechanism for the role of ML in different CIs, including milder inflammatory illness. Exploring 

the mediators responsible for myocardial dysfunction may offer early therapeutic and prognostic options in 

CI and may also provide a guide for streamlining care. To date, the search for a mediator has described it 

as either a protein (altered albumin) or a lipid mediator
171, 175, 178

. We believe that there is more than one 

mediator involved in CML, and further study is necessary to identify putative factors. One step in this 

direction might involve comprehensive "omics" platform analysis of the ML and corresponding end organs, 

in this case the heart. This “omics” platform would involve proteomics, lipidomics, metabolomics and 

transcriptomics. Critical illnesses sometime trigger intrinsic danger recognition mechanisms via the 

inflammasome pathway.  Therefore, another approach would be to study the role of damage-associated 

molecular patterns in ML, which are a common ligand in the inflammasome pathway. The possible 

pathomechanisms for cardiac dysfunction in CI is schematically represented in Figure 40. 
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Figure 40 Possible pathomechanism and mediators involved in cardiac dysfunction during critical illness. 

Abbreviations: HMBG-1, high-mobility group box-1; RAGE, receptor for advanced glycation end products; 

RNS, reactive nitrogen species; ROS, reactive oxygen species 

 

In the 1970s, Lefer demonstrated that ligation of the thoracic duct was beneficial in preventing cardiac 

dysfunction caused by a lymphatic factor in animals with shock
169

, and implied a role of the activated 

pancreas and the lymphatic factor drained by the pancreatomesenteric lymphatics. He termed this the 

"myocardial depression factor" and hypothesised it to be a pancreatic serine protease. We presume Lefer 

was correct, since research from our laboratory initially using the proteomics platform to analyse AP ML 

demonstrated significantly elevated pancreatic proteases and significantly reduced antiproteases
136

. Further 

as yet unpublished work by our group has demonstrated significantly high levels of pancreatic proteases in 

ML from animals with SAP and HS, with significantly reduced levels of antiproteases, and significantly more 

so in the HS group than in the SAP and AP groups. Therefore, the other approach to the composition of 

CML is to probe the protease-antiprotease angle, now that serine proteases are implicated in various 

inflammatory diseases and the coagulation cascade, and in cancer homeostasis
267

. 

This study has some limitations. The first is that the amount of lymph collected from small animals is always 

limited and restricts the duration of infusion studies, including this one. It is possible that longer infusion 
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periods may have more profound effects on ex vivo heart function. Another shortcoming is that ex vivo 

studies of heart function only look at the direct effects of lymph on the heart. There may be other 

mechanisms at work with regard to how lymph alters cardiac function. Another limitation of this study is the 

lack of detailed mechanistics regarding cardiac pathophysiology. However, this study provides a good 

platform for investigations in the future. 

4.5. Conclusion 
The present study provides the first comprehensive description of cardiac function in various CIs, including 

milder critical disease such as AP. Cardiac dysfunction in SAP is already known to exist because of the 

critically ill patients with multi-organ failure seen in intensive care, and this study describes the existence of 

similar cardiac dysfunction in milder forms of AP that do not include profound shock, as in other reports of 

the cardiac depressant effects of lymph. Progression of mild AP to a more serious illness such as SAP 

would involve dysfunction of other organs, in particular the heart and lungs. This study links the role of the 

intestine and/or pancreas along with ML in organ dysfunction, which may now be considered responsible 

for the development of severe disease involving failure of multiple organs. The nature of the lymph 

mediators responsible for organ dysfunction in CI is currently not known and is only speculative. However, 

utilisation of a multi-pronged approach would give the best chance for its identification and for diagnostic 

and therapeutic options in the future. 
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Chapter 5. Endothelium in critical illness 

5.1. Introduction 
Endothelium comprises a sheet of cells lining a vascular structure and forms one of the most extensive 

networks of cells in the various organ systems. The pervasive nature of endothelial tissue has led to some 

describing it as an organ system in its own right
268

, and as such, it occupies a central role in the 

maintenance of body homeostasis. It functions as a selective mechanical barrier, keeping the liquid 

component of blood within the vasculature but allowing transport of nutrients to various organs. It also 

serves as a natural barrier to prevent invasion of the tissues by microorganisms and exerts a natural 

anticoagulant action that prevents uncontrolled activation of the coagulation system
54, 269

.  

It is reported that almost every stimulus leading to a systemic inflammatory response, such as severe 

infection, trauma, excessive tissue breakdown, solid tumours, leukaemia, liver failure, a toxic or 

immunological response, and activation of the coagulation system, is associated with endothelial damage.
32

 

The endothelium undergoes changes that depend on the stimulus and the degree and persistence of the 

insult.
268

 When a number of its functions remain intact, it is considered activated (maladaptive phenotype), 

but when it loses its barrier function it becomes dysfunctional
270

 (non-adaptive) leading to apoptotic or 

pyroptotic cell death
271

 and further worsening of the systemic inflammation (Figure 41). 

 

Figure 41 Schematic diagram showing endothelial activation and dysfunction. Endothelium in health 

provides multiple balanced functions (constitutive adaptation). A variety of inflammatory signals change the 

endothelium to an activated state (physiological adaption). Continuation of inflammatory signals and 

mediators (cytokines, chemokines, monocytes) cause pathological activation of the endothelium, leading to 

dysfunction (maladaptation). This triggers widespread endothelial apoptosis and death. Abbreviations: 

TNF, tumour necrosis factor; IL-6, interleukin 6; I/R, ischaemia-reperfusion; LPS, lipopolysaccharides; 

MCP-1, monocyte chemoattractant protein-1. 

 

The mechanisms underlying the pathogenesis of vital organ injury and onset of multi-organ failure are 

poorly understood. Based on direct observations and various studies in critically ill patients in intensive 



109 

 

care, there is direct evidence for the role of endothelial dysfunction in this subset of patients
272, 273

. The 

endothelium is at the forefront of trauma, haemorrhagic shock (HS), and other organ damage induced by 

critical illness (CI). The endothelium is affected in CI, and depending on the stimuli, undergoes 

modifications that involve either endothelial activation or widespread dysfunction. The endothelium 

therefore undergoes a transformational change that would alter its function due to the pathological milieu 

prevalent in CI. Any stimulus that causes local and/or global ischaemia and reperfusion injury (such as 

major trauma, severe acute pancreatitis, major burns, and septicaemia) during resuscitation alters the 

functioning of vascular endothelial cells and thus alters active transport of nutrients, vascular permeability, 

the immune response, and anticoagulation processes
274

. Indeed, endothelial dysfunction is reported to play 

an important and early role in the development of persistent systemic organ failure, particularly failure of the 

heart, lungs and kidneys
275

. The pathobiology of activation, dysfunction and death of the endothelium is 

complex and thought to be mediated by the products of both inflammation and sepsis
276

.  

There are several important themes in the pathophysiology of inflammation and sepsis that involve the 

endothelium to varying degrees. First is that the host response, rather than the nature of the mediator or 

pathogen, is the primary determinant of the outcome. Second, monocytes and endothelial cells play a 

central role in initiating and perpetuating the host response, and the interaction between 

mediators/pathogens and host cells results in initiation of inflammatory and coagulation cascades (Figure 

42). Third, sepsis is associated with concomitant activation of these inflammatory and coagulation 

cascades. Finally, in the course of the tissue response to mediators and pathogens, the host response may 

itself inflict collateral damage or have bystander effects on normal tissues. Of note, the bystander pathology 

can be diffuse but also remarkably focal in its distribution
276

.  

Monocytes, tissue macrophages, other myeloid-derived cells, and to some extent endothelial cells, are the 

cornerstones of the innate immune response. As a first line of defence, these cells recognise invading 

mediators or pathogens via a number of pattern recognition receptors.
277

 These interactions result in 

initiation of inflammatory and coagulation cascades (Figure 42). These pathways yield soluble mediators 

that function in autocrine or paracrine loops to further activate monocytes/tissue macrophages and/or 

endothelium. These mediators promote early activation of the contact system (factor XII, prekallikrein, and 

high molecular weight kininogen) and the complement cascade, and induce rapid release of inflammatory 

mediators from a number of cell types (e.g., monocytes and endothelial cells, with release of cytokines such 

as interleukin-6 [IL-6] and monocyte chemoattractant protein-1 [MCP-1]), which are changes corresponding 

to the clinical entity of systemic inflammation (SIRS)
276

. Besides activating the inflammatory system, these 

mediators also trigger the clotting and complement cascades
278

. The crosstalk between the inflammatory 

and coagulation pathways contributes to the potentially explosive host response to sepsis. Also, some of 

the soluble mediators of inflammation such as serine proteases can activate protease-activated receptors in 

the endothelium and cause further inflammation
279

. Thus, inflammatory or pathogenic mediators activate 

innate defences and, along with the endothelium and coagulation and complement systems, propagate 

systemic inflammation.   
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Figure 42 Relationship between infection/inflammation, the endothelium, and the coagulation/complement 

system. Infectious or non-infectious mediators stimulate the monocyte-macrophage system, producing 

cytokines and chemokines. The soluble products from the monocyte-macrophage system stimulate the 

endothelium, and further amplify the production of cytokines. The coagulation/complement system is also 

activated by inflammation, and further stimulates the monocyte-macrophage system and endothelium. 

These events result in systemic activation of inflammation. The activated  endothelium develops various 

receptors for progression of inflammation as shown in the diagram. Adapted from Aird.
276

 Abbreviations: 

IL-6, interleukin-6; IL-1, interleukin-1; LPS, lipopolysaccharide; MCP-1, monocyte chemoattractant protein-

1; NO, nutric oxide; PAF, platelet activating factor;  ROS, reactive oxygen species; TNF, tumour necrosis 

factor 

 

As discussed in the introductory chapters, some of the earlier hypotheses regarding the role of endothelial 

dysfunction pertained to infective inflammation. The gut is now considered to be a major organ driving 

inflammation and sepsis in CI
5, 176

. Gut-origin sepsis has progressed from bacterial translocation to gut 

lymph theory, suggesting that gut-origin proinflammatory factors as transported by mesenteric lymph (ML) 

drive aspects of systemic inflammation and sepsis. There is now a good body of data suggesting that 

sterile, tissue-injurious mediators produced by the critical intestine and transported systemically by the 

mesenteric lymphatics to the heart and lungs have a role in causing systemic inflammation (SIRS) and 

multiple organ dysfunction syndrome (MODS)
5
. Research in animals with traumatic shock and major burns 

has shown that ML causes distant organ dysfunction that can be prevented by ligation of the mesenteric 

duct.
139

 Further, previous studies have demonstrated that ML from animals with shock
280

 and burns
281

 when 
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incubated with endothelial cells causes endothelial dysfunction. However, no study has addressed the role 

of CI-conditioned mesenteric lymph (CML) and its association with systemic inflammation/sepsis, the 

endothelium, and coagulation. We hypothesise that this association leads to organ failure and MODS, i.e., 

CML from animals with CI causes inflammation by having a direct effect on the endothelium. The 

endothelium is activated by CML, which alters the profile of endothelial cytokine production. This activated 

endothelium, together with coagulation/complement, propagates the inflammation systemically. In this way, 

systemic inflammation progresses to organ failure and MODS.  

5.2. Methods 
This section explains the animal models and methodology used for collection of ML, and presents a study 

on cultured endothelial cells.  A more thorough description of the methodology used in this study is given in 

Chapter 3. 

5.2.1. Animal models and collection of mesenteric lymph 
Inbred male Wistar rats (370–490 g) were used in all experiments, during which they had access to food 

and drinking water ad libitum (see Chapter 3). 

5.2.1.1. Animal models 
Figure 43 shows the groups included and the duration of ML collection in this study. Group 1 (n=9, sham) 

had surgical intervention and lymph collection matched to that of the acute pancreatitis (AP) and shock 

groups, but without any induction of disease. Group 2 (n=9, resuscitated acute pancreatitis, AP) and group 

3 (n=9, non-resuscitated acute pancreatitis, severe acute pancreatitis, SAP) each had taurocholate-induced 

AP followed by collection of ML for a further 210 minutes. Group 4 (n=9, HS) had 90 minutes of HS followed 

by a further 120 minutes of reperfusion.  

5.2.1.2. Collection of mesenteric lymph 
ML was collected from all four experimental groups as described in sections 3.4.1 and 3.5.1. At the end of 

the experiment, the ML was centrifuged (1700× g at 4°C for 10 minutes) to remove any cellular material and 

then stored immediately at –80°C until analysis. 

 

5.2.2. Cell culture and direct toxicity  
Cell culture-related studies were conducted using human microvascular endothelial (HMEC-1) cells as 

described in section 3.6.6.1.  

The cell-based direct toxicity study was conducted on cultured HMEC-1 cells in 96-well plates. Broadly, 

there were three assays in this study: an alamarBlue® cell viability assay, a JC-1 cationic dye assay, and a 

lactate dehydrogenase (LDH) assay. The LDH assay was performed using the supernatant after 

centrifugation of the cultured HMEC-1 cells. A detailed description of these assays is provided in section 

3.6.6.1. alamarBlue is a cell viability reagent and JC-1 is a cationic dye that shows potential-dependent 

accumulation in the mitochondria, as indicated by a fluorescence emission shift from green (about 525 nm) 

to red (about 590 nm). LDH is measured in the cell culture supernatant and provides information on cell 

membrane permeability and hence viability.  
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Figure 43 Overview of the animal models used for collection of ML. All four models had matched time 

periods for setup and collection of ML. Abbreviations: AP, acute pancreatitis; IA, intra-arterial; IV, 

intravenous; ML, mesenteric lymph; SAP, severe acute pancreatitis; TA, taurocholate 

5.2.2.1. General cell culture protocol 
The HMEC-1 cells were cultured in a 96-well, black-walled, clear-bottom culture plate at a density of 

2.5×104 cells/well in 100 µL of prewarmed complete medium and kept in a 5% CO2 incubator overnight at 

37ºC. For a detailed description, see section 3.6.6.1 in Chapter 3.  

5.2.2.2. Optimisation studies with positive and negative controls 
Before embarking on the cell culture studies, each of the studies using positive and negative controls was 

optimised. This work also identified the concentration of ML and serum to be used in the study. The positive 

control used for culture was Dulbecco’s modified Eagle’s medium, whereas the negative controls were cell 

toxins, i.e., dimethyl sulfoxide, antimycin A, and 10 M ethanol. Initially this study tested different 

concentrations of ML and serum, but a 5% concentration was used consistently in the final main analysis.  

5.2.2.3. Cell culture and strength of ML or serum 
All studies were conducted using a 5% concentration of ML or serum. A 5% v/v concentration of ML 

appears to be a reasonably approximate of the in vivo concentration of circulating lymph based on the 
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following considerations. After the end of the shock period, about 0.4–0.6 mL of ML is produced per hour. 

Thus, about 1.5 mL of lymph is produced in the first 3 hours post shock and is released into the circulation. 

Because the circulating blood volume of a 400 g rat is about 24 mL (6 mL/100 g), addition of 1.5 mL of 

lymph would result in a lymph concentration of 6.25%. Lymph production over 3 hours was chosen because 

previous studies have documented that lung injury is present by 3 hours after traumatic HS and that lymph 

samples collected in the first 3 hours after the end of shock period are highly toxic to endothelial cells
196, 280

. 

Similarly with serum, we found that a 5%–15% v/v concentration was ideal and effective, as reported 

elsewhere
282

. 

5.2.3. Endothelial production of chemokines 
The BD OptEIA™ human IL-6 and MCP-1 ELISA sets (catalog numbers 555220 and 555179, respectively) 

were used for quantitative determination of IL-6 and MCP-1 in serum and in the supernatant from the 

conditioned tissue culture medium. A thorough description of the methodology used is given in Chapter 3 

(section 3.6.6.2). Briefly, HMEC-1 cells were grown in 96-well plates and incubated with either CML or 

serum, or no-cell controls. After four hours of incubation, the supernatant was collected and stored at –80ºC 

for further analysis. No-cell control background values were subtracted from the cell assay wells. 

5.2.4. Physiological, blood and mesenteric lymph parameters for inflammation and 

organ failure 
Intraoperative vital physiology was continuously recorded for systemic hypotension, hypothermia or 

hyperthermia, heart rate, and ventilation needs. Inflammatory parameters in the blood included serum C-

reactive protein and LDH.  Liver enzymes were used to assess liver function, D-dimer for coagulopathy, 

and electrolytes and creatinine for kidney function. The biochemical composition of the ML was also 

analysed for markers of inflammation and organ failure. All these assays were done using a Cobas® 6000 

series modular analyser (Hitachi-Roche, Basel, Switzerland).  

5.2.5. Organ injury 
Organ oedema was evaluated in the left ventricle of the heart, left lower lobe of the lung, the intestine, and 

the pancreas. After the animals were euthanised, the respective tissue samples were harvested 

immediately into a preweighed Eppendorf tube and then reweighed. The samples were then dried in a dry 

oven at 60°C for 72 hours to remove the excess oedema fluid. The dried samples in the Eppendorf tubes 

were then reweighed. The oedema index (or wet to dry ratio) for the respective organs was calculated 

according to a published methodology
107

 as follows: 

                        Oedema index = Weightwet/Weightdry 

5.2.6. Histology  
Pancreatic, ileal, lung, kidney and cardiac tissues were fixed (in 10% neutral buffered formalin) and 

histological severity scoring was performed on 5 mm thick longitudinal paraffin sections with haematoxylin 

and eosin staining by a consultant histopathologist blinded to groups. For pancreatic injury, the score 

assessed leukocyte infiltration, pancreatic oedema, haemorrhage, fat necrosis, and acinar necrosis using a 

published scoring system
214

. An ileal injury score was derived from Lane et al and included mucosal injury, 
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inflammation and haemorrhage
211

. Interstitial edema, haemorrhage, neutrophil infiltration, and contraction 

band necrosis were studied in the heart.
209

 

5.2.7. Statistical analysis 
Statistical analyses were performed using SigmaPlot and Graphpad Prism software. The results are 

expressed as the mean ± standard error of the mean. The statistical analysis was performed by one-way 

analysis of variance with Tukey’s and Kramer’s post hoc test for multiple comparisons (Holm-Sidak post 

hoc comparison was used for the biochemical analysis). Any value with P<0.05 was considered to be 

statistically significant. 

5.3. Results 

5.3.1. Validation of critical illness models 
We used the taurocholate model of AP and SAP, which is known to cause widespread pancreatic, 

peripancreatic and systemic inflammation. An HS model with heparin (<30 IU) as an anticoagulant was 

used in this study. This model is also known to produce widespread hypotensive shock followed by 

inflammation during the reperfusion phase. 

 

Table 5-1 Intraoperative vitals 

 Sham AP SAP HS P-value 

 

Intraoperative vitals: mean arterial pressure (mmHg) 

1
st
  hour 

2
nd 

hour 

3
rd
 hour 

4
th
 hour 

112 ± 8.7 

119
 
 ± 12

a,b,c
 

124 ± 10
a,b,c

 

117 ± 8
a,b,c

 

108 ± 9 

115 ± 12 

110 ± 15 

113 ± 12
 

107 ± 12 

87 ± 8
a 

78
 
 ± 12

a 

77.8
 
 ± 7

a 

124 ± 17 

33 ± 1
b 

38 ± 5
b 

79 ± 12
b 

NS 

<0.05 

<0.05 

<0.05 

Intraoperative vitals: heart rate (beats per minute) 

1
st
  hour 

2
nd

 hour 

3
rd
 hour 

4
th 

hour 

343 ± 16 

327 ± 25 

332
 ± 

20
a,b,c 

354
 ± 

23
a,b,c 

323 ± 16 

357 ± 14 

353 ± 19
 

367 ± 23 

323 ± 25 

349 ± 28 

388 ± 18
a 

394 ± 21
a 

327 ± 22 

320 ± 12 

381
 ± 

13
b 

397
 ± 

27
b 

NS 

NS 

<0.05 

<0.05 

Intraoperative vitals: total fluid resuscitation volume (mL) 

1
st
  hour 

2
nd

 hour 

3
rd
  hour 

4
th
  hour 

0.8 ± 0.3 

3.1 ± 0.8 

6.3 ± 1.3
a 

12.7 ± 2.5
a 

1.2 ± 0.9 

4.7 ± 1.9 

8.2
 ± 

1.5
b 

14 ± 2.3 

1.1 ± 0.7 

2.7 ± 0.1 

2.9 ± 0.1
a,b,c 

3.1 ± 0.1
a,b,c 

1.4 ± 0.5 

1.9 ± 0.7 

11 ± 4.5
b 

21 ± 5.5
b 

NS 

NS 

<0.05 

<0.05 

Intraoperative vitals: temperature (ºC) 

1
st
  hour 

2
nd

 hour 

3
rd
 hour 

4
th
  hour 

35.5 ± 1.9 

35.8 ± 1.1 

36.3 ± 1.2
a,b,c 

36.5 ± 1.3
a,b,c 

35.7 ± 1.5 

36.3 ± 1.4 

37.1 ± 1.0
 

36.7 ± 1.3 

35.7 ± 1.7 

37.2 ± 1.5 

38.3 ± 1.9
a 

38.7 ± 1.2
a 

36.3 ± 1.2 

36.7 ± 1.3 

38.5 ± 1.7
b 

37.9 ± 1.2
b 

NS 

NS 

<0.05 

<0.05 

Notes: Like letters indicate P<0.05 for the one-way analysis with Holm-Sidak correction.  The results are shown as the mean ± 

standard error of the mean (n=10 in each group). Abbreviations: AP, acute pancreatitis; HS, haemorrhagic shock 
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Table 5-2 Serum biochemistry 

Notes: The values highlighted in bold are important and significant findings. Like letters indicate P<0.05 for the one-way analysis of 

variance with Holm-Sidak correction.  Each group contained ten animals and the results are expressed as the mean ± standard error 

of the mean. Abbreviations: AP, acute pancreatitis; CRP, C-reactive protein; GGT, gamma glutamyl transferase; HS, haemorrhagic 

shock; ALP, alkaline phosphatise; ALT, alanine transaminase; LDH, lactate dehydrogenase 

 

Test Units Sham AP SAP Shock 

Diagnostic markers 

p-amylase U/L 137 ± 23
a,b 

4107 ± 237
a,c

 4286 ± 456
b,d 

2601 ± 432
a,c,d 

Electrolytes 

Na+ mmol/L 139 ± 4 141 ± 14 143 ± 2 134 ± 0.5 

K mmol/L 5.9 ± 0.1 6.3 ± 0.4 6.4 ± 0.2 5.97 ± 0.2 

Cl mmol/L 104 ± 5
a 

112 ± 13
a,b 

110 ± 1 99 ± 2
b 

Mg mmol/L 0.95 ± 0.01
a,b 

1.1 ± 0.05
a 

1.2 ± 0.07
b 

0.9 ± 0.01 

Ca mmol/L 2.6 ± 0.01 2.9 ± 0.01 2.7 ± 0.5 2.6 ± 0.02 

Kidney function 

Urea mmol/L 11 ± 1.0 
a,b 

15.7 ± 0.3
a 

16 ± 2
a 

17 ± 3
b 

Creatinine μmol/L 21 ± 2
a,b, 

61.5 ± 4.7
a 

60 ± 12
a 

67 ± 2.6
b 

Serum proteins 

Albumin g/L 30 ± 2 33.7 ± 2.5 28 ± 3 28 ± 2 

Total proteins g/L 47 ± 4 47.3 ± 1.3 45 ± 2 46 ± 2 

Globulin g/L 17 ± 2 18.8 ± 1.5 18 ± 2 18 ± 1 

Coagulation 

D-dimer μg/L 124 ± 12
a,b 

153.7 ± 32.2 345 ± 42
a 

423 ± 36
b 

Liver function tests 

Bilirubin μmol/L 2 ± 0.2 3.9 ± 0.7 3.6 ± 1.4 2 ± 0.15 

GGT U/L 2 ± 0.1
a,b,c 

13.3 ± 1.8 53 ± 5
a 

47 ± 5
b 

ALP U/L 34.2 ±  2
a,b 

99 ± 10
a 

92 ± 2
a 

87 ± 3
b 

ALT U/L 40 2
a,b 

88 ± 6
a 

85 ± 3
a 

79 ± 8
b 

Inflammatory mediators 

CRP mg/L 1.1 ± 0.1
a,b 

6.3 ± 1.1
a
 15 ± 2.5

a 
21 ±  5.4

b 

LDH (U/L) U/L 79 ± 11
a,b 

543 ± 17
a 

604 ± 23
a 

791 ± 75
b 
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Table 5-3 Biochemistry of mesenteric lymph  

Test Units Sham AP SAP Shock 

Diagnostic marker 

p-amylase U/L 585 ± 128
a,b

  3708 ± 238
b,d

 588 ± 89
c,d

 

Electrolytes 

Na mmol/L 143 ± 3
 

144 ± 13
 159 ± 1

 
152 ± 0.7

 

K mmol/L 5.4 ± 0.05
a
 5.7 ± 0.6 5.2 ± 0.07 7.07 ± 0.06

a
 

Cl mmol/L 112.0 ± 4.0 112 ± 17 124.0 ± 1.0 121.0 ± 3.0 

Urea mmol/L 9.0 ± 1
a,b 

11.9 ± 0.7 11.9 ± 1
a
 12 ± 1

b 

Creatinine μmol/L 22 ± 2
a,b

 37.5 ± 5.6 48 ± 2
a 

61 ± 2
b
 

Mg mmol/L 0.7 ± 0.02
a 

0.73 ± 0.02 0.7 ± 0.01
 

1 ± 0.07
a 

Ca mmol/L 1.5 ± 0.1
 

1.8 ± 0.01 1.7 ± 0.06 1.7 ± 0.1
 

Lymph proteins 

Albumin g/L 7.8 ± 0.1
a 

9.9 ± 0.7 8.7 ± 0.2 2.3 ± 0.9
a 

Total proteins g/L 12.0 ± 0.5
a
 14.2 ± 1.4 11.7 ± 0.3 5.0 ± 1.1

a
 

Liver enzymes in lymph 

Bilirubin μmol/L 2.0 ± 0.3 
a 

9.7 ± 1.3
a
 7.0 ± 0.8

a
 2.0 ± 0.5

 

GGT U/L 3
 

2.7 ± 0.7 4 ± 1 2
 

ALP U/L 47 ± 1
 

57 ± 4.9
 57 ± 2

 
26 ± 1

 

ALT U/L 31 ± 1 47 ± 5.2 37 ± 2 33 ± 1 

Lymph inflammatory marker 

LDH U/L 238 ± 25
a,b

 431  ± 26.4
a
 530 ± 67

a
 518 ± 76

b
 

Notes: The values highlighted in bold are important and significant findings. Like letters indicate P<0.05 for the one-way analysis of 

variance with Holm-Sidak correction.  Each group contained ten animals and the results are expressed as the mean ± standard error of 

the mean. Abbreviations: AP, acute pancreatitis; GGT, gamma glutamyl transferase; HS, haemorrhagic shock; ALP, alkaline 

phosphatise; ALT, alanine transaminase; LDH, lactate dehydrogenase 
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Table 5-4 Tissue oedema and histology 

Organs Sham AP SAP HS 

Tissue oedema index 

Lung 3.3 ± 0.5
a,b 

3.8 ± 0.9 4.8 ± 0.8
a 

5.1 ± 0.5
b 

Heart 1.7 ± 0.8
a,b,c 

3.3 ± 1.1
a
 3.5 ± 1.2

b 
3.3 ± 1.2

c 

Intestine 2.2 ± 1.3
a,b,c 

3.9 ± 1.5
a
 4.9 ± 1.3

b 
3.8 ± 1.3

c 

Pancreas 1.9 ± 0.9
a,b,c 

5.5 ± 1.7
a
 6.2 ± 1.4

b 
3.2 ± 1.4

c 

Histological severity 

Lung 0.27  ± 0.08 0.65 ± 0.2 0.78  ± 0.3 0.83  ± 0.5 

Heart 0.31  ± 0.07 0.6 ± 0.7 0.87 ± 0.2 0.81  ± 0.5 

Pancreas 0.33 ± 0.5
a,b,c 

7.5 ± 1.3
a
 12.2 ± 1.4

a,b,c 
4.8 ± 1.1

b,c 

Intestine 0.24 ± 0.1
a,b,c 

1.8 ± 0.9
a
 3.1 ± 1.3

b,c 
2.6 ± 0.4

c 

Notes: The values highlighted in bold are important and significant findings. Like letters indicate P<0.05 for the one-way analysis of 

variance with Holm-Sidak correction.  Each group contained ten animals and the results are expressed as the mean ± standard error of 

the mean. Abbreviations: AP, acute pancreatitis; HS, haemorrhagic shock 

 

5.3.2. Animals with critical illness had systemic inflammation, SIRS and organ failure 
 

Biochemistry  

The haemodynamic parameters and vitals shown in Table 5-1 indicate that animals with SAP and HS had 

significantly greater derangements in intraoperative physiology, with hypotension, tachycardia and mild 

hyperthermia indicating systemic inflammation (SIRS). The serum and ML biochemistry is shown in Tables 

5-2 and 5-3. The biochemistry data show that the serum from animals with SAP and HS contained 

significantly elevated levels of C-reactive protein and LDH, indicating activation of systemic inflammation and 

tissue hypoxia/damage. The serum biochemistry results also suggest that there was significant impairment of 

organ systems in animals with CI, including: liver impairment (a cholestatic picture in animals with severe AP 

and HS); kidney impairment (significantly increased creatinine and urea); and coagulopathy (significantly 

increased D-dimer). The ML from CI animals demonstrated significant elevation of LDH, indicating intestinal 

ischaemia and tissue injury, along with high concentrations of urea and creatinine, possibly indicating 

increased breakdown of intestinal smooth muscle downstream.  

Oedema index  

The tissue oedema index, which indicates the degree of organ injury, is shown in Table 5-4. The lung, heart, 

pancreatic and intestinal tissues from animals with CI demonstrated significantly increased oedema.  

 

Histology  

The pancreatic histology from animals with SAP suggested severe pancreatic inflammation when compared 

with the shock group (Table 5-4). However, unlike the sham animals, the shock group also had pancreatic 
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inflammation. The intestinal tissue from all the CI animals showed disruption of mucus, mucosal edema, and 

peri-intestinal inflammation. The heart and the lungs were grossly normal, apart from alveolar and myocyte 

oedema in the CI group. 

5.3.2. Human microvascular endothelial (HMEC-1) cell study 
HMEC-1 cells were used for all the studies. All cells underwent up to 25 passages before use.  

 5.3.2.1.   Direct toxicity of mesenteric lymph on HMEC-1 cultured cells. 
HMEC-1 cells were incubated overnight with a series of concentrations of CML from the four groups (2%, 

5%, 20%, and neat concentrations). Dulbecco’s modified Eagle’s medium was used as the positive control 

and dimethyl sulfoxide as the toxicity control. Using a phase contrast microscope (Meiji Corporation, Japan) 

the 96-well  plates were visualised (Figures 44 and 45). At a concentration of 2%, HS ML did not cause any 

visible injury to the HMEC-1 cells, which maintained their normal architecture, but at a concentration of 5%, 

the cells showed visible gross damage at the intercellular connections, with cell clumping and shrinkage, 

indicating cellular damage and/or apoptosis. At 20% and neat concentrations of HS ML, the cells showed 

varying degrees of cell damage and death. However, this phenomenon was not replicated with other CI ML 

samples at 2% and 5% concentrations. AP ML caused HMEC-1 injury only at much higher concentrations 

(about 20%–50% v/v when optimising the concentrations for the alamarBlue study, as described in the next 

section). As expected, in the HS group, pre-shock “normotensive” ML collected before induction of shock did 

not have any effect on cultured cells. 
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Figure 44 HMEC-1 cells grown in various types of medium and mesenteric lymph, as seen by phase 

contrast light microscopy. (A) HMEC-1 cells grown to confluence in normal medium. The cells look healthy 

with normal intercellular dendritic connections. (B) HMEC-1 cells incubated with 50% dimethyl sulfoxide and 

was used as the toxicity control. (C) HMEC-1 cells incubated with 5% pre-HS mesenteric lymph for 20 hours 

show no signs of toxicity. (D)HMEC-1 cells incubated with 1% post HS mesenteric lymph with no change. 

However, at concentrations of 5% (E) and 20% (F), post HS ML, there is marked cell shrinkage and 

clumping, indicating severe cellular injury and cell death. Abbreviations: HS, haemorrhagic shock; HMEC-1, 

human microvascular endothelial cells; ML, mesenteric lymph  

5.3.2.2. alamarBlue assay 

5.3.2.2.1. Optimisation study 
The initial validation and optimisation study using the alamarBlue assay in the HS group suggested that 

incubation of HMEC-1 cells with 5% ML for 20 hours was optimal (data not shown). The AP ML did not 

manifest any toxic effects on HMEC-1 cells at concentrations of 2%–5%, but was cytotoxic at concentrations 

higher than 10%, with significant cytotoxicity and death seen at a concentration of 20%–50% v/v (Figure 45). 

The rationale for selecting a 5% concentration of ML was described in the previous section. 
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Figure 45 Effect of type of medium, control, toxins, and AP ML on HMEC-1 cells after 20 hours of incubation 

using the alamarBlue assay. Note that 10 M ethanol caused maximum HMEC-1 toxicity after 20 hours of 

incubation. AP ML in concentrations from 1%–5% did not have any significant cytotoxic effects. However, at 

higher concentrations, there was significant cytotoxicity. At a 50% AP ML concentration, about 60% of cells 

were non-viable when compared with controls. The positive control was Dulbecco’s modified Eagle’s medium 

and the toxicity control was 10 M ethanol. (A) Control versus antimycin A, (B) control versus 10 M ethanol, 

(C) 1% AP ML versus 5% AP ML, (D) 1% AP ML versus 15% AP ML, (E) 1% AP ML versus 20% AP ML, 

and (F) 1% AP ML versus 50% AP ML. *P<0.05, **P<0.01, ***P<0.001. All data are shown as the mean ± 

standard error of the mean (n=5 in each group). Abbreviations: AP, acute pancreatitis; ML, mesenteric 

lymph; HMEC-1, human microvascular endothelial cells 

5.3.2.2.2. Haemorrhagic shock mesenteric lymph but not serum causes HMEC-1 toxicity 
Only HS ML had a significant cytotoxic effect when incubated with HMEC-1 cells overnight. At an ML 

concentration of 5% v/v, there was no cytotoxicity evident with the other CI groups, and the results were 

similar to those for the control and sham groups. Figure 46 shows the cytotoxicity data using the alamarBlue 

assay in the study groups (the data for the ML studies are shown in Figure 46A and those for the serum 

studies are shown in Figure 46B).  
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Figure 46 Viability of HMEC-1 cells using alamarBlue® as an indicator after exposure to ML (A) or serum 

(B). HS ML (A) caused significant HMEC-1 cell toxicity and death when compared with the other groups. 

Mesenteric lymph at a concentration of 5% v/v was used for this study. There was no HMEC-1 toxicity with 

serum from normal or  AP/SAP or HS animals (B). Notes: a, HS versus control, P<0.001; b, HS versus 

sham, P<0.001; c, HS versus AP, P<0.001; d, HS versus SAP, P<0.001. All data are shown as the mean ± 

standard error of the mean (n=9 in each group). Abbreviations: AP, acute pancreatitis; ML, mesenteric 

lymph; HMEC-1, human microvascular endothelial cells; HS, haemorrhagic shock; SAP, severe acute 

pancreatitis 

5.3.2.3. Mitochondrial membrane potential and JC-1 assay 

5.3.2.3.1. Optimisation study 
ML at a concentration of 2%–5% v/v did not manifest any toxicity in the AP and SAP groups, was toxic to 

HMEC-1 cells at concentrations higher than 10%, and caused cell death at a concentration of 50% v/v (data 

not shown).  
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Figure 47 HMEC-1 mitochondrial membrane potential and viability using the JC-1 assay as an indicator after 

20 hours of incubation with 5% v/v ML (A) or serum (B). HS ML (A) caused significantly greater HMEC-1 

toxicity and cell death when compared with the other groups. A ML concentration of 5% v/v was used in this 

study. However, there was no toxic effect on HMEC-1 cells using normal ML or serum from diseased animals 

(B). Notes: a, HS versus control, P<0.001; b, HS versus sham, P<0.001; c, HS versus AP, P<0.001; d, HS 

versus SAP, P<0.001. All data are presented as the mean ± standard error of the mean (n=9 in each group). 

Abbreviations: AP, acute pancreatitis; ML, mesenteric lymph; HS, haemorrhagic shock; SAP, severe acute 

pancreatitis 

5.3.2.3.2. Haemorrhagic shock mesenteric lymph but not serum causes HMEC-1 toxicity 
Only HS ML had a significant cytotoxic effect on HMEC-1 cells when incubated overnight. At an ML 

concentration of 5% v/v, there was no cytotoxicity evident with the other CI groups, with the findings being 

similar to those in the control and sham groups. The serum from the other groups did not show any 

cytotoxicity. Figure 47 shows the cytotoxicity findings using the JC-1 assay in this study.  
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5.3.2.4.   Direct toxic effects of mesenteric lymph on HMEC-1 cells using the lactate 

dehydrogenase assay 

5.3.2.4.1. Optimisation study 
The supernatant from HMEC-1 cells incubated with ML from the AP group (Figure 48) and from the HS 

group (data not shown) showed incremental toxicity with increasing concentrations of ML. Here again, ML at 

a concentration of 5% was used for further toxicity studies.  

 

 

Figure 48 Concentration of LDH in the supernatant for the control (Dulbecco’s modified Eagle’s medium), 

positive controls (10 M ethanol or antimycin A), and varying concentrations of AP ML. Increasing 

concentrations of AP ML caused significantly higher concentrations of LDH. At an AP ML concentration of 

20%, the LDH concentration was similar to that found with antimycin A, a standard toxin used to measure 

cytotoxicity. Notes: a, control versus antimycin A; b, 2% AP ML versus antimycin A; c, control versus 10 M 

ethanol; d, 2% AP ML versus 10 M ethanol; e, control versus 5% AP ML; f, control versus 10% AP ML; g, 

control versus 20% AP ML. *P<0.05, **P<0.01, ***P<0.001. All data are shown as the mean ± standard error 

of the mean (n=5 in each group). Abbreviations: AP, acute pancreatitis; EtOH, ethanol; LDH, lactate 

dehydrogenase; ML, mesenteric lymph 
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Figure 49 Concentration of LDH in the supernatant for the study groups incubated with 5% v/v ML (A) or 5% 

v/v serum (B) and comparison of the ML and serum groups (C) after incubation for 24 hours. In (A), HS ML 

had a significant toxic effect on HMEC-1 cells when compared with the other groups. (B) A similar profile of 

LDH can be seen in serum. (C) The HS and SAP ML groups had a significantly higher concentration of LDH 

when compared with the serum group. The control group consisted of cells in Dulbecco’s modified Eagle’s 

medium without ML or serum. a, HS versus control, P<0.001; b, HS versus sham, P<0.001; c, HS versus AP. 

In (C); a, HS ML versus HS serum, P<0.05; b, SAP ML versus SAP serum group, P<0.05. All data are 

presented as the mean ± standard error of the mean (n=10 in each group). Abbreviations: AP, acute 

pancreatitis; HS, haemorrhagic shock; LDH, lactate dehydrogenase; ML, mesenteric lymph; SAP, severe 

acute pancreatitis  
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5.3.2.4.2. Haemorrhagic shock mesenteric lymph and serum cause HMEC-1 toxicity 
On further analysis of the supernatant, the HS and SAP ML groups showed significantly elevated levels of 

LDH.  The findings of this study are shown graphically in Figure 49 for both ML and serum. These results 

suggest that ML from the HS and SAP groups were more toxic to HMEC-1 cells. It was also found that ML 

from these groups contained significantly higher levels of LDH than those found in serum (Figure 49C). 

5.3.3. Cell activation and production of chemokines 
HMEC-1 cells were used for all the studies. All cells underwent 6–10 passages before being used for the 

study. 

5.3.3.1. Expression of interleukin-6 in the supernatant 
When incubated overnight with HMEC-1 cells, ML from all the CI groups and the sham control group had 

elevated levels of IL-6 in the supernatant. The results of this study are demonstrated graphically in Figure 50. 

Similarly, serum from all the CI groups and the sham control group showed elevated concentrations of IL-6 in 

the supernatant. However, there was a statistically significant elevation in IL-6 production in the supernatant 

across the entire set of CI groups. 

When the concentrations of IL-6 from the ML and serum groups were compared, the serum group had 

significantly higher concentrations of IL-6 when compared with the ML group. This was seen more with the 

HS and SAP groups (Figure 50). However, all three CI groups showed elevated concentrations of IL-6 in 

serum when compared with ML from the HMEC-1 cell supernatant. This differential expression of LDH with 

regard to ML and serum was not statistically significant when compared with the sham group, but was 

statistically significant when compared with the control group.  
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Figure 50 Concentration of IL-6 in the HMEC-1 supernatant for all study groups after overnight incubation 

with ML (A) or serum (B) and a comparison of the ML and serum groups (C). In (A) a, sham versus control, 

P<0.05; b, HS ML versus control, P<0.001; c, HS ML versus AP ML, P<0.01; d, HS versus SAP, P<0.01; e, 

AP versus control, P<0.01; f, SAP versus control, P<0.01. In (B), all the critical illness groups have a 

significantly elevated IL-6 compared with the control group. a, HS versus control, P<0.001; b, AP versus 

control, P<0.001; c, SAP versus control, P<0.001. In (C) a, sham ML versus sham serum, P<0.001; b, HS 

ML versus HS serum, P<0.05; c, AP ML versus AP serum, P<0.001; d, SAP ML versus SAP serum group, 

P<0.001. All data are shown as the mean ± standard error of the mean (n=10 in each group). 

Abbreviations: AP, acute pancreatitis; HS, haemorrhagic shock; IL-6, interleukin-6; ML, mesenteric lymph; 

SAP, severe acute pancreatitis 
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5.3.3.2. Expression of MCP-1 from the supernatant 
With the exception of the HS group, ML from the AP and SAP groups showed elevated concentrations of 

MCP-1 in the supernatant when incubated overnight with HMEC-1 cells. There was significantly elevated 

MCP-1 in the supernatant from the AP group. The AP group also had highly elevated MCP-1 when 

compared with the HS group, but this was not statistically significant when compared with the sham group 

(Figure 51). Compared with the control, serum from all the CI groups and the sham group showed elevated 

MCP-1 in the supernatant (Figure 51).  

When the concentration of MCP-1 was compared between the ML and serum groups, the serum group had a 

significantly higher concentration of MCP-1 than the ML group, particularly in the sham, HS and AP groups.  

Thus, there was a general trend towards a higher concentration of MCP-1 in serum than in the 

corresponding ML. Interestingly, the concentrations of MCP-1 in the supernatant from SAP ML and serum 

were the highest and were quantitatively similar. 
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Figure 51 Expression of MCP-1 from the HMEC-1 supernatant in all groups after overnight incubation with 

ML (A), serum (B), and comparative expression from these groups (C). (A) AP and SAP groups have 

significantly elevated MCP-1 compared with the control, sham and HS groups. a, AP versus control, P<0.05; 

b, SAP versus control, P<0.001; c, SAP versus sham, P<0.02; d, SAP versus HS, P<0.01; e, SAP versus 

AP, P<0.02. (B) MCP-1 expression with serum; all groups have a significantly elevated MCP-1 compared 

with the control group. a, sham versus control, P<0.03; b, HS versus control, P<0.03; c, AP versus control, 

P<0.002; d, SAP versus control, P<0.001. (C) Comparative expression of MCP-1 from the ML and serum 

groups. a, HS ML versus HS serum, P<0.001; b, AP ML versus AP serum, P<0.02. All data are presented as 

the mean ± standard error of the mean (n=10 in each group). Abbreviations: AP, acute pancreatitis; HS, 

haemorrhagic shock; MCP-1, monocyte chemoattractant protein-1; ML, mesenteric lymph; SAP, severe 

acute pancreatitis 



 

 129  

 

5.4. Discussion 
This is the first extensive study using cultured endothelial cells to explain the possible mechanism of ML and 

serum in the propagation and spread of systemic inflammation in CI. It was found that the experimental 

animals with AP, SAP, and HS had SIRS, coagulopathy, and MODS (as demonstrated by intraoperative 

vitals, biochemistry and histology). It was also found that a 5% v/v concentration of serum or ML from these 

animals when incubated with endothelial cells caused activation and dysfunction as well as death of the 

endothelium. ML from these animals, especially from the HS group, caused decreased cell viability and 

death as compared with serum. Mesenteric lymph from the AP and severe AP groups caused cell death at 

higher concentrations (>10% v/v). This study also highlights the role for both ML and serum in 

activation/dysfunction of the endothelium. Activation of the endothelium was studied by investigating the 

production of chemokines and cytokines by endothelial cells (using the supernatant in this study). Both CML 

and serum caused significantly increased expression of cytokines from the endothelium, with the HS group 

causing significant elevation of IL-6 and the AP and SAP groups causing elevation of both IL-6 and MCP-1.  

A broad consensus is emerging about how organs fail in severe illness, and this study highlights the roles of 

endothelium, inflammation and coagulation. There may be a role for mesenteric lymphatics and ML in 

triggering the endothelium, thus activating the inflammation triad (inflammation, endothelium and 

coagulation/complement) leading to organ failure and MODS. The salient findings of this study are discussed 

below in the relevant subsections. 

5.4.1. Endothelium in health  
The endothelium is a really pervasive organ, with the vascular endothelium being one of the largest organs in 

the body and also the most important. The human body contains approximately 10
13 

endothelial cells, 

weighing about a kilogram in total and covering a surface area of 4000–7000 square metres
283

. Among other 

functions, the endothelium mediates vasomotor tone, regulates cellular and nutrient trafficking, maintains 

blood fluidity and coagulation, contributes to the local balance of proinflammatory and anti-inflammatory 

mediators, participates in generation of new blood vessels, and undergoes programmed cell death
284, 285

. 

Therefore, as one of the largest “organs”, the vascular and capillary system occupies a central role in the 

homeostasis of organ function. It provides a mechanical barrier, which keeps liquids within the vasculature, 

ensuring transport of nutrients to the different organs. It serves as a natural barrier that prevents 

microorganisms from invading tissues and also has a natural anticoagulant action that protects against 

uncontrolled activation of the coagulation system.  

Under physiological conditions, endothelial cells inhibit coagulation by various mechanisms: they express 

thrombomodulin, which not only binds thrombin but also shifts the specificity of this clotting enzyme from 

fibrin to protein C, and activated protein C, in the presence of its cofactor (protein S), catalytically inactivates 

activated factors V and VIII in the clotting system; proteoglycans, such as heparan sulphate, on their surface, 

bind and potentiate antithrombin III and tissue factor pathway inhibitor; and release low amounts of tissue-

type plasminogen activator. Under normal conditions, the endothelium also inhibits platelet aggregation by 

producing prostacyclin and nitric oxide and by expressing surface-bound adenosine diphosphatase, which 

hydrolyses adenosine diphosphate, an important agonist of platelets. Under physiological conditions, the 
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endothelium does not stimulate adherence of peripheral blood cells (except for those in special sites) 

because the endothelium expresses a small number of so-called adhesion molecules that specifically 

recognise and bind counterstructures on blood cells, thereby promoting adhesion of these cells. By 

producing the vasodilating agents prostacyclin and nitric oxide, the endothelium regulates tone in the 

arterioles, thereby regulating the microcirculation and blood pressure. 

5.4. 2. Endothelium in critical illness: activation, dysfunction and death – continuum 

of disease severity 
Endothelium actively responds to successive signals and changes in the organism and as such may undergo 

consecutive changes depending on the insult, which can vary from mild endothelial activation to widespread 

activation, dysfunction and apoptosis. In the course of sepsis and other critical illnesses, the endothelium 

becomes activated and then dysfunctional
286, 287

. Endothelial cells are highly responsive to changes in their 

extracellular milieu, and are capable of sensing a myriad of biomechanical and biochemical forces. They 

integrate these signals and respond in ways that are usually beneficial, but at times can be harmful to the 

host
287

. The term “endothelial activation” describes the phenotypic response of the endothelium to an 

inflammatory stimulus. The activation phenotype varies between different sites in the vascular tree and also 

in response to different agonists; however, this phenotype usually consists of some combination of a 

procoagulant surface, increased leukocyte trafficking, altered vasomotor tone, and loss of barrier function. 

Activation of the endothelium may be adaptive or non-adaptive. The non-adaptive phenotype is known as 

“endothelial dysfunction”.  

There is compelling evidence from in vitro and preclinical studies that sepsis is associated with widespread 

endothelial activation, dysfunction, and organ failure, often leading to death
270, 287

. Upon stimulation by 

various mediators, including cytokines and activated complement, the functions of endothelial cells may be 

grossly altered. These changes are referred to as “activation”, and encompass: a change from an 

anticoagulant to a procoagulant surface; expression of adhesion molecules; production of inflammatory 

mediators, including chemoattractant agents; and production of vasoactive compounds. Moreover, activated 

endothelium may propagate the inflammatory response by releasing its own complement of cytokines (e.g., 

IL-6, platelet activating factor, IL-1, MCP-1 and IL-8). 

 Systemic inflammation, the endothelium, and coagulation are interrelated in that endothelial 

activation/dysfunction causes activation of the complement and coagulation cascades. Initiation of systemic 

inflammation/sepsis by mediators activates the innate immunity system through activation of 

monocytes/macrophages (Figure 42). These monocytes/macrophages are further activated by chemokines 

(especially MCP-1) generated by the endothelium. These soluble mediators activate the coagulation and 

complement cascades. The products from activation of complement and coagulation are strong activators of 

inflammation. Thus, these reactions cause an inflammatory cascade that ultimately leads to endothelial 

dysfunction and apoptosis/death. Failure of the endothelial barrier is an important feature leading to 

microvascular leak and tissue edema, and thus leads further to cellular hypoxia, organ dysfunction, and 

death
288

. 
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The  HMEC-1 model used in this study showed that the endothelium underwent a variety of changes from 

activation, i.e., producing cytokines (IL-6) and chemokines (MCP-1), to dysfunction, ultimately resulting in 

death of the endothelium, after exposure to physiological concentrations of ML and serum.  These various 

pathophysiological changes brought about by ML and serum from sham animals (with operative stress) and 

from animals with AP, SAP, or HS were observed to varying degrees. These changes are summarised in 

Table 5-5, highlighting the varied responses possible in cultured endothelium.  

 

Table 5-5 Summary of the response in studies utilising cell viability and studies demonstrating cytokine 

production/concentration in HMEC-1 cells incubated with ML or serum 

 

Notes: Single downward arrow indicates negative effect, sideward arrow indicates no effect, single upward arrow 

indicates a moderate effect (P<0.05), and a double upward arrow indicates a significant effect (P<0.01). 

5.4. 3. Gut-origin systemic inflammation, endothelium and MODS: not idle onlookers  
The gut had previously been considered to be an “idle onlooker” in CI, with its epithelium having a passive 

role in systemic inflammation (i.e., a “toggle switch, either on or off) and merely serving as a barrier between 

the inflammatory compartments. However, the role of the gut in CI is being discussed increasingly in the 

literature,
135, 289

  along with that of the endothelium, which is now recognised to have an overarching role in 

systemic inflammation, sepsis and organ failure. The concept of gut-origin sepsis has matured from bacterial 

translocation to sterile systemic sepsis mediated by ML and the lymphatics.  This concept is supported by 

the absence of bacteria in the portal and systemic circulations in critical inflammatory illnesses, e.g., major 

trauma, HS, severe AP, major burns, and intestinal ischaemia, which calls into question the role of bacteria 

in causing systemic inflammation
290

.  There is now an increasing body of evidence for the role of ML in 

generation and propagation of systemic inflammation
107, 291, 292

. Because of its peculiar anatomical 

arrangement, ML bypasses the hepatic filter and drains tissue-injurious factors and mediators from the 

splanchnic bed directly to the systemic circulation during CI. The endothelial bed in the heart and lung are 

the first points of contact for this tissue-injurious lymph. Further, a wide range of systemic mediators are 

activated, converting localised sterile inflammation into systemic inflammation (SIRS) by propagation in the 

bloodstream
292, 293

. This propagation of systemic mediators in the bloodstream ultimately results in MODS.  

Initial studies by Deitch et al demonstrated that ML from animals with trauma, intestinal ischaemia-
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reperfusion injury (IIR), and major burns causes death/apoptosis of the endothelium
149, 281, 294

, and our study 

corroborates their findings. Further, our study also found that apart from traumatic shock, ML from animals 

with AP or SAP also caused endothelial activation, dysfunction, and death.  

The results of this study using direct and indirect methods to investigate cell viability, i.e., alamarBlue, JC-1 

and LDH assays, suggest that ML from the HS group at a concentration of 5% v/v caused endothelial death. 

However, ML from the AP and SAP groups only caused direct endothelial death at a higher concentration 

(>10%). The same concentration of serum from the AP and SAP groups did not cause any endothelial 

damage or death (except for serum from the HS group on LDH assay). These results indicate that there are 

cytotoxic mediators present in ML, and the most likely origin of these mediators would be the small intestine. 

Previous studies using cultured endothelial cells demonstrated that ML from animals with HS
175, 291, 295

, 

burns
281

 and AP
296

 could cause endothelial dysfunction, and our findings are consistent with these reports. 

Serum from the same disease groups did not cause endothelial dysfunction, and in some instances even 

improved cell viability. This intriguing result might be explained as follows: the serum used in our study was 

from the same animals that had ML diversion/collection. The gut-derived cytotoxic factor would have to reach 

the systemic circulation through the thoracic lymphatics, which in these animals has been prevented by 

mesenteric lymphatic cannulation and collection of lymph. Knowing if there is serum toxicity when there is no 

lymphatic diversion would be an interesting study in the future; however, the current results suggest that a 

similar concentration of ML is more toxic to cells than serum in various disease states. 

5.4.3.1. Systemic inflammation: effects of systemic circulation, mesenteric 

lymphatics and lymph on endothelium 
The endothelial vascular interface is dynamic, and the main components of this interface are blood and the 

endothelium. Lymph, especially ML, is also an active component of this interface. The main factors in blood 

are the coagulation and complement factors, procoagulant and anticoagulant factors, cellular components 

and platelets, circulating mediators, and humoral factors. In health there is homeostasis in all three 

components of this interspace. However, this homeostasis is altered in severe disease and CI. In CI, non-

bacterial but tissue-injurious mediators from the gut are transported to the systemic circulation from the 

mesenteric lymphatics without clearance in the liver. The endothelium in the heart and lungs is the first point 

of contact for these injurious mediators. Thus, a local response/inflammation is propagated systemically 

through the lymphatics, with activation of the immune response. These changes activate the endothelium to 

become inflammatory
270

. With this change in the endothelium, the complement
297

 and coagulation systems 

are also activated
297, 298

, causing coagulopathy. Activation of the coagulation cascade is most often 

manifested by increased D-dimer levels and decreased levels of circulating protein C
299

. In this study, there 

was significantly elevated D-dimer levels in the serum of animals with severe disease, which may be an 

indicator of activation of coagulation and complement. This may be partly due to systemic inflammation 

mediated by ML. Thus inflammation, coagulation and the endothelium are closely related, with a possible 

role of ML in systemic activation of this triad.   

This project studied two major factors that are important in the propagation of systemic inflammation, i.e., IL-

6 and MCP-1. Activated endothelium produces various cytokines, the most important of which is IL-6
300

. 
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Highly elevated levels of IL-6 indicate activated endothelium and an increase in monocytes/macrophages
270

; 

they also indicate a severe inflammatory or septic response, as seen in septic Escherichia coli septicaemia in 

baboons
300

. Thus, a significant rise in IL-6 would indicate a high degree of endothelial damage, heralding 

likely organ failure and MODS.  The other important factor is MCP-1, which is produced mainly by activated 

monocytes. Increased levels of MCP-1 imply activation of innate immunity, and a high concentration of this 

chemokine is strongly associated with sepsis and organ failure.   

1) Interleukin-6 

IL-6 is a proinflammatory cytokine produced by monocytes/macrophages and activated endothelium. It is the 

key mediator of fever and is also responsible for synthesis of acute-phase proteins in the liver. IL-6 brings 

about the SIRS response, and high levels early in the disease process suggest severe disease with a high 

likelihood of mortality.  This study demonstrates that ML and serum from animals with severe disease 

produce a significant amount of IL-6 when incubated with endothelial cells.    

This study also found that IL-6 levels were significantly higher in the HS group than in the AP and SAP 

groups. However, the serum from animals with AP or SAP also showed significantly higher concentrations of 

this cytokine. The SAP serum showed a higher concentration of IL-6 (>110 pg/mL) than the HS serum (>105 

pg/mL). A previous study in patients with pancreatitis suggested that an early rise in IL-6 with a high SIRS 

score had a very poor prognosis.
301

 The only unexpected finding in our study was the increased IL-6 levels in 

both ML and serum from the sham group, which might be related to surgical stress and the associated 

inflammatory state arising from laparotomy and bowel handling. 

2) Monocyte chemoattractant protein-1 

MCP-1 is a chemokine and one of the most important mediators of inflammation. Chemokines can be 

classified into four subfamilies on the basis of the number and location of the cysteine residues at the N-

terminus of the molecule, and are named CXC, CC, CX3C, and C, in agreement with the systematic 

nomenclature
302

.  The human homolog for MCP-1 has been identified as CCL2, which was first purified from 

human cell lines on the basis of its monocyte chemoattractant properties. Chemokines induce chemotaxis by 

activation of G protein-coupled receptors, which also involves adhesion molecules and 

glycosaminoglycans
303

.  

MCP-1 triggers chemotaxis and transendothelial migration of monocytes to inflammatory lesions by 

interacting with the membrane CC chemokine receptor 2 in monocytes.
304

 MCP-1 is secreted mostly by 

activated monocytes. It is also secreted by fibroblasts, endothelial cells, vascular smooth muscle cells, T-

cells, and other types of cells that mediate the influx of cells to sites of inflammation.
305

 Expression of MCP-1 

has been observed in a large number of tissues during inflammation-dependent disease progression, 

including atherosclerosis
306

, arthritis
307

  and cancer
304

. Recently, a role for these chemokines has been 

suggested in early pancreatic inflammation
308, 309

 and its severity
309, 310

, along with associated organ failure, 

and death
310-313

. It is now increasingly noted that monocytes along with endothelium play a central role in 

initiating and perpetuating the host response.
276

  

A study by Regner et al
309

 highlighted the importance of the MCP-1 level in distinguishing mild from very 

severe pancreatitis. They found significant elevation of this chemokine early in patients with SAP and organ 
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failure. Similar to the findings of Regner et al, this study has demonstrated a similar pattern with SAP, a 

severe form of the disease causing significant elevation of this chemokine when compared with less severe 

disease (AP). Regner et al hypothesised that the rise in levels of this chemokine possibly related to protease 

activation, as demonstrated by the activation peptide of carboxypeptidase B. Thus, in the present study, it 

was not unexpected that MCP-1 was significantly increased only in the SAP/AP group. The pancreatic 

inflammation and SIRS response is driven mainly through the systemic circulation, and this study also notes 

a significantly higher concentration of MCP-1 in the serum of animals with SAP. The only surprise in this 

study was the increased MCP-1 level in the sham group and the decreased level of this chemokine in the HS 

ML group. In the sham group, the increase in MCP-1 in both ML and serum may possibly relate to surgical 

stress and the associated inflammatory state of laparotomy and bowel handling. In the HS group, the MCP-1 

concentration was significantly elevated in serum, which has been seen in other studies
314

. However, the 

significantly decreased MCP-1 in the HS ML group is a new finding, indicating that HS ML does not contain 

mediators responsible for stimulation of MCP-1 from the endothelium. The moieties present in ML possibly 

cause endothelial activation, dysfunction and death through a different mechanism, e.g., via cytokines such 

as IL-6.  

The serum group did not show endothelial apoptosis but demonstrated endothelial activation through 

significantly increased concentrations of cytokines/chemokines (IL-6 and MCP-1). The serum from the entire 

group caused activation of endothelium. This may be due to the effect of systemic inflammation and prior 

activation of coagulation. However, it is unclear why sham serum but not sham ML caused activation of 

endothelium. It has recently been found that patients with trauma/laparotomy have high circulating 

coagulation and endothelial degradation products, such as syndecan-1, a marker of endothelial injury and 

activation of coagulation
315

. Thrombin and syndecan-1, along with D-dimer, also imply activation of 

coagulation. Thus, trauma in the form of laparotomy in sham animals may be responsible for activation of 

coagulation and also activation of endothelium. Further, these findings highlight the point that the vascular 

route is one of the important pathways for activation of systemic inflammation, as discussed in Chapters 1 

and 2. 

5.4.5. Limitations 
The current study used three models of CI. Addition of sepsis and IIR models to the study would have given 

a more robust set of CI models. All the models had a similar ML collection protocol, which included a set time 

period for collection. The severity of SAP develops with the passage of time (4–30 hours)
191, 192

 as compared 

with HS, where the severity increases rapidly through the reperfusion phase and ebbs away as reperfusion 

progresses (about 60–300 minutes from the start of shock)
198, 316

. This rigid protocol may have meant that 

the SAP ML could not reach the optimal conditioning for production of more toxic ML, which would cause 

endothelial apoptosis and death as seen in the HS ML group. However, AP/SAP ML caused endothelial 

apoptosis and cell death at a concentration of >10% v/v. Use of heparin as an anticoagulant in the HS group 

has been independently shown to cause endothelial toxicity
178

 through generation of lipoprotein lipase. 

However, a low dose of heparin (<75 IU) has been found not to induce production of this lipase, which is 

known to be cytotoxic to endothelial cells. This study used <25 IU of heparin as an anticoagulant, so this 

potential interaction bias did not arise.  Another limitation of this study was that we did not evaluate stress 
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and activation receptors after incubation with sham ML or CML. Evaluation of receptors such as intercellular 

adhesion molecule-1, vascular cell adhesion molecule-1, p-selectin and cadherins would have contributed an 

additional body of knowledge to the already growing database on activation of these receptors on endothelial 

cells.  

5.4.6. Significance 
This is the first study to demonstrate the role of CML and serum in activating the endothelium and its role in 

production of chemokines and cytokines by endothelial cells. Further research is required to conclusively 

demonstrate the role of ML in endothelial dysfunction. This can be done by identifying complementary 

cytokines (e.g., IL-6 and MCP-1) as well as endothelial activation factors
286

 (e.g., intercellular adhesion 

molecule 1, vascular cell adhesion molecule-1, soluble fms-like tyrosine kinase-1, and E-cadherin) from the 

blood and ML of animals with CI. 

5.5. Summary and conclusion 
Systemic inflammation causes activation and dysfunction of the vascular endothelium. Inflammation, 

activation of endothelium, and coagulation thus form a triad that portends a critically ill organism. This study 

links the activation of this triad to gut-origin systemic inflammation/sepsis via ML and the lymphatics. The 

mediators for activation of this triad are explored further in Chapter 8.   
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Chapter 6. Mitochondrial function in critical illness: a respirometric 

study of the lung and permeabilised heart fibres 

6.1. Introduction 
The hallmark of critical illness (CI) is multi-organ failure, sometimes leading to multiple organ dysfunction 

syndrome (MODS). Death associated with CI most often results from MODS
317

, and approximately 20% of 

intensive care patients develop severe MODS, which proves fatal in about 50% of cases
318

. Irrespective of 

the aetiology, a relatively consistent pattern of organ dysfunction occurs, usually commencing with failure of 

the cardiopulmonary system before the kidneys and liver. Clinically, some of the manifestations of MODS 

include hypoxaemia (pulmonary dysfunction), cholestatic jaundice (hepatic dysfunction), coagulopathies 

(disseminated intravascular coagulopathy and fibrin degradation products or D-dimer), and azotaemia (renal 

dysfunction). Although a fatal outcome in these patients is always accompanied by MODS, the 

histopathology of MODS is relatively bland. Histological sections of organs from these patients show 

occasional focal necrosis or apoptosis, but widespread loss of parenchymal mass is never observed
41, 319

. 

These findings suggest that the defect is principally functional and subcellular rather than structural, and 

potentially reversible.  

One line of research suggests that important factors underlying the pathogenesis of MODS may be ascribed 

to infective and inflammatory mediators that induce circulatory changes impairing microvascular flow in the 

tissues, resulting in tissue hypoxia and alteration in cellular energy metabolism
60, 320

. However, a second 

theory is developing, based on the observation that critically ill patients have impaired tissue and cellular 

oxygen utilisation and a decreased ability to extract tissue oxygen. This latter concept includes the proposal 

that the underlying mechanism for this oxygenation failure is a change in mitochondrial function, leading to 

inhibition of the mitochondrial respiratory chain and a decrease in oxygen utilisation
56, 60, 321

. It is thought that 

a key defect in CI and sepsis is an interruption in oxidative phosphorylation within the mitochondria. The 

result is an inability of the cell to use molecular oxygen for synthesis of adenosine triphosphate (ATP), 

despite adequate oxygen availability, which has been termed “cytopathic hypoxia”
56

. In CI, tissues supplied 

with apparently adequate oxygen are unable to extract oxygen
322, 323

, suggesting dysfunctional mitochondrial 

function in the electron transport chains.  

Mitochondrial oxidative phosphorylation (OXPHOS) is responsible for over 90% of generation of ATP. The 

respiratory complexes comprising the electron transport system (ETS) include four individual enzyme 

complexes (I–IV). These enzyme complexes, notably NADH-ubiquinone oxidoreductase (complex I) and 

cytochrome-c oxidase (complex IV), can be inhibited by the responses to cytokines and other mediators of 

systemic inflammation, e.g., reactive oxygen species (ROS) and reactive nitrogen species, such as nitric 

oxide produced during sepsis and inflammation
324-326

. These mediators, especially reactive species are 

produced in substantial excess during sepsis and other critical conditions and are also generated by the 

mitochondria
327, 328

. Dysfunctional mitochondria can also contribute to further inflammation through release of 

apparent danger signals. For example, mitochondrial DNA molecules and other internal proteins considered 

alien to the organism induce inflammation through the damage-associated molecular patterns pathway. 

Thus, the CI-induced mitochondrial pathobiology completes a full circle of inflammation and sepsis, which 
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can mediate mitochondrial dysfunction (MD) as well as dysfunctional mitochondria, increasing inflammation 

further (Figure 52). Recent research suggests that MD is due to the widespread inflammation and sepsis 

present in critical disease.
329

 

 

 

Figure 52 Ultrastructure of the mitochondrion and the possible mechanisms through which the powerhouse 

of the cell produces mediators of inflammation and tissue destruction.  Abbreviations: ATP, adenosine 

triphosphate; mt-DNA, mitochondrial DNA; ROS, reactive oxygen species. 
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Figure 53 Mitochondrial dysfunction in critical illness and its relationship with mesenteric lymph, organ 

dysfunction, and MODS. Abbreviations: MODS, multiple organ dysfunction syndrome; SAP, severe acute 

pancreatitis; SIRS, systemic inflammatory response syndrome 

 

The gut is now considered to be a major organ driving inflammation and sepsis during CI.
5, 176

 Gut-origin 

sepsis has progressed from bacterial translocation to gut-origin mesenteric lymph (ML) in systemic 

inflammation and sepsis. There is now a growing body of data suggesting a role of sterile, tissue-injurious 

mediators that are produced by the critical intestine and transported systemically by the mesenteric 

lymphatics to the heart and lungs, causing systemic inflammation (SIRS) and MODS. Research using animal 

models of traumatic shock and burns have shown that ML causes distant organ dysfunction and that this can 

be  prevented by ligation of the mesenteric duct.
139

 Results from our own laboratory demonstrated that 

distant organ dysfunction in acute pancreatitis (AP), an inflammatory disease, is due to MD.
217

 Since ML has 

been implicated in distant organ injury through its role in systemic inflammation, this study was undertaken to 

explore whether the pathophysiological mechanism of organ dysfunction is also driven by its impact on the 

mitochondria. As yet, no such study has addressed the role of CI-conditioned ML (CML) and the resultant 

inflammatory mediators in mitochondrial dysfunction and whether these abnormalities relate to organ failure 

(Figure 53). To address these questions, a systemic study of critically ill animals was generated using 

models of severe acute pancreatitis (SAP) and hypovolemic shock, in which CML was collected and tested 

on mitochondria from normal saponin-permeabilised heart and lung homogenates. High-resolution 

respirometry was used to analyse the tissue homogenates incubated with ML collected from critically ill 

animals. 
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In this study, it was hypothesised that the MD seen in severe and critical disease is probably due to the role 

played by gut-related mediators carried in ML. These mediators present in CML would affect the 

mitochondrial respiration system and thus cause cytopathic hypoxia, which then leads to cell damage, organ 

failure, and ultimately death. It was predicted that incubation of lung and heart tissues with CML would 

impact mitochondrial function. The heart and lungs were chosen because these represent the organs that fail 

early in MODS and are the first organs exposed to ML. 

6.2. Methods 
The general methods used in this study are described in detail in Chapter 3 in the respective sections. 

6.2.1. Animals and models 
Forty pathogen-free male Wistar rats (380–480 g) were used in this study. The animals were maintained 

under optimum conditions, with a 12-hour day/night cycle at a constant room temperature and  

 

 

Figure 54 Overview of the animal models used for collection of ML. All four models except the control group 

had matched time periods for setup and collection of ML. Abbreviations: IA, intra-arterial; IV, intravenous; 

MAP, mean arterial pressure; MD, mesenteric duct; ML, mesenteric lymph; SAP, severe acute pancreatitis; 

TA, taurocholate  
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humidity. They were fed standard rodent chow (Teklad 2018, Harlan Laboratories Inc., Madison, WI, USA) 

and had access to tap water ad libitum. Forty rats were randomised to four groups: group 1 (n=10), sham 

control (sham, laparotomy with ML collection); group 2 (n=10), taurocholate-induced AP (SAP, laparotomy 

and intraductal infusion of taurocholate into the pancreas); group 3 (n=10), haemorrhagic shock (shock or 

HS, heparin anticoagulation); and group 4 (n=10), control (straight culls, used for harvesting the heart and 

lung for mitochondrial study). For the respirometry assay, the control group was the one that was not 

incubated with any ML. Figure 54 demonstrates the operative period and timeline of ML collection for each of 

the above groups. The University of Auckland Animal Ethics Committee approved all protocols and 

experiments. 

6.2.2. Collection of mesenteric lymph 
ML was collected from all the four experimental groups as described in Chapter 3 (sections 3.4.1 and 3.5.1). 

At the end of the experiment, the ML was centrifuged (1700 g at 4°C for 10 minutes) to remove any cellular 

material, and then stored immediately at –80°C until analysis. 

6.2.3. Collection of hearts and lungs from normal healthy rats 
Ten-week-old healthy Wistar rats (weight 370–420 g) were anaesthetised. A catheter was inserted into the 

tail vein, into which heparin (1000 U/kg) was injected. After 2 minutes, the thoracoabdominal cavity was 

opened, and using a 25 gauge needle attached to a 3 mL syringe, 3 mL of ice-cold normal saline was 

injected into the right ventricle of the heart to flush the bronchial vessels of blood cells. The permeabilised left 

ventricular endomyocardial fibres were prepared according to a published methodology.
224

 The heart was 

immediately removed and placed in a 50 mL centrifuge tube filled with ice-cold saline for further 

permeabilisation. The apex of the heart was removed into a Petri dish on ice filled with cold saline and 

placed in ice-cold BIOPS (relaxing and biopsy preserving solution for muscle fibres, consisting of the 

following: 50 mM K-MES, 20 mM taurine, 0.5 mM dithiothreitol, 6.56 mM MgCl2, 5.77 mM ATP, 15 mM 

phosphocreatine, 20 mM imidazole, pH 7.1; adjusted with 5N KOH at 0°C, and 10 mM Ca-EGTA buffer 

which consisted of 2.77 mM CaK2EGTA + 7.23 mM K2EGTA, 0.1 μM free calcium) and dissected into fibre 

bundles
330

. The fibre bundles were put into a 12-well microplate and held in a polystyrene container filled 

with ice. To permeabilise the fibres, 50 µg of saponin (10 µL of 5 mg/mL in BIOPS) was added to the well 

and incubated in a cold room at 4°C for 30 minutes. The fibre bundles were then transferred to a well 

containing 2 mL of MIRO5 (mitochondrial respiration medium consisting of the following: 110 mM sucrose, 

60 mM K+ lactobionate, 0.5 mM EGTA, 3 mM MgCl2, 20 mM taurine, 10 mm KH2PO4, 20 mM HEPES 

adjusted to pH 7.1 with KOH at 37°C; and 1 g/L BSA essentially fatty acid-free) for a ten-minute wash. Next, 

about 2 mg of permeabilised fibres were blot-dried on filter paper and weighed, and placed in a drop of 

MiRO5 on ice
331

.  

The donor lungs were then excised and snipped free of the main bronchi using a heavy pair of surgical 

scissors. The lungs were then washed in a 50 mL centrifuge tube containing ice-cold normal saline. A piece 

of lung tissue weighing approximately 100 mg was excised from the lower lobe of the right lung for analysis 
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of mitochondrial function. This tissue was stored in a 1.7 mL microcentrifuge tube containing 1 mL of MiPO2 

and kept on ice until assay. The sample was blotted dry three times on filter paper and weighed into a 

homogeniser tube containing 400 µL of ice-cold MiPO2. The sample was then homogenised for 10 seconds 

on ice using a hand-held homogeniser disruptor, and 40 µL aliquots of the homogenised lung tissue was 

placed in each chamber for the assay. This study used the O2K Oxygraph (Oroboros Instruments, Innsbruck, 

Austria). The apparatus and titration of substrates/inhibitors to the chambers of the Oxygraph is shown in 

Figure 55. 

 

Figure 55 The Oroboros O2K Oxygraph. The analyser can be seen on the left, with titration of substrates on 

the right. 

 

6.2.4. Mitochondrial respiration assay 
High-resolution respirometers were used for the mitochondrial assay following the published substrate-

uncoupler-inhibitor titration (SUIT) protocol. This protocol permitted rapid analysis of ETS function and 

integrity in tissue homogenates and permeabilised cardiac fibres, as described in section 3.6.5. Tissue 

homogenates were used because these provided a means of rapid simultaneous processing of the tissues 

and measurement of tissue-specific mitochondrial respirational flux. The mitochondrial respiration assay 

consists of various respiratory states as follows (Figure 56): 

1) Leak state: This is a respiratory phase utilising very minimal oxygen, which is usually measured with 

substrates for complex I (glutamate, malate and pyruvate [GMP] and without adenosine diphosphate [ADP]). 
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High leak respiration indicates a high flux of protons across the inner mitochondrial membrane, which does 

not contribute to phosphorylation. 

2) OXPHOS-I: represents oxidative phosphorylation with addition of ADP; this initiates phosphorylation, with 

only complex I supplying electrons to the ETS. 

3) OXPHOS-II: results from addition of the complex I inhibitor rotenone and then the complex II substrate 

succinate (S), thus revealing complex II flux. 

4) ETS: uncoupling of the ETS with sequential additions of FCCP gives the maximal respiratory flux, thus 

decreased ETS flux would indicate MD. 

 

Table 6-1 Substrate-uncoupler-inhibitor titration (SUIT) protocol used for the lung and heart 

Titration Volume added (μL) 
Concentration in 
syringe (M) 

Final concentration in 
chamber (mM) 

Lung  

Glutamate  10 2 10 

Malate  5 0.8 2 

Pyruvate  5 2 10 

Adenosine triphosphate 5 0.5 1.25 

Cytochrome-c 5 0.004 0.01 

Rotenone 2 0.001 0.001 

Succinate  20 1 10 

FCCP 2*2 0.001 0.001 

Antimycin A 2 0.005 0.005 

TMPD and ascorbate 5+5 0.2 and 0.8 0.5 and 2 

Heart 

Catalase 5 623 KU/mL 1558 U/chamber 

Malate 5 0.8 2 

Pyruvate 5 2 10 

Glutamate 10 2 10 

Adenosine triphosphate 5 0.5 1.25 

Cytochrome-c 5 0.004 0.01 

Rotenone 2 0.001 0.001 

Succinate 20 1 10 

FCCP 2*2 0.001 0.001 

Antimycin A 2 0.005 0.005 

TMPD and ascorbate 5+5 0.2 and 0.8 0.5 and 2 

Abbreviations: FCCP, carbonyl cyanide p-(trifluoro-methoxy) phenyl-hydrazone; TMPD is N’-tetramethyl-p-

phenylendiamine  
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5) Residual oxygen concentration: state of residual oxygen utilisation after inhibiting various complexes and 

uncoupling, used to correct the mitochondrial respiratory states. 

6) Cytochrome-c oxidase: complex V is also described as cytochrome-c oxidase (CCO); adding substrates 

(TMPD and ascorbate) gives maximal flux at this complex; reduced flux indicates dysfunction in CCO. 

Mitochondrial respiration was measured in parallel 2 mL chambers using an Oxygraph O2K.   The SUIT 

protocol for mitochondrial assessment (Table 6-1) was used. The permeabilised heart or the homogenised 

lung was incubated in both the chambers for about 10 minutes before commencement of SUIT titration. 

Briefly, the protocol started with addition of: (in mM unless stated) 10 glutamate and 5 malate (LEAK-I); 

followed by 1.25 ADP (OXPHOS I); 1 mM rotenone; 5 succinate (OXPHOS II), 2–3 additions of 0.5 mM 

carbonyl cyanide p-(trifluoro-methoxy) phenyl-hydrazone (FCCP, ETS), 1 mM antimycin A, 5 mM N’-

tetramethyl-p-phenylendiamine (TMPD) with 0.5 ascorbate (CCO), and finally 5 mM of cytochrome-c. 

(CCOc). Addition of the metabolic inhibitors rotenone and antimycin A provided an indication of non-specific 

oxidation. Flux rates were determined using DatLab 4 analysis software (Oroboros, Innsbruck, Austria) and 

reported as weight-specific oxygen flux (pmol O2/mg protein/second) for all tissues except the heart, which 

was reported as pmol O2/mg wet weight/second. Figures 56 and 57 show the respiratory fluxes and a flow 

chart of how the study was conducted. 

 

Figure 56 Representative trace of the SUIT protocol showing various respiratory states. The grey line in the 

figure represents respirational flux and sequential changes in time with progression of the SUIT protocol. The 

various respiratory states are described with gradual progression of titration. The trace is representative of 

lung homogenate respiration. Abbreviations: ADP, adenosine triphosphate; CCO, cytochrome-c oxidase; 

Cyt-c, cytochrome-c; Rot, rotenone; FCCP, carbonyl cyanide p-(trifluoro-methoxy) phenyl-hydrazone; ETS, 

electron transport system 
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6.2.5. Physiological, blood and mesenteric lymph parameters for inflammation and 

organ failure 
Intraoperative vital physiology was recorded continuously for systemic hypotension, hypothermia or 

hyperthermia, heart rate, and ventilation needs. Inflammatory parameters in the blood included the activity of 

C-reactive protein and lactate dehydrogenase in serum.  Liver enzymes were assessed for liver function, D-

dimer for coagulopathy, and electrolytes and creatinine for kidney function. The biochemical composition of 

the ML was also analysed for markers of inflammation and organ failure. All these assays were analysed 

using a Cobas® 6000 series modular analyser (Hitachi-Roche, Basel, Switzerland).  

6.2.6. Lung and heart injury 
Oedema in the organs was evaluated for the left ventricle of the heart, left lower lobe of lung, and the 

pancreas. A detailed description of the methods used is given in section 5.2.5. 

 

 

Figure 57: Pictorial depiction of how the project was conducted. Oroboros apparatus and graph reproduced 

from Grainger et al.
332

 

6.2.7. Histology  
Pancreatic, ileal, lung, kidney and cardiac tissues were fixed (in 10% neutral buffered formalin) on 5 mm 

thick longitudinal paraffin sections with haematoxylin and eosin staining. Histological severity scoring was 

performed by a consultant histopathologist blinded to the groups. A detailed discussion of the methodology 

used and histology scoring is given in Chapter 3 (section 3.6.3) and Chapter 5 (section 5.2.6).  

6.2.8. Statistical analysis 
The statistical analyses were performed using GraphPad Prism

 
version 5 for Windows (GraphPad Software, 

San Diego, CA, USA) and SigmaPlot version 11 for Windows (Systat Software Inc., San Jose, CA, USA).. 



 

 145  

 

The results are expressed as the mean ± standard error of the mean. The statistical analysis was done by 

one-way analysis of variance with Tukey’s and Kramer’s post hoc test for multiple comparisons. Any value 

with P<0.05 was considered to be statistically significant. 

6.3. Results 

6.3.1. Validation of critical illness models 
The taurocholate model of AP and SAP was used in this study because it is known to cause widespread 

pancreatic, peripancreatic and systemic inflammation. An HS model with heparin as an anticoagulant was 

used (see Chapter 3, section 3.3 for more details about the models). This model is also known to produce 

widespread hypotensive shock followed by inflammation during the reperfusion phase. All the disease 

models are well documented to produce toxic ML after induction of disease.
107, 289, 296

. 

6.3.2. Animals with critical illness had systemic inflammation and organ dysfunction 
The cohort of animals that had biochemical analysis is described in detail in Chapter 5. A similarly treated set 

of animals provided the lymph and serum for these studies. The models confirmed that animals with AP, 

SAP and HS had significantly higher derangements in intraoperative physiology, with hypotension, 

tachycardia and hyperthermia indicating systemic inflammation (SIRS, Table 5-1; see Chapter 5 for details). 

Serum samples from these animals also showed biochemical organ failure. The tissues from these animals 

showed increased pancreatic and ileal inflammation, oedema and mucosal breach. The tissue oedema index 

for the lung, heart, pancreas and intestine from animals with CI demonstrated significantly elevated tissue 

oedema. Table 6-2 demonstrates the various changes described in the organs, serum and lymph. 
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Table 6-2 Histology, tissue injury score, serum and mesenteric lymph biochemistry 

Test Units Sham SAP HS 

Histological severity 

Pancreas  0.33 ± 0.5
a,b,c

 12.2 ± 1.4
a,b,c

 4.8 ± 1.1
b,c

 

Intestine  0.24 ± 0.1
a,b,c

 3.1 ± 1.3
b,c

 2.6 ± 0.4
c
 

Tissue injury (oedema index) 

Lung  3.3 ± 0.5
a,b,c

 4.8 ± 0.8
a
 5.1 ± 0.5

b
 

Heart  1.7 ± 0.8
a,b,c

 3.5 ± 1.2
a
 3.3 ± 1.2

b
 

Intestine  2.2 ± 1.3
a,b,c

 4.9 ± 1.3
a
 3.8 ± 1.3

b
 

Pancreas  1.9 ± 0.9
a,b,c

 6.2 ± 1.4
a
 3.2 ± 1.4

b
 

Serum diagnostic markers 

p-amylase U/L 137 ± 23
a,b,c 

4286 ± 456
b,d 

2601 ± 432
a,c,d

 

Lipase U/L 19 ± 4
a,b 

356 ± 35
b 

 

Serum kidney function 

Urea mmol/L 11.0 ± 1.0
a,b,c 

16.4 ± 2
b 

17.1 ± 1.0
c 

Creatinine μmol/L 21.0 ± 2.0
a,b,c 

60.0 ± 12
b 

67.0 ± 2.6
c 

Serum proteins 

Albumin g/L 35.6 ± 2.5 27.7 ± 2.8 28.0  ± 1.8 

Total proteins g/L 47.1 ± 0.36 45.4 ± 1.38 46.1 ± 0.64 

Globulin g/L 17.57 ± 0.43 17.7 ± 0.3 18 ± 0.5 

Coagulation 

D-dimer μg/L 124 ± 12.5
a,b

 345 ± 42.6
a 

423 ± 35.7
b
 

Inflammatory mediators 

C-reactive protein mg/l 1.1 ± 0.05
a,b,c

 15.0 ± 2.5
b 

22.0 ± 5.4
c 

LDH (U/L) U/l 78.0 ± 11.0
a,b,c 

603.0 ± 22.0
b 

791 ± 75
c 

ML proteins 

Albumin g/l 7.86 ± 0.1
a
 8.7 ± 0.25 2.3 ± 0.97

a
 

Total proteins g/l 12 ± 0.54
a
 11.7 ± 0.27 5 ± 1.1

a
 

ML inflammatory marker 

LDH (U/L) U/l 238 ± 25
a,b

 530 ± 67
a
 518 ± 76

b
 

Notes: The values highlighted in bold are important and significant findings. Like letters indicate P<0.05 for one-way analysis of 

variance with Holm-Sidak correction.  The results are shown as the mean ± standard error of the mean (n=10 animals in each group). 

Abbreviations: LDH, lactate dehydrogenase 
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6.3.3. Effect of critical illness-conditioned mesenteric lymph on lung mitochondria 

6.3.3.1. Validation of titration protocols and mitochondrial membrane integrity 
Typical traces of high-resolution respirometry are shown in Figures 56 and 58. The chronological sequence 

of the SUIT protocol and analysis of oxygen flux are also shown in these figures. Sequential changes in the 

respiratory states of the control and sham groups showed that the lung mitochondrial preparations and 

protocols were successful in producing intact functional responses (Figure 58). GMP induced leak 

respiration, which increased following addition of 5 mM of ADP to the chamber, signifying the maximal 

capacity for oxidative phosphorylation (OXPHOS-I, P<0.001). Addition of cytochrome-c to the respirometry 

chamber resulted in a slight increase in respiratory flux in the sham-treated and control-treated samples, 

indicating some damage on homogenisation. However, addition of cytochrome-c restored the activity of 

complex I (C1 or C I). However, this increase in flux was proportionately greater in SAP-treated and HS-

treated samples. Addition of rotenone brought the respiration to baseline, indicating a total block at complex 

I. After addition of rotenone and succinate, the flux was significantly higher than that seen with OXPHOS I, 

again demonstrating a higher OXPHOS capacity with complex II (C2 or C II) substrates (OXPHOS II, 

P<0.001). Uncoupling of the ETS from OXPHOS with FCCP to measure the capacity of electron transport 

increased oxygen consumption (P<0.05) to reach the maximal flux state and provided a measure of ETS 

capacity. This was followed by addition of antimycin A to block complex III, which significantly decreased the 

respiration to reach the state of residual oxygen concentration. Substrates for complex IV (TMPD and 

ascorbate) were then added to test the intactness of this complex, which significantly increased the 

respiration from the other states (CCO).    
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Figure 58 A real time respirometry trace from lung tissue homogenate incubated with sham ML (A) and 

haemorrhagic shock ML (B). The grossly identifiable flat trace after addition of ADP in the latter group 

indicates depressed complex I activity. Abbreviations: ADP, adenosine triphosphate; ML, mesenteric lymph 

 

6.3.3.2. SUIT protocol for respirometric analysis 
It was found that ML from the SAP and HS groups induced MD in healthy lung tissue homogenates. The 

sham ML did not induce MD in the lung homogenate when incubated with ML (Figures 59–61).  

ML from the HS group induced dysfunction of complex I. This was evident with increased complex I 

leakiness and a depression in OXPHOS- I. There was a 30% increase in leak from the lung homogenate 

incubated with HS when compared with control, sham or SAP. Similarly, there was a 23% decrease in lung 

OXPHOS-I when measured for HS compared with control, and about 16%–20% for other groups vis-a-vis 

HS. There was increased dysfunction of complex I relative to complex II in the HS group (as shown by the 

complex II/ complex I ratio). There was a 46% increase in this ratio in the HS group when compared with 

controls, indicating significantly decreased flux of complex I. Also, there was a greater cytochrome-c flux, 

which slightly restored the complex I flux in HS and SAP (Figure 61). This was measured by the cytochrome-

c/OXPHOS-I ratio, which was about 20% more than for the control and other groups, indicating damage to 

the outer mitochondrial membrane (OMM).  After inhibition of complex I with rotenone and adding succinate 

to stimulate respiration in complex II, all treatment arms were similar, indicating that complex II was more 

resilient to CML insults. 
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Figure 59 SUIT protocol for the lung. (A) a, HS versus control; b, HS versus sham. (B) a, HS versus control; 

b, HS versus sham; c, HS versus SAP. *P<0.05, **P<0.01, ***P<0.001. All data are shown as the mean ± 

standard error of the mean (n=10 in each group). Abbreviations: HS, haemorrhagic shock; SAP, severe 

acute pancreatitis; SUIT, substrate-uncoupler-inhibitor titration 

Maximal stimulation of uncoupled respiration with the uncoupler FCCP (ETS II) did not result in increased 

respirational flux in the HS group alone, indicating a globally depressed flux through complexes II–IV in this 

group (about a 20% decrease with the HS group when compared with control). Inhibition of complex III with 

antimycin A  and with addition of complex IV substrates (TMPD and ascorbate) demonstrated that there was 

significantly decreased respirational flux with SAP and HS (P<0.02), indicating complex IV dysfunction in 

these groups (25% decrease for HS versus control group and 27% decrease for SAP versus control; Figures 

59 and 60).  
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Figure 60 SUIT protocol for the lung. (A) a, HS versus sham. (B) a, SAP versus control; b, HS versus 

control. (C) a, SAP versus control; b, HS versus control; c, HS versus sham. All results are shown as the 

mean ± standard error of the mean (n=10 in each group). Abbreviations: ETS, electron transport system; 

HS, haemorrhagic shock; CCO, cytochrome-c oxidase; SAP, severe acute pancreatitis; SUIT, substrate-

uncoupler-inhibitor titration; SUIT, substrate-uncoupler-inhibitor titration 

 

6.3.3.3. Respiratory ratios  
The leak control ratio (LCR), flux at complex I and II (C2/C1), flux at ETS and C2, and cytochrome-c flux 

ratios were used to assess the various respiratory dysfunctions (Figure 61). The LCR indicative of coupling 

efficiency across the entire respiratory chain (ranges from a theoretical minimum of 0.0 for fully coupled 

system to 1.0 for a fully dyscoupled state) demonstrated significant dyscoupling or leakiness with the HS 
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group (P<0.003; the HS group had a 46% increased ratio when compared with controls). Also, the HS group 

demonstrated an increase in the C2/C1 ratio, indicating complex I dysfunction relative to complex II. Analysis 

of the cytochrome-c jump indicated a relative increase in respiration on adding a physiological concentration 

of cytochrome-c to the respiring medium. Again, this was seen only in the HS group, which showed a 21% 

increase in lung cytochrome-c jump when compared with the control group (Figure 60). The cytochrome-

c/OXPHOS I ratio again increased in the HS group alone, indicating OMM damage as described in section 

6.3.3.2. ETS/C2 demonstrated relative depressed flux at ETS vis-à-vis C2 with HS group. 

 

Figure 61 Respiratory ratios from the lung study. (A) a, HS versus control; b, HS versus sham. (B) a, control 

versus SAP; b, control versus HS; c, sham versus HS. (C) a, HS versus SAP; b, HS versus sham; c, HS 

versus control.  (D) a, HS versus control. *P<0.05, **P<0.01, ***P<0.001. All data are shown as the mean ± 

standard error of the mean (n=10 in each group). Abbreviations: ETS, electron transport system; HS, 

haemorrhagic shock; SAP, severe acute pancreatitis
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6.3.4. Effect of critical illness-conditioned mesenteric lymph on permeabilised heart 

tissue 

6.3.4.1. Validation of titration protocols and mitochondrial membrane integrity 
Sequential changes in respiratory states for all the four groups showed that the heart mitochondrial 

preparations and protocols were successful in producing the desired response. A thorough description of the 

various substrates, inhibitors and titration process used is given in section 6.3.3.1. 

6.3.4.2. SUIT protocol for respirometric analysis of heart tissue 
It was found that ML from the SAP and HS groups induced MD in a healthy permeabilised heart myofibril. 

The sham ML and control groups did not induce MD when incubated (Figures 62–64).  

There was a tendency towards increased complex I leakiness, with about a 65% and 61% increase in leak 

from the SAP and HS groups when compared with controls. ML from the SAP and HS groups induced 

dysfunction of complex I. This was evident as a decrease in respiratory flux with addition of ADP, which 

indicated depression in OXPHOS- I (only in the HS group, P<0.01). This analysis showed that the HS group 

had an approximately 98% reduction in OXPHOS- I when compared with the control group. However, when 

compared with the sham group, this was not statistically significant (P<0.06, SAP group versus sham group). 

Also, there was a larger cytochrome-c flux, which slightly restored the complex I flux in the HS group. This 

was measured by the cytochrome-c/OXPHOS-I ratio (Figure 64), which was about 13% (P<0.05) more than 

in the control group and in the other groups. These results indicated that the depression in OXPHOS-I was 

due to a loss of cytochrome-c because it was corrected on addition of cytochrome-c. This indicates damage 

to the OMM. There was increased complex I dysfunction relative to complex II in all groups (as shown by the 

C2/C1 ratio) when compared with control, although there was no difference between the sham, SAP and HS 

groups. However, there was a 71% increase in complex II flux in the SAP group when compared with the 

control group. After inhibition of complex I with rotenone and adding succinate to stimulate complex II 

respiration, only the HS group showed depressed complex II activity (P<0.026, HS versus sham), which was 

reduced by 20% when compared with the control group.  

Maximal stimulation of uncoupled respiration with the uncoupler FCCP (ETS II) did not result in increased 

respirational flux in the HS group, indicating a globally depressed flux through ETS complexes II–IV in this 

group. The results showed that ETS was decreased by 26% (P<0.04, HS versus sham) when compared with 

the control group. Inhibition of complex III with antimycin A and adding substrates for complex IV (TMPD and 

ascorbate) did not demonstrate any dysfunction in CCO.  
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Figure 62 SUIT protocol for the heart. (A) a, SAP versus control; b, HS versus control. (B) a, HS versus 

control; b, HS versus sham; c, HS versus SAP. (D) a, HS versus control. All results are shown as the mean ± 

standard error of the mean (n=10 in each group). Abbreviations: HS, haemorrhagic shock; SAP, severe 

acute pancreatitis; SUIT, substrate-uncoupler-inhibitor titration 
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Figure 63 SUIT analysis of heart showing flux with ETS and CCO. (A) a, HS versus control; b, HS versus 

sham. *P<0.05, **P<0.01. All results are shown as the mean ± standard error of the mean (n=10 in each 

group). Abbreviations: CCO, cytochrome-c oxidase; ETS, electron transport system; HS, haemorrhagic 

shock; SAP, severe acute pancreatitis; SUIT, substrate-uncoupler-inhibitor titration 

 

6.3.4.3. Respiratory ratios  
The LCR, complex II/complex I (C2/C1), cytochrome-c flux ratio, and ETS/C2 ratio were used to assess the 

various respiratory dysfunctions (Figure 64). LCR demonstrated significant dyscoupling or leakiness in the 

HS and SAP groups (P<0.003), i.e., about 69% and 64% demonstrated increased leakiness, respectively, 

when compared with the control group. Analysing cytochrome-c/OXPHOS-I demonstrated an increased ratio 

in the HS group, indicating OMM damage as described in section 6.3.4.2. ETS/C2 demonstrated a relatively 

depressed flux at ETS vis-à-vis C2 (13%, P<0.05) in the HS group. 
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Figure 64 Respiratory ratios of the heart. (A) a, SAP versus control; b, HS versus control; c, HS versus 

sham. (B) a, control versus HS. (C) a, sham versus HS. (D) a, control versus HS. *P<0.05, **P<0.01. All 

results are shown as the mean ± standard error of the mean (n=10 in each group). Abbreviations: ETS, 

electron transport system; HS, haemorrhagic shock; SAP, severe acute pancreatitis 

 

6.4. Discussion 
This is the first study to demonstrate the effect of CML from animals with CI on mitochondrial function using 

high-resolution respirometry. The first and most important finding of this study is that CML can induce MD 

and mitochondrial damage in the normal heart and lung. The critically ill animals from which the ML was 

collected had evident systemic inflammation, SIRS and MODS (physiologically, biochemically and 

histologically). The inflammatory/sepsis-driven organ failure seen in these animals may be due to the effect 



 

 156  

 

of mediators in CML on the mitochondria of the major organs, which induces these organelles to fail in CI. 

Secondly, this study highlights that both SAP and HS produce a similar response; however, the response 

was more severe in the HS group. Our group had previously investigated MD in animals with mild AP and 

SAP and found significant MD in the lung and jejunum six hours after induction of disease.
217

  This study 

found that normal lung tissue exposed to SAP ML undergoes MD.  Thirdly, the subphysiological 

concentration of ML required to produce this MD highlights the fact that a very minimal amount of ML is 

enough to manifest MD in the heart and lungs. This underscores the fact that any amount of ML reaching the 

systemic circulation is biologically active and induces organ dysfunction, possibly through various 

mechanisms, the most important of which is probably its effect on mitochondrial respiration, thus causing 

MD. The lymphatic factors producing mitochondrial damage and dysfunction are still speculative. 

6.4.1. Mitochondria in health and the possible role of gut in mitochondrial 

dysfunction 
The mitochondrion is the powerhouse of the cell, being responsible for 95% of generation of ATP in most 

types of cells. The mitochondria enable multiple metabolic pathways, including β-oxidation of fatty acids and 

the tricarboxylic acid and urea cycles.  They also have many other roles other than production of ATP, 

including generation of heat, regulation of intracellular calcium, thermoregulation, and production of ROS
333

. 

ROS are required for signalling, maintenance of vascular tone, and oxygen sensing. Other than carbon 

dioxide, the body generates three other endogenous gases. i.e., nitric oxide, carbon monoxide, and 

hydrogen sulphide, which are all important regulators of mitochondrial signalling in health
325, 326, 334

. The 

higher concentrations of these gases generated in disease states such as sepsis have progressively greater 

inhibitory effects on mitochondrial respiration and generation of ROS.
325, 326, 334

 The mitochondria are also the 

site of production of many hormones (e.g., cortisol)
335

, and the biosynthesis of haeme and iron-sulphur 

clusters
336

. The mitochondria also trigger cell death pathways, i.e., necrosis when ATP levels fall below a 

certain threshold and apoptosis through release of mitochondrial cytochrome-c into the cytoplasm
337

. 

Mitochondrial generation of ATP is linear initially by transfer of electrons from the Krebs cycle to the ETS via 

NADH and FADH2. The system consists of four enzyme complexes (complexes I–IV) and two transporters 

(ubiquinone and cytochrome-c). While electrons are being moved down the chain, protons are pumped 

across the inner mitochondrial membrane, creating an electrical potential. This “chemiosmotic gradient” 

provides the energy (proton-motive force) for ATP synthase (complex V) to phosphorylate ADP to ATP which 

then exits the mitochondria to the cytosol via a transporter. 

6.4.1.1. Gut lymph, mitochondrial dysfunction and MODS  
It has been noted in critically ill intensive care patients that increasing severity of CI is associated with 

impaired tissue metabolism and bioenergetics, and also a decreased ability to extract tissue oxygen
338

. One 

of the important postulated mechanisms for this is a change in mitochondrial function, leading to inhibition of 

the mitochondrial respiratory chain and a decrease in oxygen utilisation. Thus, it has been proposed that a 

key defect in systemic inflammation and sepsis is an interruption in oxidative phosphorylation within the 

mitochondria. The result is an inability of the cell to use molecular oxygen for production of ATP, despite 

adequate oxygen availability. This has been termed “cytopathic hypoxia”.
56

 It is well known from studies in 
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intensive care units that systemic inflammation and sepsis cause MD, with widespread dysfunction of 

mitochondria in organ systems, leading to MODS and death.
329

 We now know that ML and the lymphatics 

cause systemic inflammation in critical animals.
5
 Could this be the link to dysfunctional mitochondria and 

organ failure? This was one part of the jigsaw puzzle that required evaluation. There were two pieces to this 

part of the puzzle: the direct toxicity of physiological concentrations of CML in causing MD; and the direct 

role of mesenteric lymphatics and thus ML in causing MD in the end organs. The first part of this puzzle was 

unravelled in this chapter in that from this study we now know that critically conditioned ML is indeed the 

cause of MD. The second part, i.e., the role of mesenteric lymphatics and ML in MD, requires further study. 

Since the heart and lungs are the first organs to receive CML, these organs were evaluated in this study, and 

the salient findings are discussed in the following sections. 

6.4.2. Effect of conditioned mesenteric lymph on lung mitochondria 
Along with the heart, the lung is one of the first organs to receive ML via its drainage through the subclavian 

vein. The lung is also one of the first organs to fail in CI as part of the MODS response.
5, 135, 339

 Acute lung 

injury (ALI), a common and severe pulmonary complication of CI, affects approximately 10%–15% of patients 

in intensive care.
340

 Acute respiratory distress syndrome, the most severe form of ALI, has a mortality rate of 

approximately 40%, despite modern intensive care.
341,342

 Various mediators have been implicated, including 

cytokines, inflammatory cells, and inflammasomes.
343

 Work from various groups has demonstrated a role for 

ML in lung dysfunction in traumatic HS
291, 344, 345

, burns
281

 and other forms of CI
135

. Our own study and review 

has described ML as a bridge to CI.
346

 Studies by other workers have demonstrated MD causing organ 

failure
58, 59

 and death
60

.   

This study demonstrates for the first time the significant MD in lung homogenates incubated with CML. Using 

high-resolution respirometry (Oroboros O2K), this study has shown significant depression in complex I, 

complex II, and complex IV flux from healthy lung homogenates incubated with either HS or SAP ML.    

These results indicate the presence of global dysfunction of the respiratory complex enzymes leading to 

mitochondrial dysfunction. Complex I appears to be depressed but is restored by addition of cytochrome-c, 

indicating that the decrease in complex I flux is due to loss of cytochrome-c. However, with FCCP it became 

apparent that there was depression in the ETS from CII–IV onwards, indicating damage to the ETS system. 

Decreased flux through complexes I and II would decrease electron transport through the respiratory 

complexes. Apart from decreased production of ATP, these events lead to production of ROS and 

superoxides, which results in disruption of the mitochondrial membrane. Cytochrome-c is a sensitive marker 

of mitochondrial membrane disruption. In this study, on initial analysis, mitochondrial membrane stability was 

intact; however, the ratios revealed damage to the OMM in the HS and SAP groups.  The LCR and 

respiratory control ratio, which indicate the efficiency of mitochondrial respiration, showed that there was 

significant dyscoupling only in the HS group. However, a different assay protocol where complexes I and II 

are operating simultaneously could have added more information about the maximal capacity and been able 

to differentiate the treatments better. 

The absence of some of the parameters of mitochondrial dysfunction in lung homogenates with ML 

incubated with SAP was surprising. These may be explained as follows: firstly, the induction time with the 
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tissues was a calculated guess and 10 minutes of incubation with or without ML was selected. A longer 

incubation time would have helped in initiating the tissue, protein or membrane changes induced by ML. 

Secondly, the lung homogenates may be resistant to the effect of ML, probably because of the nature of the 

interaction between lung tissue and ML. Thirdly, the number of lung samples may have been inadequate, 

and more lung homogenates would have given a better result. However, this study found dysfunction of 

complex IV, a hallmark of systemic inflammation, in the lung homogenates incubated with SAP ML.
329

 Also, 

the results of this study indicate that the SAP group had a significantly high cytochrome-c jump as well as 

signs of mitochondrial membrane dysfunction. 

6.4.3. Effect of conditioned mesenteric lymph on heart mitochondria 
Cardiac dysfunction unrelated to acute coronary syndrome is prevalent in about 30%–40% of critically ill 

patients in intensive care.
256, 263

 Studies have shown that both infectious and non-infectious mediators 

causing systemic inflammatory disease (SIRS) and organ dysfunction primarily involve the mitochondria of 

the heart and lung.
60, 347-349

 Cardiomyocytes demonstrate ultrastructural mitochondrial damage in both 

patients and animals with CI.
350, 351

 Decreased tissue oxygen consumption and decreased activity of the 

mitochondrial electron transport chain enzyme complexes are also documented in hearts from critically ill 

animals. Recent studies support the role of the critically ill gut in generation of the tissue-injurious mediators 

involved in systemic inflammation and sepsis. This is the first study to identify a link between ML and cardiac 

mitochondrial dysfunction, thus suggesting a role for CML in organ dysfunction and failure. 

This study demonstrates that significant MD occurs in permeabilised heart fibres incubated with CML, and 

that significant depression in complex I and complex II flux developed in healthy heart fibres incubated with 

either SAP or HS ML, but not with sham and control ML. Uncoupling the respiration from ATP synthase 

(complex V) using FCCP resulted in global depression of respirational flux through complex II–IV in the HS 

group. These findings indicate that global depression in mitochondrial respiration occurs with addition of SAP 

and HS ML. The LCR and respiratory control ratio, which indicate the efficiency of mitochondrial respiration, 

showed significant dyscoupling with the SAP and HS groups. The results from the permeabilised heart fibres 

are consistent with those observed with lung tissue homogenate using CML, especially with the HS group. 

The permeabilised heart fibres were probably more sensitive to the effect of incubation with ML than were 

the lung homogenates. A summary diagram of the findings of this study is provided in Figure 65.  
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Figure 65 Summary of the effects of sham, AP, SAP and HS ML on various respiratory chain complexes. 

Abbreviations: NADH, nicotine adenine dinucleotide; NAD, nicotine adenine mononucleotide; FADH2, flavin 

adenine dinucleotide; FADH, flavin adenine mononucleotide; ADP, adenosine diphosphate; ATP, adenosine 

triphosphate; OMM, outer mitochondrial membrane; HS, haemorrhagic shock; ETS, electron transport 

system; SAP, severe acute pancreatitis 

 

 6.4.4. Mesenteric lymph and mitochondrial dysfunction: part of the MODS puzzle  
Major trauma, sepsis, shock, burns, SAP and other severe conditions can cause cardiorespiratory 

dysfunction (ALI, acute respiratory distress syndrome, myocardial dysfunction) which may progress to highly 

lethal MODS. Recent studies have indicated mesenteric lymphatics as a primary source of the non-bacterial 

and tissue-injurious mediators responsible for systemic inflammation/sepsis and distant organ failure.
5, 27

 

One of the important mechanisms in the systemic inflammatory conditions leading to organ failure may be 

MD. Systemic inflammation or sepsis would affect the mitochondria, leading to MD in the following ways. 

Inflammatory mediators such as cytokines, heat shock proteins, and nitric oxide can have a direct bearing on 
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the integrity of the mitochondrial membrane and its function. Further, a low tissue oxygen concentration, as 

in ischaemia, would make it difficult for the mitochondria to drive oxidative phosphorylation. While the 

mitochondrial respiratory complex is capable of driving the oxidative process even at low tissue oxygen 

tension, critically low levels may compromise generation of ATP and potentially trigger necrotic cell death 

pathways.
352

 Also, generation of excessive amounts of nitric oxide, carbon monoxide, hydrogen sulphide, 

and other ROS directly inhibit mitochondrial respiration, and cause direct damage to mitochondrial proteins 

and other structures, such as the lipid membrane as described earlier. Finally, there are the mediators 

exerting mitochondrial toxicity (mitotoxicity), which may include mitochondrial DNA (mt-DNA) 

 

The data from this study suggest disruption of the lipid membrane of the mitochondria with release of 

cytochrome-c when incubated with CML. This process leads to damage of the OMM. The mitochondrial 

membrane is maintained by various proteins, the most important of which is OPA-1. OPA-1 is a dynamin-

related GTPase and helps in mitochondrial fusion, controls the morphology of cristae, and controls the 

availability of cytochrome-c for release.
353

 This mitochondrial intermembrane space protein is associated with 

the inner membrane and may also play a role in controlling the outer and inner membrane structure.
354

 In 

yeast, deletion of MGM1, an OPA-1 ortholog, leads to extensive mitochondrial fragmentation, loss of 

mitochondrial DNA, deficits in respiration, and abnormal cristae structure.
355

 Recently, new findings have 

emerged from studies in yeast suggesting that OPA-1 might be activated by proteolytic removal of its 

transmembrane domain by rhomboid serine proteases.
356

 Thus, it is expected that OPA-1 mutations would 

lead to destabilisation of the inner mitochondrial membrane, with consequent respiratory defects and an 

increase in ROS. 

 

ML from critically ill animals with organ failure could mediate MD in the normal heart and lung, indicating 

mitotoxic mediators present in ML. These mediators would most likely include the autodigested products 

from the ischaemic-reperfused intestine carried systemically through the mesenteric lymphatics. Some of 

these possible mediators are described in later chapters, and the possible mechanism is described in Figure 

66; serine pancreatic proteases deserve a special mention because of their role in systemic inflammation. 

Significantly elevated pancreatic protease was found in ML from animals with SAP and HS, and was also 

involved in endothelial apoptosis and death (Chapter 8). A study by Masuda et al has demonstrated that 

trypsin is involved in cardiac MD, and treatment with urinary anti-trypsin could restore mitochondrial function 

in a rat heart subjected to ischaemia-reperfusion injury.
357

 Damage-associated molecular patterns and 

mitochondrial DNA are other possible culprits and have to be studied further to delineate any role they may 

have in MD. Thus, the findings of this study expand the gut lymph hypothesis of MODS by implicating CML in 

organ dysfunction and failure through its effect on the mitochondrion and its membrane. 
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Figure 66 Possible mediators and the pathomechanism involved in mesenteric lymph-induced mitochondrial 

dysfunction and damage. Abbreviations: DAMPs, damage-associated molecular patterns; mt-DNA, 

mitochondrial DNA; RNS, reactive nitrogen species; ROS, reactive oxygen species. 

 

6.4.5. Limitations 
The current study used three models of CI. Addition of sepsis and intestinal ischemia-reperfusion models to 

the study would have given an even more robust set of CI models. All the models had a similar ML collection 

protocol, which also included a set time period for collection. The severity of SAP develops with the passage 

of time (4–30 hours), unlike in HS, where the severity increases rapidly through the reperfusion phase and 

ebbs away as reperfusion progresses (60–300 minutes from the start of shock). This rigid protocol meant 

that the toxic SAP ML may not have reached its full toxicity. This study is unique in that it is also the first to 

analyse the role of physiological body fluid, such as ML, in MD in distant end organs. No such studies 

conducted using ML from animals with severe or critical disease were identified in the literature. Analysing 
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the mitochondrial function in serum/plasma in a similar way as for ML in the same set of animals would have 

added a new dimension to this study. 

6.4.6. Significance 
Organ dysfunction, including MODS, is a well-known entity and hallmark of critical disease.  Deitch et al have 

proposed gut injury and the systemic spread of non-microbial tissue-injurious factors and mediators that 

reach the systemic circulation via the intestinal lymphatics. Our own work, albeit using a different approach, 

validates this gut lymph hypothesis for organ dysfunction in CI. However, this study adds a new dimension to 

the gut lymph hypothesis. It is the first research to highlight the role of ML in causing MD, which is an 

important hallmark of patients with CI in intensive care. Thus, this new finding also bridges the gap in the 

literature about why MD is prevalent in critically ill patients in intensive care and proposes a role for gut 

lymph in the causation of organ dysfunction.        

6.5. Conclusions 
This study provides a description of MD in the major end organs, i.e., the heart and the lungs, with CML. 

Previous studies have shown that ML from animals with CI causes organ dysfunction. Organ dysfunction in 

these animals was prevented by ligation of the thoracic or mesenteric ducts. Gut-derived factors and 

mediators carried from the intestinal lymphatics and entering the systemic circulation, thus bypassing the 

hepatic filter, have been blamed. This study provides the first description of mitochondrial damage and 

dysfunction and the possible role of ML in organ failure. The putative lymphatic mediators responsible for 

mitochondrial damage are yet to be discovered.  
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Part II – Compositional changes in 

mesenteric lymph leading to organ failure
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Chapter 7. MicroRNAs in mesenteric lymph and plasma during acute 

pancreatitis 
 

7.1. Introduction 
It is still uncertain why organs systematically fail in critical disease states such as severe acute pancreatitis 

(SAP), leading to multiple organ dysfunction syndrome (MODS). Early changes include an upheaval in the 

immune response, causing systemic inflammation. Various mediators cause changes in the endothelium, 

epithelium, and mitochondrial function, thus probably causing the deranged physiology of MODS.  The role 

of mesenteric lymph (ML) as an active source of these mediators in critical illness (CI) has been explained in 

the preceding chapters. One of the least studied to date is transcriptomics, and in particular small non-coding 

RNAs, i.e., sRNAs and microRNAs (miRNAs), which may impact distant cellular sites. The discovery of 

miRNAs
184

 has provided a new class of potential mediators or prognostic markers for understanding the 

pathophysiology of systemic inflammation and distant organ failure. There is now an emerging role of 

miRNAs in various diseases, including cancers, and in chronic and acute diseases, such as SAP. 

MicroRNAs are small, non-coding RNAs that are often conserved and function to regulate gene expression 

through sequence-specific repression of their target messenger RNAs (mRNAs)
186

. MicroRNAs are 

comprised of approximately 22 nucleotides that mediate post-transcriptional gene silencing by controlling the 

translation of mRNA into proteins.
358

 MicroRNAs are estimated to regulate the translation of more than 60% 

of protein-coding genes.
359

 They are involved in regulating many processes, including proliferation, 

differentiation, apoptosis and development. Whereas some miRNAs regulate specific individual targets, 

others can function as master regulators of a process, so key miRNAs regulate the expression levels of 

hundreds of genes simultaneously, and many types of miRNAs regulate their targets cooperatively
359

. A 

single miRNA is able to regulate hundreds of mRNAs, so it is no surprise that aberrant expression of miRNA 

has been implicated in the pathogenesis of many diseases. MicroRNA-138 is one such example; this miRNA 

is induced by hypoxia and can cause hypoxia-induced endothelial dysfunction.
360

 MicroRNA-122 on the other 

hand plays a very important role in hepatic homeostasis and hepatocarcinogenesis.
361

 MicroRNA-216a is 

involved in regulation of pancreatic cells and can be a biomarker of pancreatic injury.
362

 Thus, miRNAs are 

being increasingly recognised in both health and disease.  As such, they provide a new class of mediators 

and tissue biomarkers for diagnosis, prediction and probably severity of disease. The search for prognostic 

markers has a long history in acute pancreatitis (AP) research, with the ideal solution yet to be found
363-365

. 

The overall accuracy of these markers in predicting the severity of AP is still imprecise,
365

 with an ongoing 

need for new biomarkers to predict severity and outcome, as well as for monitoring the disease course and 

response to treatment
364

. 

Recently, miRNAs have been found to be stable outside of cells and circulating in many different body fluids, 

including blood, urine and tears
366

. The stability of miRNA and its ability to be carried out of the cell to distant 

locations through body fluids may be one of the important reasons for progression of acute disease involving 

distant organs.  The mechanism by which miRNAs enter the circulation is varied, with evidence suggesting 
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that circulating miRNAs are more than simply byproducts of cell lysis and may be packaged within 

particles
367

 or simply protected from degradation by associations with proteins, such as Argonaute 2 (AGO2) 

or nucleophosmin (NPM1)368, 369. These circulating miRNAs are also hypothesised to have functional effects 

on distant cells, acting as novel signalling molecules.367 Moreover, as a result of recent technological 

advances, parameters that determine miRNA-mediated gene regulation (such as AGO-target association 

and dissociation rates) and abundance of mRNA can now be measured with high resolution using 

computational models
370

. A recent review highlights the role of miRNAs in multiple target interactions in cells 

and their wide-ranging consequences for intracellular metabolism.
371

 In a severe disease such as SAP, it 

may be possible that miRNAs interact distantly when carried in body fluids (such as ML) through multiple 

target interactions and bring about a systemic response (SIRS).   

As discussed in Chapters 1 and 2, lymph is a unique biofluid that plays an important role in immunity, fluid 

homeostasis, and maintenance of blood pressure by returning interstitial fluid from tissue spaces to the 

systemic circulation
372

. ML drains from the intestine and associated tissues of the splanchnic circulatory bed.  

It comprises a major proportion of the lymph in the thoracic duct. Unlike portal blood of the splanchnic 

circulation, ML bypasses the liver. It drains instead into the cisterna chyli and then directly into the thoracic 

duct, which rises through the mediastinum to empty into the internal jugular and/or subclavian vein, thus 

directly entering the systemic circulation. ML has been implicated in mediating end-organ dysfunction in CIs 

such as trauma, haemorrhagic shock (HS), reperfusion injury, AP and burns.
346

 During these illnesses, toxic 

factors are thought to translocate from the intestinal lumen or be released from the cells in the 

gastrointestinal tract into the interstitium and subsequently into the ML.
373

 The composition of ML changes in 

CI136, 374, 375, and our group postulated that this might include a wide range of molecules, including miRNAs, if 

present. These may even be directly involved in mediating the ML-induced end-organ toxicity of CIs like AP, 

a mechanism recently reported for miRNAs involved in end-organ damage in hypertension
376

. MicroRNAs 

are also interesting to study because they could act as predictive biomarkers of clinical outcome. However, 

no such study has examined the existence of miRNAs in lymph, their potential role in the severity of AP, or 

their involvement in end-organ failure. 

 

Hypothesis: MicroRNAs are present in ML and unique changes in their profile occur in the presence of a CI 

like AP. 

The aims of this study were: 

i) to establish if miRNAs are present in ML using a rodent model of AP 

ii) To look for any early changes in abundance of specific ML miRNAs with onset of AP and to 

study the specific pattern with mild and severe disease  

iii) To screen for these specific changes in plasma from rodents and patients with AP matched for 

severity. 

iv) To investigate these changes using pathway analysis to look for clues as to bioactivity or 

pathogenesis in the tissues of origin. 
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7.2. Methods 

7.2.1. Animals 
The University of Auckland Animal Ethics Committee approved all protocols and experiments. Fifteen 

specific pathogen-free male Wistar rats (360–500 g; age 70–110 days; maintained at 20ºC–22ºC under a 12-

hour day/night cycle; and fed standard Teklad 2018 rodent chow (Harlan Laboratories Inc, Madison, WI, 

USA) with access to tap water ad libitum) were randomised to three experimental groups.  

7.2.1.1. Experimental groups   
AP was induced by intraductal infusion of sodium taurocholate

136, 191
 as detailed in Chapter 3. Group 1 (n=5) 

had 4% taurocholate and continuous intravenous 0.9% saline infusion (3 mL/hour). This produced a less 

severe AP, denoted RMi (AP). Group 2 (n=5) had 5% taurocholate and intermittent boluses of intravenous 

saline only when mean arterial pressure dropped below 65 mmHg. This produced a more severe AP, 

denoted RMo (SAP). Both groups had 90 minutes of AP followed by collection of ML for a further 210 

minutes. Group 3 (n=5, denoted sham) had continuous intravenous saline administration (2.5 mL/hour) along 

with surgical intervention and lymph collection matched to that of the AP groups, but without induction of AP. 

A detailed description of the model used is given in Chapter 3 (section 3.3). 

7.2.1.2. Rodent sample collection 
The sample collection details are described in chapter 3 (sections 3.4.1, 3.5.1, and 3.5.2). Briefly, ML was 

collected into ice-cold tubes and stored at –80°C.  Blood was collected at the end of the procedure in 

K2EDTA Vacutainers (BD Biosciences, Franklin Lakes, NJ, USA) and processed for plasma. The pancreas 

was also collected for histological grading of the severity of pancreatitis by a consultant pathologist blinded to 

group identity. This assessment used a published scoring system that defined severity based on the extent 

of “oedema”, “acinar necrosis”, “haemorrhage and fat necrosis”, “inflammation”, and “perivascular 

infiltrate”
377

. 

7.2.2. Patients 
Samples were obtained from patients prospectively enrolled in two clinical studies that undertook 

measurement of various severity markers (including miRNA), in a range of mild to moderate AP patients
378

. 

These studies were approved by the New Zealand Northern X Ethics Committee. All patients gave informed 

consent to participate in the studies.  

7.2.2.1. Patient criteria 
AP was defined on the basis of at least two of the following criteria: abdominal pain typical of AP; amylase 

and/or lipase more than three times the upper limit of normal; and/or findings consistent with AP on 

abdominal imaging. Patients were excluded if diagnosed with chronic pancreatitis, post-endoscopic 

retrograde cholangiopancreatography pancreatitis, intraoperative diagnosis of AP, pregnancy, or 

malignancy, or when the onset of symptoms was >96 hours before hospitalisation. The severity of AP was 

classified according to published guidelines.
379, 380

 Mild AP (PMi; patient mild) was defined as the absence of 

complications. Moderate AP (PMo; patient moderate) was characterised by the presence of sterile (peri) 
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pancreatic necrosis and/or transient organ failure. Organ failure was defined in accordance with the Marshall 

system as a score ≥2 for at least one of three organ systems.
381

 Healthy volunteers were matched with the 

study patients for gender and age. 

7.2.2.2. Human plasma collection 
Peripheral blood samples were collected within 24 hours of hospital admission in citrate phosphate dextrose 

adenine Vacutainer tubes (BD Biosciences). The cellular component was separated from the plasma by 

centrifugation, snap-frozen, and stored at –80°C.  

7.2.3. MicroRNA arrays 
Lymph and plasma samples were recentrifuged (10,000 g for 5 minutes at 4°C) prior to RNA extraction to 

remove residual particulates. Small RNA was extracted from 250 μL of rodent ML using TRIzol® LS reagent 

coupled with a Purelink™ miRNA isolation kit (Life Technologies, Penrose, New Zealand). As the RNA was 

too dilute to be quantitated, we used equal volume inputs to normalise array loading. Small RNA (8 µL) was 

labelled using the FlashTag™ Biotin HSR RNA labelling kit (Genisphere, Hatfield, PA, USA) for GeneChip® 

v1.0 miRNA arrays (Affymetrix, Santa Clara, CA, USA) according to the manufacturer's instructions. 

Samples, including eukaryotic controls (bioB, bioC, bioD, cre), were hybridised at 48°C and 60 rpm for 16 

hours, washed and stained on an Affymetrix Fluidics station, and scanned on a GeneChip scanner. Robust 

multi-array average normalisation of data was undertaken with background correction, and Limma in 

Bioconductor (www.bioconductor.org) was used to identify miRNAs with differential expression. Full array 

data can be found at Gene Expression Omnibus, GSE42455. 

7.2.4. Quantitative RT-PCR 
Total RNA was extracted from 100 μL of rodent ML/plasma or from 250 μL of human plasma using TRIzol LS 

reagent coupled with a Purelink RNA mini kit (Life Technologies) using the manufacturer’s protocol for total, 

including small, RNA extraction. For the human plasma, 20 μg of glycogen was added to the plasma/TRIzol 

mix and an extra acid phenol chloroform clean-up was performed (Figure 67). Quantitative RT-PCR was 

performed with TaqMan Small RNA assays, and reverse transcription was performed using a TaqMan 

microRNA reverse transcription kit (Applied Biosystems, Penrose, New Zealand) according to the 

manufacturer’s instructions. Complementary DNA was diluted 1:5 with distilled H2O prior to polymerase 

chain reaction (PCR) or used neat in the preamplification PCR,
382

 which was carried out on the human 

plasma samples due to the lower overall abundance per mL of miRNAs in humans compared with rats. 

PCR amplification was performed in triplicate using TaqMan Universal Master Mix (Applied Biosystems) with 

a 10 μL volume on an AB7900HT and cycling conditions as recommended by the manufacturer. 

Complementary DNA was substituted with RNase-free water as a non-template control. Due to the lack of 

reliability of standard small RNA controls, such as RNU6B and miR-16, as quantitative (q)RT-PCR 

normalisers in biofluids,
382

 we have reported raw CT values. 
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Figure 67 Flowchart showing conduct of the study. 

7.2.5. Analysis of predicted microRNA target functions 
DIANA miRPath v2.0

383
 was used to determine the potential functions of the miRNA identified (Kyoto 

Encyclopedia of Genes and Genomes [KEGG] pathway using http://www.microrna.gr/miRPathv2; also see 

Figure 75). This assesses the overlap in KEGG pathways of the predicted human targets of each of the 

miRNAs. Included were pathways where ≥1 predicted target gene is found for ≥n – 1 miRNAs tested (n = 

number of miRNAs assessed). 

7.2.6. Statistical analysis 
Statistical analyses were performed using the Microsoft Excel and R packages. Two-tailed t-tests were 

performed, with FDR Benjamini-Hochberg correction of qRT-PCR data for group pairwise comparisons 

across all the miRNAs tested in those samples. P<0.05 was considered to be statistically significant. Two-

way analysis of variance with Holm-Sidak correction was used for animal model characteristics, with P<0.05 

taken to be statistically significant. 

7.3. Results 

7.3.1. Experimental AP groups 
No animals died during the experiments, in keeping with the mild to moderate systemic spectrum of disease. 

Plasma lipase was higher in the two AP groups (RMi and RMo) than in the sham group by 5.4-fold and 14.5-

fold, respectively, confirming the diagnosis of AP. The lipase concentration was 2.6-fold higher in the RMo 

group than in the RMi group (P<0.001; Table 7-1). The mean arterial pressure was 30% lower (maximally) in 

the RMo group compared with the RMi and sham groups (P<0.001), reflecting more severe AP. The 

http://www.microrna.gr/miRPathv2
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pancreatic histology severity index score demonstrated that the RMo model group had more severe AP than 

the milder RMi group (histology scores: 11.8±1.2 versus 7.6±1.3, respectively; P<0.05).  

 Table 7-1 Basic characteristics, histology and intraoperative parameters in the three groups of rats 

Note: All values are shown as the mean ± standard error of the mean (n=5 in each group). Abbreviation: ANOVA, 

analysis of variance. 

7.3.2. MicroRNAs were detectable in rodent mesenteric lymph 
The miRNA array analyses initially focused on the rat miRNA probes and found 85 miRNAs in ML out of the 

351 present on the array using a background log2 expression threshold of 2.34 (average of 95 background 

BkGr probes across samples). The ten most abundant miRNAs in all of the ML samples were rno-miR-145, -

143, -24, -16, -191, -23a, -26a, -150, let-7b, and miR-320. These were abundant in all experimental groups 

and were not significantly changed by disease state (Figure 69).  

Rodent treatment 

(n=5/group) 

 

 
Sham  AP (RMi)  SAP(RMo)  

P-value 

(ANOVA) 

Mean age (days)   88 ± 1  82 ± 3  89 ± 3  NS 

Mean weight (g)   449 ± 3  429 ± 3  449 ± 4  NS 

Mean total protein (g/L)  

Plasma  47.2 ± 0.2  42.0 ± 1.5  46.8 ± 0.3  NS 

Lymph  15.8 ± 0.2  12.2 ± 0.3  13.8 ± 0.8  NS 

Mean plasma lipase 

(U/L) 
 24.6 ± 3.9

a,b  
133.4 ± 14.6

a,c  
355.5 ± 

212
a,b,c 

 
<0.001 

Histology score
1
  0.3 ± 0.4

a,b  
7.6 ± 1.3

a,c  
11.8 ± 1.2

a,b,c  
<0.05 

Mean intraoperative 

arterial pressure over 

experiment (mmHg) 

 1
st
 hour  111.6 ± 6.5  102.2 ± 8.3  104.1 ± 7.4  NS 

 2
nd

 hour  106.6
 ± 

4.8
 a  

111.2
 ± 

9.6
 b  

90.0 ± 6.7
 a,b  

<0.001 

 3
rd

 hour  
114.2 ± 11.2

 

a 

 
108.6

 ± 
8.7

 b  
84.5 ± 3.5

 a,b  
<0.001 

 4
th

 hour  108.9 ± 7.3
 a  

104.1
 ± 

5.4
 b  

77.4 ± 4.2
 a,b  

<0.001 

Intraoperative heart 

rate 

(bpm) 

 1
st
 hour  322 ± 15  322 ± 19  309 ± 16  NS 

 2
nd

 hour  335 ± 19  347 ± 21  345 ± 18  NS 

 3
rd

 hour  343 ± 13  375 ± 19  383 ± 17  NS 

 4
th

 hour  348 ± 21  368 ± 32  387 ± 28  NS 

0.9% NaCl fluid 

resuscitation volumes 

(mL) 

 

 1
st
 hour  0.95 ± 0.23  1.5 ± 0.8  1.6 ± 0.7  NS 

 2
nd

 hour  3.11 ± 0.7  4.35 ± 0.9  2.40 ± 0.10  NS 

 3
rd

 hour  6.40
 ± 

1.2
 a  

7.4 ± 1.7
 b  

2.45 ± 0.07
 a,b  

<0.001 

 4
th 

hour  10.0 ± 2.4
 a  

11.3 ± 3.5
 b  

2.65 ± 0.03
 a,b  

<0.001 
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Figure 68 The ten most abundant miRNAs in rat lymph determined by Affymetrix array. Lymph was collected 

from sham, resuscitated acute pancreatitis or acute pancreatitis rat models (n=5 per condition). (A) The top 

ten miRNA probes ranked by abundance in the five sham samples, plotted against Affymetrix spike controls 

across all disease groups is shown. Affy controls are shown in red, miRNAs in blue. (B) Comparison of 

miRNAs differentially expressed in lymph as determined by Affymetrix array. Venn diagram demonstrating 

the pairwise differences in miRNA abundances between groups, P<0.01 (unadjusted), rat probes only. 

Italicised text denotes FDR-adjusted P<0.02 for sham versus RMo only; bold text, FDR-adjusted P<0.02 for 

both sham versus RMi and sham versus RMo.  

7.3.3. MicroRNAs are differentially abundant in AP mesenteric lymph 

7.3.3.1. Rat microRNA probe data  
All miRNAs present in ML samples from the rat RMo or RMi groups were also detectable in the sham group, 

meaning that no miRNAs were present only in AP-conditioned ML. Forty-six rat miRNAs (P<0.01, 

unadjusted) had differential abundance in pairwise comparisons between the sample groups (Figures 68 and 

69).  
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Figure 69 Comparison of microRNAs present in lymph from sham, RMi or RMo rat models (n=5 per 

condition) as determined by Affymetrix arrays.  (A) Heatmap abundance across samples of rat miRNAs that 

are different between sham and RMi as determined by Limma analysis, P<0.01 unadjusted. (B) Heatmap 

abundance across samples of rat miRNAs that are different between sham and RMo as determined by 

Limma analysis, P<0.01 unadjusted. 
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Of these, eight miRNAs were significantly altered in both the RMi and RMo groups when each was 

compared with the sham controls, and these were rno-miR-122, -217, -375, -24, -24*, -320, -99b, and -138. 

Rno-miR-217 and -375 remained significant when P-values were conservatively adjusted for the false 

discovery rate (FDR). Another ten miRNAs were significantly altered between the sham group and the RMo 

group (sham versus RMo) and 17 different miRNAs were uniquely altered between the sham group and the 

RMi group (sham versus  RMi; Figure 68).  

 

7.3.3.2. All species microRNA probe data 
The data were next analysed using all of the probes on the array where the sequences were perfectly 

conserved between species. It was found that more miRNAs were significantly changed between the sham 

controls and RMo than between sham and the milder RMi (66 versus 13; P<0.01, adjusted for FDR), 

highlighting that increased disease severity caused a more extensive change in the miRNA profile of ML. 

From this mixed species analysis, we identified one AP-modulated miRNA, miR-148a, which although 

conserved in humans and mice, does not have a rat homolog in miRBase V19 (August 2012)
384

. BLAST 

analysis of the RGSC 5.0/rn5 rat genome assembly using the human precursor sequence, however, shows 

complementarity to a region on rat chromosome 4 (Figure 70).  

Seven miRNAs were studied further based on their highly significant changes in abundance between our 

three sample sets in the Limma analysis. Their log2 values were averaged for all of the same sequence 

probes on the array across the five biological replicates in each sample group. Five of these seven miRNAs 

were increased in the RMo group when compared with the RMi and sham groups, and two decreased 

(Figure 71). Overall, miR-122 had the greatest and miR-216a the lowest abundance in AP-conditioned ML. 

The greatest change in abundance between the sample groups was observed for miR-217, which increased 

over 16-fold between sham and RMi/RMo (Figure 71). 
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Figure 70 BLAST analysis of chromosome 4 of human genome and the structure of miR-148a. 

 

7.3.4. Quantitative RT-PCR of microRNAs in rodent mesenteric lymph and plasma 

7.3.4.1. Mesenteric lymph samples 
Seven miRNAs (Figure 71), along with pancreatic cancer-associated miR-21, were assayed using qRT-PCR 

in rat ML samples (Figure 72). MiR-214 and miR-216a could not be reliably detected in rodent ML samples 

using qRT-PCR, so were excluded. MiR-217, miR-375, miR-148a, and miR-122 showed an increasing 

pattern in AP-conditioned ML with more severe disease status, although when conservatively corrected for 

FDR, these mRNAs did not reach statistical significance (Figure 72). 
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Figure 71 Abundance of microRNAs present in lymph as determined by Affymetrix array across species. 

The mean log2 abundance values of all five replicates for those species with exact match probe sequences 

is shown. For miR-148a there was no rat probe so all other species, having the same sequences, were used. 

(A) miRNAs increase with severity. (B) miRNAs decrease with severity. Significant differences by Limma 

analysis, unadjusted, *P<0.01 for sham versus RMo only. 
†
P<0.01 for both sham versus RMi and sham 

versus RMo by Limma analysis. Error bars indicate standard deviations. 

7.3.4.2. Plasma samples 
The miRNAs identified in ML were also assayed in matched plasma samples (Figure 72), which revealed a 

broadly similar pattern of changes. Three miRNAs (-217, -375, -122) were significantly increased in the RMo 

plasma group when compared with the sham group. Two of the miRNAs (miR-217 and miR-148a) were 

significantly increased in the RMo plasma group when compared with the RMi and sham groups. As in ML, 

miR-138 and miR-21 showed no changes in plasma between the groups.  
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Figure 72 Taqman qRT-PCR expression of microRNAs in rat ML and plasma samples. (A) miR-217, (B)   

miR-375, (C) miR-138, (D) miR-148a, (E) miR-122, and (F) miR-21. Raw CT values demonstrate abundance. 

Points depict individual samples and horizontal lines are the mean of the replicates. P-values were 

determined by t-test, FDR-adjusted, *P<0.05, 
†
P<0.01. 
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Figure 73 Flow diagram illustrating how the human plasma was analysed. The same miRNAs from rat 

mesenteric lymph were assayed for abundance using quantitative polymerase chain reaction and found to 

have five identical miRNAs in both the groups with severe disease. MiRNAs in bold indicate a significant 

concentration in severe disease from rat mesenteric lymph and plasma. 

 

7.3.5. Quantitative RT-PCR of microRNAs in plasma from patients with AP 
Candidate miRNAs derived from the animal study were measured in the plasma of patients with AP (Table 7-

2). Patients comprised two groups based on clinical severity of disease: mild (PMi, n=5), and moderate 

(PMo, n=5), and were compared with healthy volunteer controls (n=5). The same eight miRNAs as in rodent 

ML were assayed in these patient samples for abundance using qRT-PCR (summarised in Figure 73). MiR-

214 and miR-216a were previously undetectable by qRT-PCR in the rat samples; however, later 

modifications to the methods allowed their reliable quantitation in our patient samples. MiR-138 could not be 

detected by qRT-PCR in patient plasma, even with these modifications. 
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Table 7-2 Basic biochemical parameters and miRNAs in healthy volunteers and patients with acute 

pancreatitis 
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25 M - 60 3 11 16 7 <60 16.2 19.1 35.5 - 21.0 12.5 24.1 16.2 

61 F - 60 2 15 24 8 <60 16.7 18.4 32.6 19.4 19.5 11.9 22.5 16.6 

45 F - 60 1 <5 8 8 <60 15.5 15.6 31.0 18.8 17.2 8.9 21.2 11.6 

61 F - 60 2 <5 17 6 <60 15.8 17.5 28.0 20.8 18.8 10.2 22.9 13.7 

64 M - 60 1 7 18 <5 <60 16.6 17.9 33.0 21.5 19.7 10.3 24.7 13.9 

Mean 51.2 - - 60 2 9 17 7 <60 16.2 17.7 32.0 20.1 19.3 10.8 23.1 14.4 

M
il
d

 A
P

 (
P

M
i)

 

 

51 M N 91 9 22 58 18 654 17.4 15.3 21.4 15.0 19.1 12.0 23.5 13.5 

42 F N 114 13 35 42 14 2270 14.2 16.2 26.6 19.1 18.6 10.7 22.0 13.3 

36 F N 83 12 185 123 22 896 15.4 - - 22.1 22.0 12.0 23.3 14.4 

38 F N 71 57 828 284 490 2570 16.4 17.1 24.0 17.2 20.1 12.0 23.9 14.7 

31 M N 95 3 44 86 32 758 10.4 15.5 25.0 19.9 19.6 10.8 23.0 14.5 

Mean 39.6 - - 91 19 223 119 115 1430 14.8 16.0 24.3 18.7 19.9 11.5 23.1 14.1 

M
o

d
e

ra
te

 A
P

 

(P
M

o
) 

 

70 M Y 81 27 621 252 1210 4570 12.2 15.2 23.5 16.0 17.1 10.3 22.9 12.3 

87 F Y 65 5 10 60 10 2400 12.1 15.2 21.3 15.9 18.9 9.5 19.9 14.3 

42 M Y 55 9 203 124 157 1860 16.1 15.3 23.1 15.2 16.9 10.2 21.2 12.1 

58 F Y 73 12 15 51 16 1100 13.6 17.7 24.6 18.4 19.1 10.0 20.2 13.8 

70 F Y 66 20 401 63 207 1390 13.8 16.7 26.3 19.2 18.8 10.3 23.3 13.4 

Mean 65.4 - - 68 15 250 110 320 2264 13.5 16.0 23.8 16.9 18.2 10.1 21.5 13.2 

Notes: *Organ failure was defined in accordance with the SOFA scoring system with a score ≥2 for at least one of the three major organ 

systems (renal, respiratory, and cardiovascular). Moderate acute pancreatitis (PMo): defined as the presence of sterile (peri) pancreatic 

necrosis (PN) and/or transient organ failure; Mild AP (PMi; patient mild) was defined as the absence of these organ findings. Numbers in 

bold indicate the mean. 
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Figure 74 Taqman quantitative RT-PCR of microRNAs in plasma samples from patients. Raw CT values 

demonstrate abundance. Points depict individual sample values and horizontal lines are the mean of the 

replicates. (A) miR-217, (B) miR-375, (C) miR-216a, (D) miR-148a, (E) miR-122, and  (F) miR-21.P-values 

were determined by t-test, FDR adjusted. *P<0.05. 

 

The patient samples had patterns of miRNA abundance similar to those detected in the rat, with a trend 

towards a positive association between abundance of miRNAs and severity of AP (Figure 74). However, as 

was found for miR-122, -375, -148a and -217 in rat ML, on conservative FDR adjustment, these did not 

reach statistical significance (P<0.05). The only miRNA with a significant increase in abundance with AP 

severity was miR-216a, even though it had the lowest abundance of the miRNAs assayed in the patient 

samples (Figure 74).  

7.3.6. MicroRNA target predictions  
Predicted mRNA targets of the miRNAs identified in ML and plasma was explored by searching for enriched 

KEGG pathways. For the seven miRNAs that were modified in AP-conditioned ML, this study found eight 

significant KEGG pathways: transforming growth factor (TGF)-ß signalling, axon guidance, lysine 
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degradation, endocytosis, regulation of the actin cytoskeleton, pathways in cancer, colorectal cancer, and 

Wnt signalling. Next, for three pancreas-derived miRNAs (miR-375, miR-216a and miR-148a), common 

pathways were heparan sulfate synthesis, purine and pyrimidine metabolism, and cytokine-cytokine receptor 

interaction. Seven individual genes involved in these pathways were predicted as targets for all three of 

these miRNAs: EXT1, NT5C2, NT5E (CD73), ENTPD1 (CD39), IL13RA1, LIFR, and BMPR2. Finally, 

returning to the ten most abundant miRNAs in healthy ML (Figure 68), associated pathways are: TGF-ß 

signalling, mitogen-activated protein kinase signalling, axon guidance, neurotrophin signalling, Wnt 

signalling, chronic myeloid leukaemia, cancer pathways, protein processing in endoplasmic reticulum, 

apoptosis and amoebiasis. 

7.4. Discussion 
This exploratory study has shown for the first time that circulating miRNAs are detectable in the acellular 

fraction of ML and that specific miRNA abundances are altered with the onset of AP.  The findings from rat 

ML were for the most part recapitulated in their plasma, and there were specific changes in miRNA 

abundance associated with AP severity in both types of sample fluid. Some of the miRNAs identified in the 

rodent study were also found to be altered in abundance in the plasma of patients with mild or moderate AP 

sampled within 96 hours of onset, with one, miR-216a, showing a significant increase with severity. These 

findings suggest that perturbance of a set of miRNAs could contribute to the severity of AP, and that ML may 

be responsible for the distant and systemic activity of these miRNAs.   

The lymph fluid transcriptome has not been assessed because circulating mRNA is believed to degrade due 

to high extracellular levels of RNases. In contrast, miRNAs are protected from RNases and are stable during 

long-term sample storage, so have been promoted as potential novel markers. Furthermore, the intercellular 

transfer of selected miRNAs within microparticles can directly modify the gene expression of target cells.
367

 

MicroRNAs in ML could therefore play a specific role in disease severity and immune responses to disease 

and even contribute to the lymph toxicity associated with CI. 

 

To date, miRNAs have been reported in all tissues and many biological fluids, including saliva
366

, plasma
368

 

and bile
385

, but not to our knowledge in ML. This study found 25% (85/351) of known rat miRNAs to be 

detectable in ML, with the most highly abundant being rno-miR-145 and -143. These miRNAs are encoded 

from the same genomic locus and act as tumour suppressor genes in cancers, including pancreatic 

cancer
386

. They are highly expressed in gut smooth muscle and mesenteric adipose tissue,
387, 388

 which could 

be their source in ML. These miRNAs are also reported to regulate chronic inflammation genes in the colonic 

epithelium and are lost in ulcerative colitis, so they may be important in immune homeostasis, especially in 

relation to the intestine
389

. Other abundant lymph miRNAs, miR-16, -24, -191, -23a and -26a, are also highly 

abundant in human plasma samples and thus may be general circulating miRNAs
390, 391

. 

In the rat model, this study found that miR-375, -217, -148a and -122 significantly increased in the ML 

samples between control and AP groups and all were higher in the more severe disease form. This increase 

was not due to a haemoconcentration effect because at least two of the miRNAs (miR-138 and miR-214) 

decreased in abundance, while others did not change at all. Taken together, these AP-induced changes in 
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miRNA abundance provide a basis for a new approach to the pathophysiology of disease and also for 

biomarker discovery. While ML miRNAs are of biological interest, it is impractical to sample ML in patients; 

therefore, this study assayed ML-identified miRNAs in matched rat plasma samples, which confirmed that 

many of these miRNAs are also changed in plasma. Strikingly, miR-217 and miR-375 showed greater fold 

differences in plasma than in ML between the sample groups. There are animal studies showing increased 

plasma concentrations of miR-217, miR-216a and miR-375 with the onset of severe disease
362, 392, 393

; the 

findings of this study are consistent with those studies. However, the other dimension of this study is the 

change seen in ML. The results of this study suggest that the greater change in plasma than in ML may be 

due to the additional opportunity for release of miRNAs directly into the blood circulation from other tissues. 

They also suggest that ML has its own profile of miRNAs relative to plasma in disease and normal states, as 

has been observed for the unique ML proteomes in various CI states
136, 374

. 

Sequence conservation of miRNAs allows direct translation of identified markers from a rodent model into 

human testing. To assess the clinical relevance of the rat miRNAs, qRT-PCR was performed on a small 

exploratory cohort of ten patients with AP and five healthy volunteers as controls. The fold differences in CT 

values between the healthy volunteers and the AP patients, while lower than that seen in the rat samples, 

were for the most part in the same direction of change. This was not the case for all miRNAs studied; for 

example, miR-217 did not change in abundance in patient plasma. This may be because of a one-nucleotide 

difference in the mature miRNA sequences between the rat and the human, raising the possibility that they 

could have different gene targets and cellular functions. Interestingly, this miRNA is currently used by 

Asuragen as a test on fine needle aspirates to diagnose pancreatic cancers
394

, suggesting it is a better 

marker of cancer pathology than of pancreatitis in humans. The pilot human study supports the earlier animal 

work and forms a rationale for a larger clinical study examining circulating miRNA profiles of AP in greater 

detail. 

Most of the published work on miRNA biomarkers to date has been for diagnosis of cancer. Many 

serum/plasma studies have profiled the most abundant miRNAs in the tissue of interest and then assayed 

these in the circulation on the assumption that miRNAs that are high in the tissue will be secreted and readily 

detectable in blood. This study of miRNA profiles in AP now suggests at least three new avenues of 

exploration for this class of molecule. The first utility of this study is the role of miRNAs as a diagnostic and/or 

prognostic marker. The second is their role as markers of pathophysiological processes within the source 

tissues. Upregulation of miRNAs and knowledge of their targets can reveal information about the molecular 

status of the source tissues, which in this case means shedding light on the role of the intestine in CI, 

including AP. Third, there is emerging evidence for miRNAs having direct effects on end-organ tissues in 

their capacity as intercellular signalling molecules, such as specific miRNAs that are packaged into 

exosomes and secreted to modulate immune responses
395

. It has recently been noted that miRNAs have 

been found to be necessary for processes ranging from cell differentiation
396, 397

 to development of individual 

tissues and organs
398, 399

; however, it remains challenging to conceptualise how these phenotypes emerge 

from the effects of miRNAs at the molecular level
400

. Thus, the prospect of circulating miRNA activity on 

remote target cells offers a new window of pathogenesis to explore in future studies of AP.  
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With respect to the third option mentioned above, this study considered involvement of ML in the 

development of multiple organ dysfunction in AP patients
296

 and hypothesised that the induced miRNAs 

could be biological effectors of end-organ damage. This study used KEGG pathway analysis of predicted 

miRNA targets to assess the potential cellular functions of ML miRNAs (Figures 75–77). For the top ten 

miRNAs in ML, this study identified four signalling pathways that could be important in maintaining normal 

tissue homeostasis. The seven ML miRNAs that changed with AP have candidate roles in disease-relevant 

pathways, such as TGF-ß signalling, as well as regulation of the actin cytoskeleton, lysine degradation, p53 

pathway-related apoptosis, pathways involving Toll-like receptor ([TLR]-related pathways of inflammation), 

and pathways related to cellular tight junctions. All of these pathways are important in the development of 

AP,
401-403

 and the evidence provided here strongly supports a potential role for miRNAs in the 

pathophysiology of this disease.  

 

Figure 75 KEGG pathway shown for one of the miRNAs common to the rat and human. The most important 

pathways are shown, including those related to apoptosis, inflammation, and tight junctions, and those 

related to cell adhesion, which are altered in critical illness. Screenshot courtesy of DIANA TOOLS 

(http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=mirpath/index). 

 

All the seven abundant miRNAs found in ML in severe AP when traced to gene and pathway analysis 

(KEGG pathway using http://www.microrna.gr/miRPathv2; Figure 75 shows a screenshot) showed at least 

http://www.microrna.gr/miRPathv2
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four interrelated pathways common to all the miRNAs. These include the p53 pathway related to apoptosis, 

the mammalian target of rapamycin (mTOR) signalling pathway, the P13K-AKT signalling pathway, as well 

as the pathway related to cellular tight junctions (Figures 76 and 77). The p53 pathway (Figure 76) leads 

mainly to caspase-dependent cellular apoptosis. Apoptosis is a non-inflammatory way of destroying a group 

of cells. As noted earlier in this thesis, AP/SAP and HS ML cause endothelial apoptosis and death (Chapter 

5) and these events may be due to activation of the p53 pathway by miRNAs in ML in the cell lines. The 

mTOR pathway is involved in extracellular homeostasis and generation of tumour necrosis factor (TNF)-α, a 

potent cytokine involved in systemic inflammation, tissue hypoxia, and energy stress (Figure 76). Chapters 5 

and 9 describe how endothelial cells produce these cytokines when incubated with CML from animals with 

AP/SAP and HS. 

The P13K-AKT signalling pathway is involved in inflammation through stimulation of the TLR pathway, the 

Janus kinase (JAK/STAT receptors)-related cytokine pathway, and the G protein-coupled receptor-related 

chemokine pathway (Figure 77). The TLR pathway is a common ligand for non-pathogenic mediators and 

causes sterile inflammation through damage-associated molecular patterns (DAMPs; Chapter 2). It was 

hypothesised in chapter 2 that CML may exert some of the systemic inflammatory response through DAMPs 

which are carried systemically. Cytokines such as TNF-α and interleukin-6 play a significant role in 

inflammation as does the chemokine monocyte chemoattractant protein-1, which has been described to be 

produced by endothelial cells on stimulation with CML (Chapters 5 and 9). Thus, the results of these studies 

indicate that DAMPs, cytokines and chemokines in ML may be related to the associated miRNAs.  

It is known that intestinal permeability is altered in severe disease such as SAP, and it was hypothesised in 

Chapters 1 and 2 that this altered permeability may lead to toxicity of ML. The histology from the animals 

with AP and SAP demonstrated breach of the intestinal mucus layer (Table 7-1). There are reports that miR-

122 may be responsible for failure of the intestinal barrier in SAP.
404

 The increased intestinal barrier 

permeability and intestinal barrier failure caused by miR-122 is brought about by its effect on TNF-α. This 

TNF-α-induced effect of miR-122 is through degradation of occludin in the tight junctions of the intestinal 

enterocytes
404, 405

. The results of this study indicate that rat miR-122 is significantly high in both lymph and 

plasma, indicating intestinal barrier failure. However, miR-122 in human plasma is slightly raised in patients 

with moderately severe AP. Thus, it is possible that miR-122 could be one of the mechanisms responsible for 

CI-induced failure of the intestinal barrier. 
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Figure 76 The p53 and mTOR signalling pathway common to all the seven miRNAs that were elevated in a 

severe form of AP. The p53 pathway leads to apoptosis, while the mTOR pathway leads to cellular 

homeostasis and production of TNF-α. Graph courtesy of Kanehisa Laboratories. 
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Figure 77 P13-AKT and the tight junction pathway common to all the seven miRNAs that were elevated in a 

severe form of acute pancreatitis. The P13K-AKT pathway is important in stimulation of inflammation through 

Toll-like receptors, cytokines and chemokines. Graph courtesy of Kanehisa Laboratories. 
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Three of the miRNAs identified in this study (miR-216a, -375 and -148a) are abundant in healthy pancreatic 

tissue.
406

 miR-375 is a pancreatic islet-specific miRNA that regulates insulin secretion
399, 407

 and shows the 

same positive correlation with insulin biosynthesis as liver-specific miR-122
408

. Similarly, miR-148a is a 

positive regulator of insulin in islet cells.
409

 The predicted mRNA targets for these three pancreas-derived 

miRNAs are involved in synthesis of heparan sulfate and in cytokine-cytokine receptor interaction, which are 

two pathways involved in the early development of pancreatitis and local to systemic spread of 

inflammation
410, 411

. Modulation of these miRNAs may alter the local and systemic inflammatory response 

and thus offer potential novel therapeutic targets for AP.  

There are very limited studies looking into the role of miRNAs in AP, and these are mainly in the context of 

their utility as a biomarker of disease severity. Liu et al have recently reported that miR-551b-5p may be a 

sensitive predictor of AP severity. The findings of their study did not match any of the miRNAs, either for 

diagnosis or severity of AP, found in our study. However, there are many other animal studies showing 

increased plasma concentrations of miR-217, miR-216a and miR-375 with onset of severe disease
362, 392, 393

, 

which is consistent with the present study findings. Also, the present study found increased miR-122 in ML, 

which is consistent with a report by Ye et al
404

, and also found a significantly elevated miR-122 in ML when 

compared with plasma. A study reported by Tian et al demonstrated increased plasma miR-155 in 

dysregulated intestinal epithelium from animals with SAP
405

, but this particular miRNA was not seen in the 

samples from this study. However, the other dimension in this present study was the demonstration of 

miRNAs in ML, which has not been probed before. Thus, the findings of this study are unique in that miRNAs 

exit the lymph and can be transported systemically to distant locations and cause translational changes 

leading to the changes seen in acute disease. 

This study is not without limitations. It could only study sham, mild AP, and moderate to severe AP. Inclusion 

of HS in this study would have given a wider range of disease severity.  The cost of each array meant that 

only a limited number of samples could be used in each group. Also, there was a lack of time-dependent 

data from both the animal and human samples.  However, even with these minor limitations, this study 

achieved the objective firstly of demonstrating the presence of miRNAs in ML and secondly the changes in 

ML and plasma that occur in the mild and severe forms of the disease and their variable expression. The 

other strength of this study lies in the projection of these miRNAs as mediators towards amplification of the 

disease process, systemic inflammation, and possibly MODS.   

 

7.5. Summary 
In summary, this study has identified for the first time that miRNAs are present and detectable in ML and that 

changes in their profiles related to the severity of AP occur in both lymph and plasma. Further, consistent 

trends for the same miRNA markers of AP were found in the plasma of a pilot cohort of patients with AP. 

Assessment of the clinical utility of these novel biomarkers now requires a prospective study with a larger 

patient cohort. It is possible that a combination blood test of current and new miRNA markers could improve 

the prediction of severity of disease and monitoring of its course. In addition, these miRNAs now need to be 
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explored as potential target molecules in the design of new specific therapeutic strategies in AP as well as in 

studies providing new insights into their role in signalling and pathophysiology. 
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Chapter 8 Pancreatic protease as a potential mediator of systemic 

inflammation and endothelial activation in critical illness 

8.1. Introduction 
Critical illness (CI) is usually characterised by organ failure and occasionally progresses to multiple organ 

dysfunction syndrome (MODS). MODS can result from a wide range of inciting aetiologies, including massive 

blood loss, major trauma, sepsis, acute pancreatitis (AP), pneumonia, meningitis and other CIs. There is an 

initial period of hypoperfusion of the visceral organs, leading to an exaggerated production of inflammatory 

mediators such as cytokines and chemokines.
412

  The biochemical drivers of this exaggerated inflammation 

in CI are not well understood. Over the past decade, both clinical and experimental studies have implicated 

gut injury in the development of an exaggerated systemic inflammatory state and distant organ dysfunction.  

Recent evidence suggests systemic inflammation and progression to MODS may be partly mediated by 

activated pancreatic proteases from the intestine.
413

 

The serine proteases are powerful enzymes involved in digestion and assimilation of food, and are mainly 

secreted by the pancreas (a detailed list is available on http://www.proteolysis.org/proteases; see also Table 

8-1), so are described as pancreatic serine proteases (PSPs).  They are normally safely compartmentalised 

inside the intestinal lumen by various mechanisms, the most important of which is the intestinal mucus layer 

(Chapters 1 and 2). However, a breach in this defensive mechanism can result in these enzymes escaping 

locally and systemically.
148, 414

 In CI, the escape of these proteases from the intestine to the systemic 

circulation is possibly facilitated and augmented by the mesenteric lymphatics. These pancreatic proteases 

may then act as powerful inflammatory mediators and can cause systemic inflammation and MODS. 

Therefore, it has been proposed that mesenteric lymph (ML) is a potential source of such mediators, and the 

associated lymphatics are a potential route to the systemic circulation separate from the portal vein.
292, 346, 415

  

The ML has its origin in the lacteals in the small intestinal villus and, through an elaborate parallel channel, 

lymph is drained to the systemic circulation while bypassing the liver (Chapters 1 and 2). In CI, the intestine 

undergoes ischaemia and later reperfusion injury (IIR), leading to disruption of the gut mucus and mucosal 

layer.
94

 This in turn exposes the intestinal mucosal layer directly to the intraluminal contents, including the 

potent pancreatic serine proteases. This in turn exposes the intestinal mucosal layer directly to the 

intraluminal contents, including potent PSPs. These enzymes cause further destruction of the villus 

architecture, thereby disrupting the matrix (autodigestion, Chapters 1 and 2). The activated digestive 

enzymes then find their way into the systemic circulation through the portal and lymphatic systems. The 

portal systemic circulation is well regulated by the liver, so that any toxic, extraneous or microbial matter is 

phagocytosed and detoxified by the liver. However, the lacteals and mesenteric lymphatics draining the ML 

transport these toxic digestive enzymes directly to the systemic circulation through the thoracic duct (see 

Chapters 1 and 2). They next encounter the vascular endothelium of the heart and lungs, where pancreatic 

proteases activate the endothelium and the coagulation/complement system, thereby triggering the systemic 

inflammation (SIRS) that ultimately leads to MODS. The role of gut-derived PSPs in systemic inflammation, 

activation of endothelium, and coagulation has not been thoroughly studied before. This chapter investigates 

http://www.proteolysis.org/proteases
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the role of lymphatic PSPs and their effect on the endothelium and coagulation, and evaluates the effect of 

protease inhibition by nafamostat, a broad-spectrum antiprotease. 

 

   Table 8-1 Major proteases, including pancreatic proteases and antiproteases, in serum 

Serine  proteases Threonine 
proteases 

Cysteine protease Aspartate protease Metalloprotease 

Trypsin 

Chymotrypsin 

Pancreatic and 
neutrophil elastase 

Phospholipase 

Thrombin 

Kallikrein 

Proteasomes 

Acyltransferases 

Papain 

Bromelain 

Cathepsin- K 

Caspase-1 

 

Cathepsin-D and E 

Chymosin 

Pepsin 

Renin 

Plasmepsin 

Chymosin (rennin) 

 

Aminopeptidase 

Matrix 
metalloprotease 

ACE  

Carboxypeptidase 

 

Antiproteases 

α1-antitrypsin 

α2 and β2-acroglobulin 

α1-antichymotrypsin 

Note: antiproteases in the body mainly neutralise serine proteases. Abbreviation: ACE, angiotensin-converting enzyme.  

 

The main hypothesis of this study is that due to failure of the mucosal barrier because of autodigestion, the 

luminal pancreatic proteases in the intestine are carried to the mesenteric lymphatics/lymph, thereby 

reaching the vascular endothelium. This causes activation of the endothelium, leading to production of 

cytokines/chemokines and endothelial dysfunction. It is postulated that use of antiproteases would disrupt 

this cycle of events.  

8.2. Methods 

8.2.1. Animals 
Healthy pathogen-free male Wistar rats (380–420 g), aged 70–80 days, maintained at 20ºC–22ºC on a 12-

hour day/night cycle, and fed standard Teklad 2018 rodent chow (Harlan Laboratories, Madison, WI, USA) 

were used for this study. All animals had access to tap water ad libitum and were randomized to four 

experimental groups.  

8.2.2. Experimental groups 
For this study, we used the established models of resuscitated and non-resuscitated AP and haemorrhagic 

shock (HS). The animals used were the same as those described in Chapter 5.  
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8.2.2.1. Animal models 
Figure 78 shows the groups and the duration of ML collection for this study. Group 1 (n=9, sham) had 

surgical intervention and lymph collection matched to that in the AP and shock groups, but without induction 

of disease. Group 2 (n=9, resuscitated AP) and group 3 (n=9, severe acute pancreatitis, SAP) each had 

taurocholate-induced AP followed by collection of ML for a further 210 minutes. Group 4 (n=9, HS or shock) 

had 90 minutes of HS followed by a further 120-minute reperfusion phase.  

 

 

Figure 78 Overview of the animal models used for collection of ML. All four models had matched time 

periods for setup and collection of ML. Abbreviations: AP, acute pancreatitis; IA, intra-arterial; IV, 

intravenous; MAP, mean arterial pressure; ML, mesenteric lymph; SAP, severe acute pancreatitis 

8.2.2.2. Collection of mesenteric lymph  
ML was collected from the four experimental groups as described in sections 3.4.1 and 3.5.1. At the end of 

the experiment, the ML was centrifuged (1,700 g at 4°C for 10 minutes) to remove any cellular material and 

then stored immediately at –80°C until analysis. 
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8.2.2. Protease-antiprotease assay of mesenteric lymph and body fluids 
Objective: This study used the EnzCheck® protease assay (the green fluorescence assay kit; E6638, 

Molecular Probes, Invitrogen, Mt Waverley, Australia) to measure total protease and antiprotease activity. 

Rationale: This assay gives a quantified assessment of the total amount of protease activity in samples. In 

addition to comparing the protease activity of ML and serum, the kit was also used to infer the antiprotease 

activity in ML and serum. To achieve this, ML or serum was added to a standard chymotrypsin solution. We 

inferred that those samples lowering the 10 µg/mL chymotrypsin protease response (compared with a 

standard chymotrypsin control) had overall antiprotease activity.   

Basis: This assay is based on the premise that quenched substrate (containing BODIPY casein) when added 

to wells fluoresces only when cleaved by proteases in the samples (ML) or controls (e.g., α-chymotrypsin). 

Methods:  1) Protease activity: a detailed description of how this assay was performed is given in Chapter 3 

(section 3.6.8). Briefly, stock and working solution was prepared; α-chymotrypsin was used as a positive 

control and water as a negative control. A 5% dilution of sample (ML) was used for the study. These were 

incubated in 96-well plates overnight and read in a fluorescence (EnSpire®) Multimode microplate reader. 

The fluorescence was calculated at excitation 485 nm and emission 530 nm. The mean fluorescence change 

was mapped and graphed as fluorescence change per unit sample. 2) Antiprotease activity: for the 

antiprotease assay, 10 μL/mL of chymotrypsin was added to ML and serum. Thus, the protease assay gave 

the total active proteases in 5% ML in μL/mL (10 μL/mL of chymotrypsin used for comparison). The 

antiproteases were derived based on the attenuation of the known concentration of chymotrypsin, with 100% 

taken as attenuation of all the protease and 0% as no attenuation.  

                                                    

8.2.3. Lactate dehydrogenase assay of endothelial cells 
Objective: To determine changes in lactate dehydrogenase (LDH) as a marker of cell membrane integrity 

and hence endothelial cell survival. 

Rationale: This study used the LDH assay to determine cell survival after incubation overnight with 

conditioned mesenteric lymph (CML). The LDH assay was chosen because of its simplicity and sensitivity for 

determining cell damage and lysis. Increased LDH is also a marker of tissue hypoxia, sepsis and adult 

respiratory distress syndrome.
416

 The LDH assay is measured in cell culture supernatant and provides 

information on cell membrane permeability and hence cell viability
417

. 

Basis: LDH is a stable cytoplasmic enzyme present in all cells. It is rapidly released into the cell culture 

supernatant upon damage to the plasma membrane. 

Methods: The LDH assay kit was sourced from Roche (Lot 12099500, Roche GmbH, Basel, Switzerland). A 

detailed description is given in Chapter 3 (section 3.7.2.1). 

. 
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8.2.4. Cell activation and production of chemokines from endothelial cells 
Objective: This study used the OptEIA™ human interleukin (IL)-6 and monocyte chemoattractant protein 

(MCP)-1 enzyme-linked immunosorbent assay kits (catalog numbers 555220 and 555179, respectively) for 

quantitative determination of these two cytokines in the serum and supernatant from the conditioned tissue 

culture medium.  

Rationale: IL-6 is a very potent cytokine, with a high concentration in patients with severe sepsis or 

inflammation leading to MODS.
418, 419

 MCP-1 is also a very potent chemokine, and is present at high levels in 

patients with severe illness.
314, 420

   

Basis:  This study was based on an enzyme-linked immunosorbent assay that determines rat IL-6 and MCP-

1 in body fluids. 

Method: A thorough description of the methodology is given in Chapter 3 (sections 3.7.2.2 and 3.7.2.3). 

Briefly, for this study, human microvascular endothelial (HMEC-1) cells were grown in 96-well plates 

incubated with CML or serum or no-cell controls. After four hours of incubation, the conditioned medium was 

collected and centrifuged. The supernatant was collected and stored at –80ºC for further analysis. Similarly, 

no-cell controls were run and used to subtract the corresponding incubated HMEC-1 group when analysing 

the cytokines normally produced by activated HMEC-1 cells. 

8.2.5. Serine protease neutralisation in cell supernatant 
This study used nafamostat (FUT or Futhan, BD Pharmingen), a broad-spectrum serine protease inhibitor 

that also neutralises leukocyte proteases (polymorphonuclear [PMN] elastase) as well as some of the 

proteases from the coagulation/complement pathway.The dose of FUT used for this study was standardised 

by treating all cell groups with 5% ML. FUT at concentrations of 0.01, 0.05, 0.1 and 0.2 mM resulted in 

slightly decreased cell viability versus the control in pilot studies, whereas FUT 0.3–0.5 mM appeared to 

exert neutral or protective effects, with a concentration of 0.4 mM increasing cell viability. Therefore, FUT 0.4 

mM was used to investigate antiprotease activity in the cell lines.  

8.2.6. Histology, organ injury and biochemical analysis  
Pancreatic, ileal, lung and cardiac tissues were fixed (in 10% neutral buffered formalin) on 5 mm thick 

longitudinal paraffin sections with haematoxylin and eosin staining. Histological severity scoring was 

performed by a consultant histopathologist blinded to the groups. A more detailed description of the 

methodology used for histology and measurement of tissue oedema is provided in sections 3.6.3 and 5.2.5.  

The serum and lymph biochemistry was measured using a Cobas® 6000 series modular analyser (Hitachi-

Roche, Basel, Switzerland). 

8.2.7. Statistical analysis 
The statistical analysis was done using GraphPad Prism

 
version 5 for Windows (GraphPad Software, San 

Diego, CA, USA) and SigmaPlot version 11 for Windows (Systat Software Inc., San Jose, CA, USA). One-

way repeated-measures analysis of variance was used to validate the groups and the interactions. Tukey’s 

post hoc test was used to find any significant interactions between the different groups. 
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8.3. Results 

8.3.2. Validation of critical illness models 
All the three CI groups used in this study to supply the lymph fluid produced the desired systemic 

inflammation, and depending on the severity, produced changes in the intraoperative parameters (Table 8-

2). 

 Table 8-2 Histology and serum and ML biochemistry 

Test Units Sham AP SAP HS 

Histological severity 

Pancreas  0.33 ± 0.5
a,b,c

 7.5 ± 1.3
a
 12.2 ± 1.4

a,b,c
 4.8 ± 1.1

b,c
 

Intestine  0.24 ± 0.1
a,b,c

 1.8 ± 0.9
a
 3.1 ± 1.3

b,c
 2.6 ± 0.4

c
 

Serum diagnostic markers 

p-amylase U/L 137 ± 23
a,b,c 

4107 ± 237
a,c 4286 ± 456

b,d 
2601 ± 432

a,c,d
 

Lipase U/L 19 ± 4
a,b 

205 ± 25
a 356 ± 35

b 
 

Serum kidney function 

Urea mmol/L 11.0 ± 1.0
a,b,c 

15.7 ± 1.0
a 16.4 ± 2

b 
17.1 ± 1.0

c 

Creatinine μmol/L 21.0 ± 2.0
a,b,c 

61.0 ± 5.0
a 60.0 ± 12

b 
67.0 ± 2.6

c 

Serum proteins 

Albumin g/L 35.6 ± 2.5 33.7 ± 2.5 27.7 ± 2.8 28.0  ± 1.8 

Total proteins g/L 47.0 ± 1.5 47.0 ± 1.7 45.0  ± 1.4 46.0 ± 2.7 

Globulin g/L 17.6  ± 1.0 18.8 ± 1.5 17.7 ± 1.7 18  ± 2.0 

Coagulation 

D-dimer μg/L 124 ± 12.5
a,b 

153.7 ± 32.0  345 ± 42.6
a 

423 ± 35.7
b
 

Inflammatory mediators 

CRP mg/L 1.1 ± 0.2
a,b,c 

6.3 ± 1.1
a
  15.0 ± 2.5

b 
22.0 ± 5.4

c 

LDH (U/L) U/L 78 ± 11
a,b,c 

543 ± 17
a 

603 ± 22
b 

791 ± 75
c 

ML proteins 

Albumin g/L 7.8  ±  0.1
a
 9.9 ± 0.7 8.7 ± 0.25 2.3 ± 0.9

a
 

Total proteins g/L 12 ± 0.5
a
 14.2 ± 1.4 11.7 ± 1.0 5  ± 1.1

a
 

Notes: Like letters indicate P<0.05 for the one-way analysis of variance with Holm-Sidak correction.  The data are shown 

as the mean ± standard error of the mean. Abbreviations: AP, acute pancreatitis; CRP, C-reactive protein; HS, 

haemorrhagic shock; LDH, lactate dehydrogenase; ML, mesenteric lymph; SAP, severe acute pancreatitis 
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8.3.3. Critically ill animals had signs of systemic inflammation and early organ 

dysfunction 
The cohort of animals that had biochemical analysis is described in detail in Chapter 5. A similarly treated set 

of animals provided the lymph and serum for these studies. The models (see Chapter 5 for details) confirmed 

that animals with AP, SAP and HS had significantly higher derangements in intraoperative physiology, with 

hypotension, tachycardia and hyperthermia indicating systemic inflammation (SIRS, Table 5-1). They also 

demonstrated an increased inflammatory response biochemically, and serum from these animals also 

showed biochemical organ failure. The tissues from these animals showed increased pancreatic and ileal 

inflammation, oedema and mucosal breach. The tissue oedema index from the lung, heart, pancreas and 

intestine from animals with CI demonstrated significantly elevated tissue oedema.  

8.3.3. Serine protease in body fluids (mesenteric lymph and serum) 

8.3.3.1. Standard dose-response curve  
Proteases, especially serine pancreatic proteases, are very potent catabolic or digestive enzymes and are 

secreted mostly by the pancreas. The EnzChek protease assay was used to derive the broad-based 

protease and antiprotease activity of the samples. Using the 96-well plate reader, a standard dose-response 

curve from a known concentration of protease (bovine α-chymotrypsin, Figure 79) was derived to test the 

validity of the assay, which was then compared with the different groups. The fluorescence reading from 

water was considered as the baseline and corresponded to no α-chymotrypsin in the standard curve with this 

protease (Figures 79 and 80). The standard dose-response curve obtained from α-chymotrypsin was 

concurrently compared with another potent protease using porcine elastase to obtain a second dose-

response curve. The assay with elastase also showed a logarithmic dose-response curve obtained using the 

EnSpire plate reader.  
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Figure 79 Standard curve for protease activity using a known concentration of chymotrypsin and elastase 

with the EnzChek protease assay. The assay was read in triplicate. The standard dose-response curve 

showed a logarithmic increase in response to increasing doses of protease in the sample. Values are shown 

as the mean ± standard error of the mean. 

8.3.3.2. Serine proteases are present in mesenteric lymph and serum  
After derivation of the standard dose-response curve, the dose-response pattern of sham ML was derived. 

The dose response from a 0.1%–50% concentration of ML was measured. This study chose a 5% 

concentration of ML for two reasons: in rats, ML at 5% is the physiological range reaching the systemic 

circulation after draining through the thoracic duct; at this dose, the protease profile read through the EnSpire 

plate reader peaks and does not show any further dose responsiveness with higher concentrations (Figure 

80). Also, a 5% concentration of serum was chosen for this study for the following two reasons: in the pilot 

concentration validation studies using ML, serum and ascitic fluid, the results indicated that serum at a 5% 

concentration gives an optimal response and any further dose results in plateauing; and at this concentration 

many of the serum proteins are diluted, thus exposing the bound and free peptides and proteases. 
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Figure 80 Dose-response curve for serine protease with 0.1%, 1%, 2%, 5%, 10% and 50% concentrations of 

sham (blue), AP (olive green), and HS (red) mesenteric lymph using the EnzChek protease assay, which 

was read in triplicate. At a 5% concentration, the dose-response curve peaks and then decreases in the 

groups demonstrated above. The response of water as the control is shown for comparison. The data are 

shown as the mean ± standard error of the mean (n=4 in each group). 

8.3.3.3. Normal sham mesenteric lymph has antiprotease activity 
The next step in this study was to analyse whether there were any proteases/antiproteases in sham ML. The 

protease and antiprotease activity was studied, along with the associated protease/antiprotease balance 

found in a normal healthy state. An incrementally increasing concentration of standard α-chymotrypsin was 

used in triplicate to determine the protease activity in samples from separate wells on the same plate. Five 

percent sham ML was added to increasing background concentrations of α-chymotrypsin. In a second similar 

set of experiments, 5% sham ML was also added to porcine elastase in increasing concentrations.  The wells 

with α-chymotrypsin and elastase showed a logarithmic dose-response curve as demonstrated before. 

However, in the presence of 5% sham ML, the protease activity dose-response curve was attenuated when 

compared with controls, suggesting inhibition of protease activity by antiproteases in ML (see Figure 81).  
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Figure 81 Dose-response curve with addition of a known dose of chymotrypsin or elastase to 5% sham ML, 

showing attenuation of protease activity with sham ML.  A 5% concentration of ML was used in this study. 

The green line in the figure gives an indication of the magnitude of attenuation of protease activity in the 

chymotrypsin and elastase groups. The bars with a number indicate the concentration that the proteases are 

attenuated to with either chymotrypsin (1) or elastase (2). The data are shown as the mean ± standard error 

of the mean (n=4 in each group). 

The maximal attenuation of α-chymotrypsin seen with 5% sham ML was a reduction of fluorescence 

excitation from 55,000 to 11,000 nm. This attenuation of protease activity corresponds to a more than 100-

fold reduction in α-chymotrypsin concentration (green line in Figure 81, reduction of protease activity from 10 

μg/mL to <0.1 μg/mL). The attenuation seen with elastase was also dramatic, with a change from 27,000 to 

11,000 nm. This corresponds to a more than 10-fold reduction in elastase activity by antiproteases present in 

sham ML (green line showing reduction of protease activity from 10 μg/mL to <1 μg/mL in the elastase 

group).   

8.3.3.4. Protease-antiprotease imbalance in mesenteric lymph but not serum  
ML from all the groups was analysed to find the relative serine protease activity in health and CI (AP, SAP 

and HS).  

Protease activity: There was a general trend towards an increase in protease activity with severe disease in 

the ML group (Table 8-3, Figure 83). ML from SAP animals had the most protease activity when compared 

with the other groups. The sham and AP ML had relatively similar levels of active proteases (P>0.05, ± 
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standard error of the mean, one-way analysis of variance). There was an exponential increase in ML 

proteases in SAP when compared with sham or AP (P<0.001). HS ML also had significantly more protease 

activity than sham or AP ML (P<0.01), although this activity was less than that in SAP ML. The activity of 

proteases in serum was far lower than that found in corresponding ML from all the above groups. There was 

no statistically significant difference in protease activity or concentration in serum between the groups 

(Figure 81 and Table 8-4; see Appendices 1 and 2 for how Tables 8-3 and 8-4 were calculated and derived). 

The relative protease activity for all the groups with three concentrations of chymotrypsin is demonstrated in 

Figure 83. 

 

Table 8-3 Summary of serine protease and antiprotease activity of ML and serum 

Serine protease activity 
Mesenteric lymph (μg/mL of 

chymotrypsin response) 

Serum (μg/mL of chymotrypsin 

response) 

Sham 0.24 ± 0.097 0.031 ± 0.001 

AP 0.42 ± 0.12 0.035 ± 0.002 

SAP 17.2 ± 4.5 0.029 ± 0.001 

HS 10.9 ± 2.3 0.021 ± 0.001 

Antiprotease activity 

ML (100% is maximum 

attenuation of 10 μg/mL of 

chymotrypsin) 

Serum (100% is maximum 

attenuation of 0.1 μg/mL of 

chymotrypsin ) 

Sham 94% ± 6% 85% ± 2.7% 

AP 97% ± 2% 81% ± 3% 

SAP 72% ± 12% 85% ± 2.5 

HS 26% ± 8% 74% ± 3.5% 

Abbreviations: AP, acute pancreatitis; HS, haemorrhagic shock; ML, mesenteric lymph; SAP, severe acute pancreatitis 

Antiprotease activity: The antiprotease activity in sham and AP ML was well preserved (approximately 100%) 

compared with the SAP and HS ML groups (about 70% and 25%, respectively). There was an exponential 

decrease in ML antiprotease activity, especially in the HS and SAP groups when compared with the sham 

and AP groups (P<0.001, ± standard error of the mean, one-way analysis of variance). The antiprotease 

activity in HS ML was significantly reduced when compared with the other groups, and was about one 

quarter of that in the sham or AP ML groups (HS versus sham, P<0.001; HS versus AP, P<0.001; HS versus 

SAP, P<0.01; see Table 8-3). Figure 82 shows the attenuation of protease activity by addition of 

chymotrypsin 10 μg/mL to ML and chymotrypsin 0.1 μg/mL to serum. It is interesting to note that serum from 

all the groups had a very strong ability to neutralise the added chymotrypsin. There was no statistically 

significant difference in antiprotease activity in serum between the groups.   
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Figure 82 Protease and antiprotease activity in ML and serum. (A) a, sham versus SAP; b, SAP versus AP; 

c, HS versus sham; d, AP versus HS. (B) a, SAP versus sham; b, SAP versus AP; c, HS versus SAP;  d, HS 

versus sham; e, HS versus AP. *P<0.05, ***P<0.001. All values are shown as the mean ± standard error of 

the mean (n=10 in each group). Abbreviations: AP, acute pancreatitis; HS, haemorrhagic shock; ML, 

mesenteric lymph; SAP, severe acute pancreatitis 
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Figure 83 Based on activity, the concentration of serine pancreatic proteases in ML from sham, AP, SAP 

and HS animals. The relative bars of chymotrypsin are shown for comparison only. *P<0.05,  ***P<0.001. a, 

SAP versus sham; b, SAP versus AP; c, SAP versus HS; d, HS versus sham; e, HS versus AP.  All data are 

shown as the mean ± standard error of the mean (n=9 in each group). Abbreviations: AP, acute 

pancreatitis; HS, haemorrhagic shock; ML, mesenteric lymph; SAP, severe acute pancreatitis 
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Table 8-4 Protease-antiprotease fold increase and protease-antiprotease balance in ML 

ML groups Protease (fold) Antiprotease (fold) 
Protease antiprotease 

balance (total fold) 

Sham versus AP 

Sham versus SAP 

Sham versus HS 

AP versus SAP 

AP versus HS 

SAP versus HS 

1.75 

72 

45 

41 

26 

1.6 

1 

1.4 

3.8 

1.4 

3.8 

2.7 

1.75 

101 

171 

57.4 

99 

4.32 

Abbreviations: AP, acute pancreatitis; HS, haemorrhagic shock; ML, mesenteric lymph; SAP, severe acute pancreatitis 

 

A profound and significant protease-antiprotease imbalance was found in ML from animals with SAP and HS 

(Tables 8-3 and 8-4). When compared with SAP, sham ML had 72-fold less protease activity and 1.4-fold 

more antiprotease activity. Thus, sham ML had a 101-fold capacity to neutralise active proteases when 

compared with SAP ML. Similarly, when compared with HS, sham ML had a 171-fold capacity to neutralise 

active proteases. When compared with HS ML, SAP ML had a 4.3-fold capacity to neutralise proteases when 

compared with HS ML. Interestingly, the serum from all the four groups had more than twice the amount of 

antiprotease-neutralising ability, with no statistically significant differences between the groups (Table 8-3). 

 

8.3.5. Protease-antiprotease activity in cultured cells 

8.3.5.1. Lactate dehydrogenase assay: haemorrhagic shock and SAP conditioned 

mesenteric lymph causes HMEC-1 death, prevented by FUT 
The supernatants from HMEC-1 cells were incubated overnight with CI ML or serum and then analysed for 

expression of LDH. HS and SAP ML showed significantly elevated release of LDH. In the case of the serum 

samples, only the HS group demonstrated significant cytotoxicity (Figure 84).  

Adding nafamostat (FUT) decreased the LDH concentration in the supernatants from all the study groups 

(both in serum and ML). The HS group showed the greatest decline in LDH expression when compared with 

the other groups, and this was statistically significant. These effects are shown in Figure 84. 
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Figure 84 Concentration of LDH in supernatants from HMEC-1 cells incubated with ML or serum (A) and 

treatment with FUT for the ML group (B). (A) a, HS versus control; b, HS versus sham; c, HS versus AP; d, 

HS versus SAP; e, SAP versus control; f, SAP versus sham ML. (B) a, sham versus sham + FUT; b, HS 

versus HS + FUT; c, AP versus AP + FUT; d, SAP versus SAP + FUT. *P<0.05, **P<0.01. All data are 

shown as the mean ± standard error of the mean (n=10 in each group). Abbreviations: AP, acute 

pancreatitis; HS, haemorrhagic shock; LDH, lactate dehydrogenase; ML, mesenteric lymph; SAP, severe 

acute pancreatitis 
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8.3.5.2. IL-6 assay: mesenteric lymph and serum from CI groups activate HMEC-1, 

prevented by FUT 
ML from all the CI groups along with the sham control elevated expression and production of IL-6 in the 

supernatants when incubated overnight with HMEC-1 cells. There was a statistically significant elevation in 

IL-6 production in the supernatant from the HS and SAP groups. All groups showed decreased expression of 

IL-6 on incubation with FUT (Figure 85).  

Serum from all the CI groups and the sham group showed elevated expression and production of IL-6 in the 

supernatants when incubated overnight with HMEC-1 cells. However, there was significantly elevated 

production of IL-6 in the supernatants from all the CI groups. Adding nafamostat to ML decreased the IL-6 

concentration in the supernatants in all the study groups. The HS group showed the greatest decline in IL-6 

expression when compared with the other groups, and this was statistically significant. A similar profile was 

seen with serum when incubated with FUT (Figure 85).  
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Figure 85 Effect of FUT on concentration of IL-6 from HMEC-1 supernatant when incubated with ML (A) or 

serum (B). (A) a, HS versus control; b, HS versus sham; c, HS versus AP; d, HS versus SAP; e, HS versus 

HS + FUT; f, SAP versus control; g, SAP versus SAP + FUT. (B) a, HS versus control; b, HS versus sham; c, 

HS versus HS + FUT; d, AP versus control; e, AP versus sham; f, AP versus AP + FUT; g, SAP versus 

control; h, SAP versus sham; I, SAP versus SAP + FUT. *P<0.05, **P<0.01, ***P<0.001. All data are shown 

as the mean ± standard error of the mean (n=10 in each group). Abbreviations: AP, acute pancreatitis; HS, 

haemorrhagic shock; ML, mesenteric lymph; SAP, severe acute pancreatitis 
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8.3.5.3. MCP-1 assay: only SAP mesenteric lymph expresses MCP-1 and inhibited by FUT  
There was a statistically significant elevation of MCP-1 production in the supernatant from the SAP ML 

group. The AP group also showed elevated production of MCP-1 when compared with the HS group, but this 

elevation was not statistically significant when compared with the sham group. Figure 86 shows the results 

for the MCP-1 produced by HMEC-1 cells when incubated overnight with CML. Adding FUT significantly 

decreased the expression of MCP-1 in supernatant from the SAP ML group.  There was no statistically 

significant difference in concentration of MCP-1 in serum from all the CI groups or from the sham group (data 

not shown).  

 

 

Figure 86 Effect of FUT on concentration of MCP-1 after overnight incubation with ML from supernatant. a, 

SAP versus SAP + FUT. ***P<0.001. All data are shown as the mean ± standard error of the mean (n=10 in 

each group). Abbreviations: AP, acute pancreatitis; HS, haemorrhagic shock; ML, mesenteric lymph; SAP, 

severe acute pancreatitis 

8.4. Discussion 
This is the first study to describe protease-antiprotease activity in major circulating body fluids (ML and 

serum) in health, disease, and CI. This study also explored the possible role played by these PSPs in 

systemic inflammation in terms of their ability to activate endothelium and the coagulation/complement 

system. The possible therapeutic role played by protease inhibition in subsequent resolution of systemic 
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inflammation, in particular inhibition of endothelial activation, was also explored.  It was found that protease-

antiprotease activity was well balanced in healthy animals and in those with mild AP. However, in animals 

with severe disease, there was inappropriately high protease activity with significantly low antiprotease 

activity in ML (Figures 82 and 83; Tables 8-3 and 8-4). The SAP group had the highest protease activity in 

ML, with significantly reduced antiprotease activity. HS animals also had high protease levels in their ML but 

had the lowest antiprotease activity of all the CI groups. Serum from all the four groups showed similarly low 

protease activity with high antiprotease activity, with no statistically significant differences between the 

groups. Therefore, the protease-antiprotease activity was well balanced in the serum from all the four groups 

when compared with the ML groups, in which we found a significant imbalance in protease-antiprotease 

activity. The culture studies showed that incubation of HMEC-1 cells with ML or serum caused death of these 

cells (LDH study) which was prevented by antiprotease (FUT). Similarly, incubation of HMEC-1 cells with ML 

or serum caused significantly elevated IL-6 and MCP-1 levels, which were again reduced by FUT. These 

studies demonstrate a significant protease-antiprotease imbalance in the lymphatic compartment of animals 

with SAP and HS, leading to systemic inflammation, activation of endothelium, and production of 

inflammatory mediators that are blocked by a serine protease inhibitor (FUT).    

8.4.1. Serine proteases in health and disease 
Broadly, proteases are catabolic enzymes that regulate a multitude of body functions, including maintenance 

of cell junctions, cellular defence, cancer surveillance/suppression, and also maintenance of the coagulation 

system.
421

 Depending on the target cleavage peptide, these proteases are broadly classified into serine 

proteases, threonine proteases, cysteine proteases, and metalloproteases. Serine proteases include a family 

of proteases mainly secreted by the exocrine pancreas and leukocytes (leukocyte elastase, PMN elastase), 

and are known as PSPs; herein, both these types of proteases are referred to generically as “serine 

proteases”. PSPs are potent catabolic enzymes that aid in digestion of food in the intestines, whereas PMN 

elastases rupture, dissolve and digest invading microorganisms. Outside of their natural compartment, these 

proteases are strong inducers of inflammation.
94

  Natural barrier mechanisms exist to contain these 

pancreatic proteases and prevent them digesting the pancreas and the intestinal wall, the most important of 

which is the mucus biofilm (Chapter 2). The pancreas secretes these potent enzymes as an inactive pro-

enzyme (zymogen) that is activated only in the intestine. On the other hand, PMN elastase is produced 

mostly by activated neutrophils, which are regulated by inflammatory signals during systemic inflammation. 

However, if the activity of the proteases secreted from neutrophils is uncontrolled and excessive, as in 

certain conditions causing severe inflammatory disease, they can degrade the extracellular matrix, leading to 

self-destruction of tissue
422

. In normal situations, excess levels of circulating proteases and their activity are 

neutralised by natural antiproteases in the bloodstream, the most important of which are α-macroglobulin 

and β-macroglobulin, and also α1 anti-trypsin. These defensive antiproteases are produced mainly by the 

liver.  However, these proteases can cause extensive tissue damage when bodily homeostasis is 

overwhelmed, such as occurs during CI and systemic sepsis, and also because of hepatic failure during 

these states. 
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8.4.2. During critical illness, mesenteric lymphatics and mesenteric lymph are a 

major route source for systemic transport of proteases 
In CI, the gut undergoes IIR injury, whereby the usually tight epithelial barrier is compromised, and high 

molecular weight molecules may penetrate the tight junction regions in the interepithelial gaps and enter into 

the interstitial space of the intestinal wall
98, 99, 423

. There may also be less mucin secretion from goblet cells, 

thereby reducing the potentially significant diffusion barrier for active digestive enzymes. Instead, fully 

activated digestive enzymes enter into the submucosal space and initiate self-digestion of unprotected villi 

structures, a process that leads to complete destruction of the tissue matrix
100

. Barrier failure also occurs due 

to the action of PSPs at protease-activated receptors (PARs, also see Figure 5-1)
424

. In ischaemic and 

inflammatory conditions, trypsin activates PARs, which causes disruption of the gut epithelium and failure of 

the intestinal barrier. PARs cause failure of this barrier by causing changes in the phosphorylation of myosin 

light chain kinase and reorganisation of tight junction proteins
425

, inducing apoptosis of intestinal epithelial 

cells in a caspase-3-dependent manner, with obvious loss of the epithelial barrier and consequent ingress of 

macromolecules and bacteria, which exacerbates inflammation
426

. Digestive enzymes may also be carried 

into the smooth muscle tissue layers of the intestinal wall
427

; thus, they can enter the portal venous 

circulation and intestinal lymphatics, and may escape across the serous collagen coat into the peritoneal 

fluid. 

The two main afferent transport channels in the intestine are the portal and lymphatic systems. The portal 

circulatory system is tightly regulated, with foreign matter being absorbed, phagocytosed or detoxified by the 

liver
5, 344, 428

. However, the intestinal lymphatics lack this apparatus and drain directly to the systemic 

circulation. Also, the lymphatic channels of the intestine, which normally transport fat and nutrients from the 

intestinal lumen to the circulation, are ideally placed for transport of the products of mucosal inflammation 

and autodigestion
429

.  Therefore, the activated digestive enzymes or pancreatic proteases that have entered 

the lymph can now gain entry to the extrahepatic systemic circulation through the mesenteric lymphatics and 

thoracic duct. The lymph thus admixed with blood enters the bed of the lung, which is one of the first organs 

to fail in CI
5, 430

, and later the heart via the cardiac vasculature arising from the aortic root. A recent study by 

Schmid-Schonbein et al demonstrated three isoforms of pancreatic trypsin that were detected in lung 

homogenate from animals with HS, and two of the three proteases (trypsin, chymotrypsin and elastase) were 

significantly elevated
431

. There are also various studies showing that animals with CI benefit from therapeutic 

inhibition of serine protease at the active source, i.e., the gut,
103, 149

 or through blocking its production in the 

pancreas
150

. The protection rendered by inhibition of pancreatic digestive enzymes is only provided if the 

enzymes are blocked inside the lumen of the intestine
103

. If the enzyme inhibitors are administered directly 

into the circulation (via the intravenous. intra-arterial or intramuscular route), less protection, and in some 

cases no protection, is achieved irrespective of the protease inhibitor used. This observation supports the 

hypothesis that digestive enzymes in the lumen of the intestine, where they are fully activated and in high 

concentrations as part of normal digestion, are the major source of degradation enzymes in acute intestinal 

ischemia when barrier permeability is changed. 
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However, the nature of autodigestion and transfer of serine proteases through the mesenteric lymphatics in 

AP may present a different mode of protease leak. Both exocrine and endocrine secretions of the pancreas 

may enter thoracic duct lymph directly through pancreatic lymphatics, but in normal circumstances this route 

of entry is not quantitatively important
432

. It is also clear from the structural relationships between the 

lymphatics and pancreatic parenchymal cells that lymph is not a significant pathway for the secretory 

products of these cells
432

. Therefore, the lymphatic system of the pancreas, like that in other organs, is 

essential for removal of excess fluid from the interstitium. In this sense, the lymphatics may be considered to 

serve as an overflow, protective, or safety system. When the system is inadequate or its capacity is 

exceeded, as in inflammation of the pancreas, exocrine secretions entering the interstitium are not cleared 

and the proteolytic enzymes therein cause major damage to the tissue. This, in turn, exacerbates oedema 

and decreases the ability of lymphatics to drain the fluid, resulting in further damage. Various animal and 

human
433-435

 studies have implicated the role of pancreatic and peri-pancreatic lymphatics in transfer of 

pancreatic exudates and catabolic enzymes during pancreatic inflammation
432, 436

. Further, our recent 

research demonstrates that ML can reach the pancreas directly through lymphatic connections (Loveday et 

al, unpublished data). Also, our study demonstrated that pancreatic lymph is often able to reach the cisterna 

chyli through more than one lymphatic trunk, at times providing an alternative route for ML to reach the 

cisterna chyli. In light of this new finding, it is possible for ML conditioned in the CI intestine to reach the 

pancreatic lymphatics and undergo further conditioning because of the pancreatic inflammation and 

hypoperfusion. Moreover, because of the lymphatic interconnections and retrograde flow, this doubly 

conditioned ML would be able to reach the cisterna chyli and be carried to the systemic circulation.  

Significantly elevated protease activity in ML from animals with CI was observed in this study. Both SAP and 

HS ML demonstrated a significant increase in protease activity when compared with sham and AP ML. This 

was an unexpected finding, given that our group had previously demonstrated significant pancreatic 

proteases in animals with AP as part of a proteomics study
136

. Also, the intestines from the sham and AP 

groups in that study were histologically normal, although the pancreata from AP animals showed 

pancreatitis. However, in the present study, the intestines from animals with AP showed slight mucosal 

oedema without any inflammation while the pancreata demonstrated pancreatitis; the AP model also had 

significant antiprotease activity in ML to neutralise any pancreatic proteases. The intestines from the SAP 

and HS models showed significant mucosal oedema, inflammation and sloughing (Table 8-2). Thus, as the 

severity of the critical disease progresses, transport of intestine-derived PSPs through the mesenteric 

lymphatics is facilitated. The gross imbalance between the activity of these proteases in ML and the ability of 

antiproteases to neutralise them is discussed in the next section. Thus, the digestive proteases overwhelm 

the lymphatic antiproteases, causing an imbalance in protease-antiprotease activity. The other important 

finding from this study is that serum protease activity was negligible in all the critical conditions and similar to 

that in sham serum. These findings suggest that mesenteric lymphatics are likely to be a more important 

channel for systemic transport of active PSPs than the portal route. 
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8.4.3. Protease-antiprotease imbalance in the lymphatic compartment may be a 

predictor of systemic inflammation and critical illness 
This study is the first to document an imbalance of protease-antiprotease in serum and ML from animals with 

AP, SAP or HS (Table 8-3 and 8-4). In a relatively mild to moderate inflammatory condition such as AP, there 

is significantly less digestive protease activity with robust antiprotease activity in ML. This increased 

antiprotease activity was found in ML from sham animals as well. This significant relative abundance of 

antiproteases when compared with digestive proteases in ML would probably help to neutralise the PSPs 

and curtail systemic inflammation in the sham and AP groups when compared with the SAP and HS groups. 

In SAP and HS ML, a reversal of this protease-antiprotease balance occurs, with significantly increased 

digestive protease activity and significantly decreased antiprotease activity. Interestingly, the HS animals had 

the least amount of antiproteases in ML, and were also the most critical of the CI groups studied. Also, all the 

groups studied did not demonstrate protease-antiprotease reversal or imbalance. Thus, reversal of protease-

antiprotease balance allows PSPs to enter the systemic circulation, leading to systemic inflammation and 

activation of endothelium and the coagulation cascade. This protease-antiprotease reversal and imbalance 

found in ML may be the harbinger of a critical disease, predicting systemic inflammation, organ failure, and 

death. 

The ‘‘tryptic’’ theory states that AP leads to exhaustion of the protective role of the antiproteases, and the 

notion that active trypsin somehow seems to generate local and/or distant tissue damage has attracted 

considerable attention. A study by Dugernier et al in patients with SAP suggested that ML draining through 

the thoracic duct contained significantly more immunoreactive trypsin than the corresponding serum.
434

 In 

more recent studies, these authors have demonstrated an imbalance of protease-antiprotease in lymph and 

ascitic fluid.
433, 435

 They suggest that in SAP, activation of trypsinogen results in a protease-antiprotease 

imbalance and thus release of excess pancreatic enzymes to the systemic circulation. This, they propose, 

causes organ failure and MODS in SAP. An earlier study by Montravers et al reported a similar finding in 

patients with SAP.
437

 Digestive proteases have been known to enter the systemic circulation and cause 

systemic inflammation in other CIs as well.
102, 438

 

Access of these PSPs to the systemic circulation may be made possible by a protease-antiprotease 

imbalance in the lymphatic compartment. Increased PSPs leak into the lymphatics secondary to intestinal 

barrier failure and are carried to the thoracic duct (described in Chapters 1 and 2). The antiproteases 

neutralising these excessive PSPs in CI are overwhelmed in the lymphatic compartment, unlike in a normal 

condition. It is noted in many previous works that a rapid decline in antiprotease concentrations is associated 

with a worse outcome.
439

  Albumin also plays an important role in the balance between proteases and 

antiproteases, with about 20% of antiproteases being bound to this protein molecule
440

. Therefore, 

decreased albumin is probably associated with more severe disease and hence albumin is used in scoring of 

the severity of AP
439

.  The results of this study also demonstrate decreased serum albumin in animals with 

SAP and HS, with HS being the only lymphatic group with significantly reduced albumin (Table 8-2). The 

significant imbalance between proteases and antiproteases in the lymphatic compartment would likely lead 

to active PSPs entering the systemic circulation and impacting the end organs. 
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8.4.4. Serine proteases cause systemic inflammation and organ failure by interaction 

with endothelium and coagulation 
Endothelium undergoes changes based on the stimulus and degree and persistence of the insult. Activated 

endothelium occurs when a number of functions of the endothelium are still intact (maladaptive phenotype), 

whereas in a dysfunctional state the endothelium loses its barrier function
270

 (non-adaptive), leading to 

apoptotic or pyroptotic cell death
271

, thus further worsening the systemic inflammation. Systemic 

inflammation, endothelium, and coagulation are interrelated in that endothelial activation/dysfunction causes 

activation of complement and coagulation
276

. Initiation of systemic inflammation/sepsis by mediators such as 

PSPs activates the endothelium, which produces further inflammatory mediators such as IL-6, MCP-1, and 

tumour necrosis factor (TNF), and these soluble mediators activate the coagulation and complement 

cascade.  

 

Figure 87 Schematic diagram showing the vascular and mesenteric routes for transport of PSPs. The 

vascular route leads to the liver via the portal system, where the pancreatic proteases are metabolised and 

secreted to bile. The mesenteric route carries PSPs to the systemic circulation, in particular to the lung and 

heart beds, causing endothelial activation and further production of cytokines and chemokines. These 

cascading reactions cause systemic inflammation or SIRS leading to MODS. Abbreviations: MODS, 

multiple organ dysfunction syndrome; SIRS, systemic inflammatory response syndrome; PSPs, pancreatic 

serine proteases  
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The products from activation of complement and coagulation are again strong activators of inflammation. 

Thus, these reactions cause an inflammatory cascade that ultimately leads to endothelial dysfunction and 

apoptosis/cell death
276

. The proposed pathomechanism is demonstrated graphically in Figure 87. 

The increasing role played by serine proteases in endothelial activation, dysfunction and coagulation is now 

well understood
276, 441

. PSPs such as trypsin and cathepsin-G and serine proteases like PMN elastase cause 

activation of endothelial PAR receptors and changes in the endothelium simulating activation and 

dysfunction
442

. Activation of the endothelium and PAR receptors by serine proteases causes production of 

cytokines such as IL-6
443

 and chemokines like MCP-1
444

 (Figure 87). Significant amounts of IL-6 and MCP-1 

from endothelial cell supernatants incubated with ML were found in this study.  Endothelium incubated with 

SAP and HS ML caused increased production of LDH, indicating endothelial death. These results indicate 

the potential role of serine proteases in causing both endothelial activation and death. The serum from SAP 

and HS animals also caused activation of the endothelium; however, this is not surprising given that the 

serum would probably contain serine protease from the coagulation cascade reaction, indicating activation of 

coagulation, since D-dimer from animals with SAP and HS was found to be significantly elevated (Table 8-2). 

In further support of this activation of endothelium and coagulation, we found these effects were reduced by 

nafamostat (FUT), a serine protease inhibitor described in next section. 

 

8.4.5. Protease inhibition prevents systemic activation of endothelium and 

inflammation 
If digestive serine proteases are transported to the systemic circulation and cause endothelial 

activation/dysfunction and sometimes death, then logically antiproteases should be therapeutic in these 

situations. There is currently indirect but nonetheless corroborative evidence to suggest that this is true. Most 

of the pioneering work on the role of pancreatic proteases in systemic inflammation and its severity, and also 

the therapeutic role of antiprotease oral gavage, has been done by Schmid-Schonbein et al
100, 445-448

 in 

intestinal ischaemia and HS models. 

Using cultured endothelial cells, our own study in AP demonstrated a significant beneficial effect of inhibition 

of protease on endothelial cells. Use of a therapeutic dose of nafamostat (FUT), a broad-spectrum serine 

protease inhibitor, demonstrated that the endothelial activation found with CML was blunted or prevented. 

Nafamostat has a potential therapeutic role because of its strong inhibitory effect on trypsin and 

chymotrypsin, and to a lesser degree, on thrombin, kallikrein and plasmin
449

. Thus, therapeutic serine 

antiprotease has a role in firstly preventing intestinal pancreatic proteases from reaching the systemic 

circulation and secondly in neutralising the systemic inflammation induced at the endothelial level.   
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8.4.6. Gut-origin sepsis: is pancreatic serine protease the missing link in systemic 

inflammation and MODS of critical illness? 
Chapters 1 and 2 of this thesis described gut-origin sepsis, where the critical gut plays a prominent role in 

systemic inflammation and distant organ failure through the mesenteric lymphatics and lymph. The 

hypothesis was that PSPs from the gut are important in intestinal barrier failure and that they are transported 

systemically through the lymphatics. Histology revealed that the intestines from animals with SAP and HS 

had breach in mucus and the mucosal layer with infiltration of inflammation (Table 8-2). The pancreata from 

these animals also showed mild to moderate pancreatitis.  

 

Figure 88 Role of the ischaemic-reperfused gut in production of tissue-injurious factors carried by the 

mesenteric lymphatics to the systemic circulation and causing gut-origin sepsis. Pancreatic serine proteases 

are one of the most important mediators in systemic inflammation and organ failure. 

 

There were significantly elevated PSPs along with significantly reduced antiprotease capacity in ML from 

SAP and HS animals. The ML from these animals had a gross imbalance in protease and antiprotease 

activity, with an 80–170-fold reduction in the capacity to neutralise exogenous serine proteases. ML from 

these animals also caused endothelial activation/dysfunction and death. These effects were prevented by 

nafamostat, a serine protease inhibitor. Thus, one of the main reasons for gut-origin systemic inflammation 

and sepsis may be the abundance of PSPs, with insufficient quantities of antiproteases being carried to the 

systemic circulation by the mesenteric lymphatics (Figures 87 and 88). This gross imbalance in 

concentrations of proteases and antiproteases and their activity in ML results in systemic activation on 

contact with the vascular endothelial bed. 
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8.4.6. Limitations 
The current study used three models of CI. Addition of sepsis and IIR models to the study would have given 

a more robust set of CI models. All the models had a similar ML collection protocol, which included a set time 

period for collection. The severity of SAP develops with the passage of time (over 4–30 hours)
191, 192

 as 

compared with HS, where the severity increases rapidly through the reperfusion phase and ebbs away as 

reperfusion progresses (about 60–300 minutes from the start of shock)
198, 316

. This rigid protocol meant that 

AP ML and SAP ML were not allowed to reach the optimal conditioning for production of more toxic ML. We 

studied the functional activity of protease-antiprotease in lymph and serum. Addition of ascitic fluid would 

have provided an additional dimension; however, this was not possible because the HS and sham groups 

did not yield any ascitic fluid for analysis. Quantitative analysis of the different concentrations of PSPs 

(trypsin, chymotrypsin) in serum and ML as well as antiproteases (α1-antitrypsin and α2-acroglobulin) could 

not be carried out because of the limited production of ML by some of the animal groups studied. However, 

this is the first qualitative study to show a gross imbalance of protease-antiprotease activity predominantly in 

the lymphatic compartment. 

8.4.7. Significance 
This is the first study of its type on the composition of CML, and suggests that an imbalance exists between 

the harmful digestive enzymes and beneficial antiproteases present in ML. This study has potential 

implications for future lymph-based or lymphotropic antiprotease therapies. 

8.5. Summary 
CI-induced systemic inflammation and MODS is still an enigma. However, it is presumed that systemic 

inflammation in CI is due to factors carried by the mesenteric lymphatics from the critical gut. This study 

demonstrates that ML from animals with CI indeed has significantly high PSPs and significantly reduced 

antiproteases. It also shows that this gross imbalance between inflammatory PSPs and beneficial 

antiproteases is responsible for systemic inflammation, endothelial activation/dysfunction, and coagulopathy. 

These events may lead to organ failure and MODS. Inhibition of proteases by nafamostat (a synthetic 

antiprotease) results in blocking of endothelial activation and prevention of endothelial death. These findings 

may have implications for future therapeutics in preventing systemic inflammation and MODS. 
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Chapter 9. Protease-related predictors of severity of AP: a systematic 

review of the literature 
 

9.1. Introduction 
 

Early and accurate prediction of the severity of acute pancreatitis (AP) is important for clinical decision-

making
450

 and patient outcome
451

.   It aids in triage of patients, for transport in regional centres, and 

admission to intensive care units, as well as in decisions about fluid resuscitation and early endoscopic 

retrograde cholangiopancreatography. A delay in identifying severe disease has been associated with a four-

fold increase in the risk of death.
452

   

Many approaches have been taken to early prediction of the severity of AP. However, a recent review
453

  

highlighted the universal problem of their relatively low sensitivity and specificity. Further, an accuracy of 

70%–80% means that 20%–30% of patients will be misclassified, which severely limits the utility of such 

methods in managing individual patients.  Other limitations include the need to delay for 48 hours when 

using, e.g., Ranson’s score and the Glasgow criteria, and the number of parameters to be collected (e.g., 

eleven with APACHE II and five with the BISAP score)
454

. Also, some of the methods used for prediction of 

severity (e.g., APACHE II) require invasive and constant monitoring, and are more suited to the intensive 

care setting. Use of combinations of predictors appears to improve accuracy, but has proved to be 

cumbersome and to have limited clinical value
453

.  The current approaches used to predict the severity of AP 

appear to have reached a ceiling, and there seem to be two main paths forward
450, 455

.  There needs to be 

either better ways of using existing predictors of severity (e.g., sequencing, combinations of biomarkers or 

neural networking
450

) or discovery of new biomarkers of severity that reflect a critical outcome-determining 

pathophysiology.    

Since the proposal of the “autodigestion” theory by Hans Chiari more than a century ago,
456

  a key concept in 

the pathophysiology of AP has been the role of pancreatic proteases.  Premature activation of trypsinogen 

within the acinar cell is considered to be the sentinel event in AP,
457, 458

  and basolateral extrusion of 

activated trypsin, phospholipase and other proteases into the pancreatic interstitium drives local and 

systemic inflammation
459-462

.  Once released into the pancreatic interstitium, retroperitoneum, peritoneal 

cavity, and circulation, these proteases cause necrosis of pancreatic and peripancreatic fat
463, 464

.  

Recruitment of inflammatory cells to the injured tissues and activation of secretion of zymogens, such as 

polymorphonuclear (PMN) elastases, from granulocytes compound the injury inflicted by pancreatic 

proteases
465

 and help to drive the development of the systemic inflammatory response syndrome. This is 

both a predictor of severity
466

  and the prodrome of multiple organ dysfunction and failure
467

, which is the 

leading cause of death in severe acute pancreatitis (SAP)
468

 (Figure 89).  Antiproteases provide a natural 

defence against the destructive effects of prematurely activated and dislocated proteases
469

 by forming a 

protease-antiprotease complex
470

.  However, antiprotease defence mechanisms can be overwhelmed.
471

  

The notion that pancreatic and leukocyte proteases play an important role early on in the pathogenesis of AP 
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is supported by the finding that serum levels of these enzymes rise within 24 hours of the onset of AP
472-474

.  

On this basis, protease-related markers from the pancreas and leukocytes would be good candidates for 

predicting the severity of AP. 

 

 

Figure 89 Role of protease activation (in the pancreas and leukocyte) in the systemic inflammatory response 

and in critical disease leading to multiple organ dysfunction syndrome. Abbreviations: NFκB, nuclear factor 

kappa B; PMN, polymorphonuclear; HMBG-1, high-mobility group box-1 

 

The aim of this study is to systematically review the clinical literature and determine summary estimates of 

the absolute and relative value of pancreatic and leukocyte protease-related markers, and their precursors, 

in the prediction of severity of AP. 
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9.2. Materials and methods 

9.2.1. Search strategy 
The literature was searched for all studies published between January 1985 and November 2013 that 

evaluated proteases, protease precursors, antiproteases and the protease-antiprotease complex in 

prediction of AP severity. The search strategy for MEDLINE was “sensitivity and specificity”(All Fields) OR 

“false positive”(All Fields) OR “false negative”(All Fields) OR “accuracy”(All Fields) OR “”predictive value of 

tests”(All Fields) OR “likelihood ratio”(All Fields) OR “reference values”(All Fields) OR “ROC analysis”(All 

Fields) “acute pancreatitis”(MeSH Terms) OR “acute pancreatitis, severe”(MeSH Terms) AND 

“human”(MeSH Terms). The search terms for EMBASE included “acute pancreatitis” OR “acute pancreatitis, 

severe” AND “prognosis” OR “severity” AND (humans)/lim. The references of the primary and review articles 

were also searched to identify publications not retrieved by the electronic searches. We also searched 

SCOPUS to obtain additional articles missed in MEDLINE and EMBASE. Finally, we attempted to retrieve 

any imminent or unpublished material relevant to this study using the Clinical Trials Search and 

ClinicalTrials.gov databases. Titles and abstracts of all citations were screened independently by two 

reviewers (Satya Shanbhag and Maxim Petrov). Language restrictions were not applied to the search 

strategy 

9.2.2. Study inclusion criteria 
A study was included in this systemic review if it had a prospective design and provided both sensitivity and 

specificity data for a serological marker (index test), i.e., pancreatic or leukocyte protease activation, 

activation peptides, protease-antiprotease complex, or antiproteases, for predicting the severity or prognosis 

of AP, or when it provided data on individual study subjects allowing derivation of true positive, false positive, 

false negative, and true negative results.  

A further inclusion criterion was that the study had to include a grading of severity, either by the Computed 

Tomography Severity Index, a clinical scoring system (Ranson, Marshal, or APACHE), or when the diagnosis 

of AP was made at laparotomy. Eligible outcomes included severe pancreatitis, defined by the Atlanta 

criteria
475

 or the Japanese criteria for severity
476

, multiple or single organ failure, presence of local or 

systemic complications, pancreatic necrosis (infected or not), need for intervention, survival, and duration of 

hospital stay. To be eligible, a study also had to include serial assessment of markers in the 24, 48 or 72 

hours following onset of symptoms or admission to hospital. Studies were excluded if they correlated 

postulated prognostic markers but did not examine an eligible outcome. As described, the index test did not 

form part of the reference standard for selection. If publications used overlapping study populations, we 

selected the study with the largest number of patients enrolled. 

9.2.3. Data extraction 
The number of patients, clinical setting, study population, prevalence and severity of AP, study design, and 

cut-off level used for each serological marker were extracted from the literature independently by two 
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investigators (STS, MSP).  The true positive, false positive, true negative, and false negative results for each 

of the markers were abstracted from each included study and recorded in data collection sheets. 

9.2.4. Assessment of study quality 
Quality assessment was performed by one reviewer (MSP) and checked by the second reviewer (STS). 

Included studies were assessed for methodological quality using the list of QUADAS items
477

. 

9.2.5. Statistical analysis 
Two-by-two contingency tables were constructed for all serological markers reported in the included studies. 

The analyses were done with Revman version 5 software
478

. If two or more studies investigated the same 

index test, their results were summarized by pooling estimates of sensitivity, specificity, likelihood ratio for 

positive index test (LR+), likelihood ratio for negative index test (LR-), diagnostic odds ratio (DOR), and their 

corresponding 95% confidence intervals. We added 0.5 to each cell of all two-by-two tables that included at 

least one zero cell.
479

 A random effects model (DerSimonian and Laird) was used to calculate all summary 

estimates
480

. MetaDiSc version 1.4 was used to generate summary receiver operating characteristic and 

DOR forest plot curves.
481

  Sensitivity was defined as the number of patients who had severe AP and a 

positive test (TP/TP + FN).  Specificity was defined as the number of patients without severe AP who had a 

negative test result (TN/TN + FP). The LR+ is the likelihood that a person with the disease would have a 

positive result divided with the likelihood that a person without the disease would have a positive result 

(sensitivity/1 – specificity). The LR- is the ratio of the false negative ratio to the true negative ratio. The DOR 

was defined as the ratio of the odds of the test being positive if the subject had the disease relative to the 

odds of the test being positive if the subject did not have the disease. 

 

9.3. Results  

9.3.1. Study characteristics 
From the initial literature search, we identified and screened 486 abstracts (Figure 90). Ninety-three articles 

were considered of potential value and the full text was retrieved for detailed evaluation.  Forty-nine of these 

93 articles were subsequently excluded from the review (34 did not satisfy the inclusion criteria, nine were 

based on the same study population, 2×2 contingency tables could not be constructed for five studies, and 

one study contained data from peritoneal fluid). The remaining 44 studies had a suitable prospective design 

and yielded usable data. Nine different serological protease-related markers were investigated in 2924 

patients in 44 studies (Table 1), with seven of these studies yielding data on more than one marker. The 

definition of severity (original Atlanta criteria
475

, Ranson’s criteria
482

, Computed Tomography Severity 

Index
483

), source of sample (urine or serum), sample timing (24, 48 or 72 hours after symptom onset or 

hospital admission), cut-off value used for the predictor, and the results of decision analysis (sensitivity, 

specificity, true positive and false positive) for each of the nine predictors: Table 9-2 (trypsinogen activation 

peptide, TAP), Table 9-3 (carboxypeptidase activation peptide), Table 9-4 (trypsinogen 2 [T2]), Table 9-5 

(PMN elastase), Table 9-6 (phospholipase A2 [PLA2] and activation peptide of PLA2 [PROP]), and Table 9-7 
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(α2-macroglobulin, β2-macroglobulin and trypsin/α1AT complex). The pooled results for each of the nine 

protease-related markers are summarised in Table 9-8.  Table 9-9 shows the serum level or cut-off used for 

PMN elastase within the first 24 hours of symptom onset or admission in SAP or mild to moderate AP. 

 

Figure 90 PRISMA chart showing selection of studies. 

 

9.3.2. Severity and marker characteristics 

The characteristics of markers and severity are headed according to the classification shown in Table 9-1. 

This table also shows the relevant references for the study. 
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Table 9-1 Mediators of interest used in this review 

 

 

9.3.2.1. Protease precursors 
Eighteen studies, encompassing three of the major pancreatic protease precursors, provided data for 

determining the clinical usefulness of these in the early prognostication of AP severity. Ten of eleven 

studies
464, 474, 484-492

 evaluated their usefulness by measuring urinary TAP, and one study evaluated serum 

TAP
493

 (Table 9-2). Nine studies
474, 485, 487-491, 493, 494

 evaluated urinary TAP at 24 hours with a sensitivity and 

specificity of 68.3% and 77%, respectively (Table 9-8). With a pretest prevalence of 34%, the post-test 

probability was 64%, with a negative probability of 20%. Six studies
474, 486-488, 493, 495

 evaluated urinary TAP at 

48 hours after symptom onset/admission, with a sensitivity and specificity of 81.4% and 75.5%, respectively. 

With a pretest prevalence of 36%, the post-test probability was 65%, with a negative probability of 10%. 

Urinary TAP at 24 hours yielded a DOR of 8.39 as opposed to 16.69 for TAP at 48 hours (Table 9-8). TAP at 

>35 nmol/L in urine is considered ideal for prediction of severity of AP. There were six studies
474, 486, 487, 489, 

490, 492
 evaluating TAP >35 nmol/L, with a sensitivity and specificity of 69.2% and 76.8%, respectively. With a 

pretest prevalence of 37%, the post-test probability was 64%, with a negative probability of 20%.  This group 

also yielded a DOR of 8.14, equivalent to TAP at 24 hours but significantly less than TAP at 48 hours.   

Eight studies examined the performance of carboxypeptidase precursor activation peptide (CAPAP) as a 

prognostic indicator in severe AP
420, 488, 496-501

 (Table 9-3). Eight studies evaluated serum CAPAP and five 

studies
420, 488, 496, 497, 501

 evaluated urinary CAPAP at 48 hours. Serum CAPAP at 48 hours had a sensitivity 

and specificity of 86.2% and 72.9%, respectively (Table 9-8). In this group, with a pretest prevalence of 38%, 

the post-test probability was 64%, with a negative probability of 10%.  Urinary CAPAP at 48 hours had a 

sensitivity and specificity of 72.1% and 82.1%, respectively (Table 9-8). In this group, with a pretest 

prevalence of 31%, the post-test probability was 67%, with a negative probability of 13%.   Serum CAPAP 

had a DOR of 18.03 compared with 18.36 for the urinary CAPAP studies (Table 9-8). Only two studies 

evaluated the clinical significance of PLAP in severe AP
486, 502

 (Table 9-1 and Table 9-6). 

Class Mediators References 

Protease precursors Trypsinogen activation peptide  22, 51, 52, 54, 55, 56, 57, 58, 59, 60, 62  

Carboxypeptidase activation peptide  36, 56, 57, 58, 63, 64, 65, 66   

Phospholipase A2 peptide  35, 52
 

Proteases Trypsinogen 2  36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 49, 
57, 84 

Polymorphonuclear elastase  30, 31, 32, 33, 34, 35
 

Phospholipase A2 35, 47, 48, 50, 51, 52
 

Antiproteases α2-macroglobulin 31, 69 

β2-macroglobulin 70, 71 

Protease/antiprotease 
complex 

T2/α1 antitrypsin 31, 45, 72 
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Table 9-2 Studies using trypsinogen activation peptide for prognostication of acute pancreatitis including 

source, cut-off level, contingency table results, and definition of severity 

Reference Severity 
definition 

Sample timing Sample 
Source 

Cut-off level Sensitivity Specificity True +ve False +ve 

Khan et al (1973) AC, CT At 24 hours Urine >35 nmol/L 100 77 19 9 

Tenner et al (1997) CT At 48 hours Urine 5 ng/mL 100 75 9 10 

At 48 hours Urine 10 ng/mL 100 85 9 6 

At 48 hours Urine 15 ng/mL 89 95 8 2 

At 48 hours Urine 20 ng/mL 67 95 6 2 

Zhi-Su Liu et al 
(2002) 

AC At 24 hours Urine 25 nmol/L 100 76 12 7 

Within 48 hours 
of symptom 

onset 

Urine 35 nmol/L 92 90 11 3 

Gudgeon et al 
(1990) 

OF At admission Urine >2 nmol/L 80 90 12 4 

At 24 hours Urine >2 nmol/L 80 85 12 6 

Mayer et al (2002) AC At 48 hours of 
symptom onset 

Urine >35 nmol/L 81 71 28 40 

At 48 hours of 
hospital 

admission 

Urine >35 nmol/L 83 72 29 38 

Saez et al (2004) AC At 24 hours Urine 14.1 nmol/L 100 69 10 5 

At 48 hours Urine 18.1 nmol/L 92.3 80 16 7 

Lempinen et al 
(2003) 

All 

At admission Urine >35 nmol/L 64 82 18 18 

At 24 hours Urine >35 nmol/L 52 92 15 8 

Neoptolemos et al 

(2000) 

AC, CT At 24 hours of 
symptom onset 

Urine >35 nmol/L 58 73 20 37 

At 48 hours of 
symptom onset 

Urine >35 nmol/L 81 71 28 40 

At 24 hours of 
admission 

Urine >35 nmol/L 68 74 24 36 

At 48 hours of 
admission 

Urine >35 nmol/L 83 72 29 38 

Johnson et al 
(2004) 

All At 24 hours Urine 25 nmol/L 62 73 16 44 

At 24 hours Urine 35 nmol/L 46 80 12 33 

Pezzilli et al (2004) AC, CT At 24 hours Serum 0.005OD 16.7 77 1 3 

At 48 hours Serum 0.005 OD 20 62 2 8 

Saez et al (2002) AC At 24 hours Urine 18.1 nmol/L 92.3 80 16 7 

Note: the data are shown as the median or range.  Abbreviations: OF, organ failure; APACHE, Acute Physiology and Chronic Health Evaluation; AC, Atlanta criteria; CT, 

computed tomography scan; All, includes CT, AC, OF and on laparotomy 
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Table 9-3 Studies using activation peptide of procarboxypeptidase B for prognostication of acute pancreatitis 

including source, cut-off level, contingency table results, and definition of severity 

Reference Severity 
definition 

Sample 
source 

Sample 
timing 

Cut-off level Sensitivity Specificity True +ve False +ve 

Abu Hilal et 
al (2007) 

AC Serum At admission >6 nmol/L 100 88 7 2 

Urine At admission >40 nmol/L 100 96 7 1 

Rau et al 
(1998) 

CT Serum At day 3 >200 ng/mL 91 64 35 11 

Overall >200 ng/mL 86 60 33 12 

Muller et al 
(2002) 

CT Serum <48 hours 3.2 nmol/L 95 87 31 7 

48–72 hours 0.4 nmol/L 89 84 29 8 

Pezzilli et al 
(2000) 

AC Serum Day 1 1.14–1.19 
nmol/L 

87 40 8 7 

Day 2 1.14–1.19 
nmol/L 

89 54 8 5 

Day 3 1.14–1.19 
nmol/L 

78 82 7 2 

Overall 1.14–1.19 
nmol/L 

85 5 8 4 

Saez et al 
(2004) 

AC Serum At 24 hours 4.83 nmol/L 89 47 9 9 

At 48 hours 4.97 nmol/L 93 67 16 12 

Urine At 24 hours 15.45 nmol/L 89 81 9 3 

At 48 hours 9.18 nmol/L 85 66 14 12 

Regner et al 
(2008) 

AC, CT Serum  1 nmol/L 95 50 15 62 

Cut-off level 
used 

2 nmol/L 75 64 12 45 

 3 nmol/L 56 79 9 26 

Urine  15 nmol/L 63 71 10 36 

Cut-off level 
used 

20 nmol/L 63 75 10 31 

 25 nmol/L 56 76 9 30 

Appelros et 
al (2001) 

AC, CT Serum  5.5 nmol/L 100 72 12 14 

Urine  100 nmol/L 92 89 11 5 

Hjalmarsson 
et al (2009) 

AC, CT Serum 0–24 hours 8 nmol/L 60 82 5 9 

25–48 hours 8 nmol/L 22 100 2 0 

48–72 hours 8 nmol/L 0 95 0 3 

0–72 hours 8 nmol/L 22 94 2 3 

Urine 0–24 hours 100 nmol/L 40 90 4 5 

25–48 hours 100 nmol/L 20 100 2 0 

49–72 hours 100 nmol/L 29 98 3 1 

0–72 hours 100 nmol/L 27 96 2 2 

Note: the data are shown as the median or range.  Abbreviations: OF, organ failure; APACHE, Acute Physiology and Chronic Health Evaluation; AC, Atlanta criteria; CT, 

computed tomography scan; All includes CT, AC, OF and on laparotomy 
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Table 9-4 Studies utilising trypsinogen-2 for prognostication of acute pancreatitis including source, cut-off 

level, contingency table results, and definition of severity 

Reference Severity 
definition 

Sample source Sample timing Cut-off level Sensitivity Specificity True +ve False +ve 

Kamer et al 
(2007) 

All Urine/Actim strip Overall 50 mg/L 100 92.4 26 5 

Kemppainen 
et al 

(1997) 

AC, CT Urine/Actim strip At admission 50 mg/L 100 93 7 3 

Andersen et 
al (2010) 

AC, CT Urine/Actim strip At 24 hours 50 mg/L 87 28 26 32 

Pezzilli et al 
(2001) 

AC, CT Urine/Actim strip At admission 50 mg/L 89 38 8 13 

Hwang et al 
(2004) 

CT Urine/Actim strip  50 mg/L 93 63 14 13 

Sainio et al 
(1996) 

CT, OF Serum At 24 hours 1000 µg/L 91 71 18 8 

Kylanpaa-
Back et al 

(2000) 

AC, CT Urine/Actim strip  50 mg/L 100 94 9 2 

Lempinen et 
al (2001) 

AC Urine/Actim strip At admission 2000 µg/L 62 87 26 14 

At 24 hours 2000 µg/L 62 85 26 16 

Urine/quantitative At admission 2000 µg/L 62 77 26 25 

At 24 hours 2000 µg/L 71 78 30 24 

Hedstrom et 
al (1996) 

 

OF 

Urine/quantitative Within  24 
hours 
preferred  

3800 µg/L 68 80 13 8 

Within  24 
hours 

1400 µg/L 26 90 5 4 

Within  24 
hours 

2100 µg/L 47 80 9 8 

Within  24 
hours 

3200 µg/L 42 90 8 4 

Lempinen et 
al (2003) 

All Urine At admission >3000 µg/L 72 81 21 19 

At 24 hours >3000 µg/L 82 78 24 22 

Appelros et 
al (2001) 

AC, CT Serum At admission 1350 µg/L 38 58 5 20 

Urine At 24 hours 3500 µg/L 58 74 7 13 

Hedstrom  et 
al (2001) 

AC, CT Serum At admission 1713 µg/L 70 77 15 10 

At 24 hours 1158 µg/L 80 65 17 15 

 911 µg/L 90 58 19 18 

Chen et al 
(2005) 

AC Urine/Actim strip At 24 hours >50 mg/L 100 86 17 7 

Note: the data are shown as the median or range.  Abbreviations: OF, organ failure; APACHE, Acute Physiology and Chronic Health Evaluation; AC, Atlanta criteria; CT, 

computed tomography scan; All includes CT, AC, OF and on laparotomy 
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9.3.2.2. Proteases 
Three proteases were tested as predictors of severity of AP in 26 studies. Thirteen studies examined the 

performance of T2 as a marker of severity of AP either in serum or urine
494, 496, 503-511

 (Table 9-4). Eleven 

studies examined urine within 24 hours of symptom onset or admission. Most of the studies used the rapid 

Actim urine test strip for this marker when differentiating the severity of AP. Only three studies used the 

serum T2  level for analysis. Urinary T2 had a sensitivity and specificity of 77.9% and 78.1%, respectively 

(Table 9-8). In this group, with a pretest prevalence of 33%, the post-test probability was 65%, with a 

negative probability of 14% (Table 9-8). The serum T2 studies had a sensitivity and specificity of 77.9% and 

65%, respectively. In this group, with a pretest prevalence of 39%, the post-test probability was 50%, with a 

negative probability of 18%. The urinary and serum T2 studies yielded a DOR of 12.8 and 6.6, respectively.  

Six studies examined the performance of PMN elastase as a prognostic indicator in the early detection of 

severe AP
502, 512-516

 (Table 9-5). PMN elastase had a combined sensitivity of 86.2% with a specificity of 

93.8% at 24 hours after admission/symptom onset. In this group, with a pretest prevalence of 21%, the post-

test probability was 72%, with a negative probability of 4%. Also, PMN elastase, with a DOR of 70.4, was the 

highest of all the markers, and the confidence interval of the DOR for PMN elastase did not overlap with 

those of the other markers used (Table 9-8).  

 

Table 9-5 Studies utilising polymorphonuclear elastase for prognostication of acute pancreatitis including 

source, cut-off level, contingency table results, and definition of severity 

Reference Severity 
definition 

Sample 
source 

Sample 
timing 

Cut-off level Sensitivity Specificity True +ve False +ve 

Dominguez-
munoz et al 

(2006) 

AC Serum At 24 hours 110 µg/L 92 91 46 16 

Dominguez-
munoz et al 

(1993) 

OF Serum At admission 250 µg/L 93 94 26 9 

At 24 hours 300 µg/L 93 99 26 1 

At 48 hours 300 µg/L 92 100 26 0 

Viedma et al 
(1994) 

CT, OF Serum At 24 hours 380 µg/L 84 93 27 3 

Gross et al 
(1990) 

CT Serum Within 24 
hours 

400 µg/L 85 76 35 8 

Mora et al 
(1997) 

AC Serum At day 1 >200 µg/L 77 92 20 1 

   At day 2 >200 µg/L 79 88 20 1 

Aufenanger 
et al (2002) 

OF Serum Within 48 
hours 

200 µg/L 60 74 6 8 

Note: the data are shown as the median or range.  Abbreviations: OF, organ failure; APACHE, Acute Physiology and Chronic Health Evaluation; AC, Atlanta criteria; CT, 

computed tomography scan; All includes CT, AC, OF and on laparotomy 
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Seven studies examined the performance of PLA2 in determining the severity of AP
486, 502, 517-521

 (Table 9-6). 

However, there were two studies that also analysed PROP.
486, 502

 The combined sensitivity and specificity of 

serum PLA2 was 75.1% and 74.5%, respectively. In this group, with a pretest prevalence of 35%, the post-

test probability was 64%, with a negative probability of 17%. Studies on PLA2 yielded a DOR of 11.74. 

 

Table 9-6 Studies using phospholipase A2 and activation peptide of pancreatic phospholipase A2 for 

prognostication of acute pancreatitis, including source, cut-off level, contingency table results, and definition 

of severity. 

Markers Reference Severity 
definitio
n 

Sample source Sample 
timing 

Cut-off 
level 

Sensitivity Specificity True+ False+ 

PLA2 Kemppainen 
et al (1999) 

OF Serum PLA2 PLA2 II  ? 71 41 5 10 

Mayer et al 
(1998) 

CT Serum PLA2 Tested 
from 1–4 
days 

300 ng/mL 89 88 9 3 

 277 ng/mL 80 85 8 4 

 286 ng/mL 80 87 8 3 

Ignjatovic et 
al (2000) 

CT Serum PLA2  11 U/L 55 100 10 0 

Nevalainen et 
al (1985) 

OF Serum PLA2 Within 24 
hours 

>9.2 µg/L 93 63 13 16 

Aufenanger  
et al (2002) 

OF Serum PLA2 Within 48 
hours 

100 U/L 60 84 6 5 

Serum/panc 
PLA2 or type 1 

Within 48 
hours 

7 U/L 100 100 10 0 

Buchler et al 
(1989) 

Ranson 
criteria, 

CT 

Serum/catalyti
c PLA2 

Day 1–5 15 U/L 79 79 28 11 

Serum/catalyti
c PLA2 

Day 1–5 3.5 U/L 75 78 26 11 

Pro PLA2 
(PROP) 

Mayer et al 
(2002) 

AC Urinary PROP At 48 hours 
of symptom 
onset 

>1 nmol/L 71 59 25 56 

 At 48 hours 
of hospital 
onset 

>1 nmol/L 56 58 20 58 

Aufenanger  
et al (2002) 

OF Serum/PROP Within 48 
hours 

15 U/L 60 65 6 11 

Note: the data are shown as the median or range.  Abbreviations: OF, organ failure; APACHE, Acute Physiology and Chronic Health Evaluation; AC, Atlanta criteria; CT, 

computed tomography scan; All includes CT, AC, OF and on laparotomy 
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Table 9-7 Studies using antiprotease or the protease-antiprotease complex for prognostication of acute 

pancreatitis including source, cut-off level, contingency table results, and definition of severity 

Markers Reference Severity 
definition 

Sample 
source 

Sample 
timing 

Cut-off 
level 

Sensitivity Specificity True +ve False +ve 

α₂-
macroglobulin 

Dominguez-
munoz et al 

(1993) 

OF Serum At 24 
hours 

15 mg/dL 61 72 17 44 

At 48 
hours 

30 mg/dL 69 73 19 42 

Banks et al 
(1991) 

OF Serum Overall 

1–7 days 

? 87 63 7 7 

β₂-
macroglobulin 

Pezzilli et al 
(1998) 

AC, CT Serum  2.1 mg/L 53 82 8 4 

Pezzilli et al 
(1995) 

AC Serum Day  1 2.1 mg/L 58 81 9 4 

Day 2 2.1 mg/L 50 77 8 5 

Day 3 2.1 mg/L 43 68 6 7 

Day 4 2.1 mg/L 50 74 8 6 

Trypsin/antitr
ypsin 

Dominguez-
munoz et al 

(1993) 

OF Serum 

α₁-
protease 

Inh 

At 24 
hours 

30 mg/dL 50 71 14 45 

At 48 
hours 

70 mg/dL 69 70 19 46 

Hedstrom et 
al (1996) 

CT Serum 
T2/α₁AT 

At 0–12 
hours 

288 µg/L 95 65 27 29 

At 24 
hours 

267 µg/L 95 64 27 30 

At 24 
hours 

288 µg/L 90 64 25 30 

At 24 
hours 

205 µg/L 95 54 27 38 

At 24 
hours 

288 µg/L 90 65 25 29 

Hedstrom et 
al (2001) 

AC, CT Serum 
T2/α₁AT 

 836 µg/L 70 72 15 12 

760 µg/L 80 67 17 14 

650 µg/L 90 65 19 15 

Note: the data are shown as the median or range.  Abbreviations: OF, organ failure; APACHE, Acute Physiology and Chronic Health Evaluation; AC, Atlanta criteria; CT, 

computed tomography scan; All includes CT, AC, OF and on laparotomy 

9.3.2.3. Antiproteases 
Four studies evaluated the clinical usefulness of antiproteases in SAP. One study each evaluated α2-

macroglobulin
440, 513

 and β2-macroglobulin
522, 523

 (Table 9-7) in SAP. 

9.3.2.4. Protease-antiprotease complex 
Three studies examined the performance of the trypsin/anti-trypsin complex in SAP

510, 513, 524
 (Table 9-7). The 

sensitivity and specificity for this test was 83% and 66%, respectively (Table 9-8).  In this group, with a 
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pretest prevalence of 40%, the post-test probability was 61%, with a negative probability of 13%. These 

studies also yielded a combined DOR of 10.43 for the trypsin-antitrypsin complex within the first 48 hours of 

symptom onset/admission. 

 

Table 9-8 Pooled sensitivity, specificity, likelihood ratios (positive and negative), pretest prevalence, post-test 

probability, and DOR at 24–48 hours for early prognostication of acute pancreatitis 

Index test Sensitivity 
(range) 

Specificity 

(range) 

Pretest 
prevalence 

Positive 
likelihood 
ratio (CI) 

Positive 
post-test  

probability 

Negative 
likelihood 
range (CI) 

Negative 
post-test 

probability 

Diagnostic 
odds ratio 

 

Serum 

PMN elastase at 
24 hours 

86.2 

(79.7–90.3) 

93.8 

(91.8–95.7) 

21% 9.64 

(4.7–19.9) 

72% 0.17 

(0.1–0.36) 

4% 70.4 

(21–235.7) 

Serum CAPAP at 
48 hours 

86.2 

(80.3–90.9) 

72.9 

(68.2–77.2) 

38% 2.89 

(2.2–3.8) 

64% 0.19 

(0.07–0.48) 

10% 18.0 

(8.62–37.7) 

PLA2 all 75.1 

(68.6–80.9) 

74.5 

(70.4–78.2) 

35% 3.26 

(2.2–4.9) 

64% 0.37 

(0.28–0.5) 

17% 11.74 

(5.8–23.9) 

Serum T2/α₁AT 

 

83.0 

(77.9–87.4) 

66.0 

(62.7–69.2) 

40% 2.38 

(2.1–2.6) 

61% 0.23 

(0.13–0.42) 

13% 10.4 

(5.5–19.7) 

T2 serum at 24 
hours 

77.9 

(68.2–85.8) 

65.0 

(58.0–71.6) 

39% 2.23 

(1.66–3.0) 

50% 0.34 

(0.15–0.78) 

18% 6.6 

(2.4–18.4) 

 

Urine 

Urinary CAPAP at 
48 hours 

72.1 

(59.2–82.9) 

82.1 

(77.0–86.4) 

31% 4.44 

(2.2–8.9) 

67% 0.33 

(0.13–0.84) 

13% 18.4 

(5.1–66.7) 

TAP at 48 hours 81.4 

(75.5–86.4) 

75.5 

(72.4–78.5) 

34% 3.6 

(2.75–4.7) 

65% 0.23 

(0.12–0.47) 

10% 16.7 

(7.7–36.0) 

T2 urine at 24 
hours 

77.9 

(72.5–82.7) 

78.1 

(75.0–81.1) 

33% 3.78 

(2.4–5.9) 

65% 0.33 

(0.21–0.5) 

14% 12.8 

(6.6–24.7) 

TAP at 24 hours 68.3 

(61.8–74.2) 

77.6 

(74.7–80.4) 

36% 3.06 

(2.4–3.8) 

63% 0.46 

(0.31–0.67) 

20% 8.3 

(4.4–16.0) 

TAP <35 nmol/L) 69.2 

(61.4–76.4) 

76.8 

(73.2–80.0) 

37% 2.95 

(2.2–3.9) 

63% 0.42 

(0.26–0.68) 

20% 8.1 

(3.7–17.9) 

Note: Values in bracket are the 95% confidence intervals. Abbreviations:  LR+, positive likelihood; LR-, negative likelihood; post-test +ve, post-test 

probability of having a severe disease; post-test -ve, post-test probability of not having a severe disease; DOR, diagnostic odds ratio.  
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Table 9-9 Serum cut-off value for polymorphonuclear elastase at 24 hours in acute pancreatitis and severe 

acute pancreatitis  

 

 

 

 

 

 

 

 Serum cut-off  level at 24 hours (μg/L) 

Acute pancreatitis Severe acute pancreatitis 

Gross (1990) <300 800 

Dominguez-Munoz (1993) 100 300 

Viedma (1994) 79 ± 35 380 ± 95 

Mora (1997) 87.3 ± 30 398.5 ± 150 

Aufenanger (2002) ND 200 

Dominguez-Munoz (2006) 68±30 220±90 
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9.4. Discussion 
This is the first study to systematically review the clinical prognostic utility of markers related to local 

pancreatic inflammation using pancreatic proteases and antiproteases and subsequent activation of 

locoregional inflammation by neutrophils and production of PMN elastase, a leukocyte protease. This study 

encompasses patients who were assessed for severity within the first 48 hours of symptom onset or 

admission with AP.  It was found that higher levels of PMN elastase in the very early phase are a reliable 

marker for progression of AP to a severe illness. The activation peptides in AP, especially TAP and CAPAP, 

have been studied extensively as prognostic markers in AP. This review demonstrates that these precursors 

also have a useful role in early prognostication of AP. One of the earliest pancreatic proteases to be 

released in AP is trypsinogen, which activates other proteases
525

. Because of its early release and rapid 

detection in urine, this protease also has a useful role in very early prognostication of AP.  

Collectively, these protease-related mediators are important because activation of proteases and 

inflammation is a very early event in AP, and high levels of these markers in serum can be detected within 

the first 48 hours of onset of the disease. Protease activation then declines at about 48–72 hours after 

disease onset.
309

 An early rise in levels of these markers could have prognostic implications, i.e., patients 

with SAP can be identified very early in the disease process. This is reinforced by a recent meta-analysis 

from Huang et al who used TAP as a prognostic marker for early stratification of severity of AP in patients on 

admission
526

. Our study confirms this prediction, because all the markers used are raised within 24–48 hours 

of disease onset or admission. 

PMN elastase, a leukocyte protease, has emerged as the strongest early marker and is especially relevant 

for at least three reasons. Firstly, this leukocyte-derived protease is a potent tissue-digesting enzyme that 

heralds progression of locoregional inflammation to systemic inflammation. Secondly, activation of 

neutrophils and production of PMN elastase mark the progression of mild pancreatitis to a more severe 

category
472, 473, 515, 527

. Serum PMN elastase levels reach significantly higher levels in SAP than in mild 

disease at about 12 hours after onset of symptoms
528

. In this study, we found that PMN elastase >300 μg/L 

within the first 24 hours indicated severe disease whereas patients with mild AP had serum PMN elastase 

concentrations <100 μg/L (Table 9-9). Finally, levels of this mediator rise early in the progression of AP and 

are easy to measure in the laboratory, with peak values even before C-reactive protein and other parameters 

start to rise
515

. Concentrations rapidly decline in patients with an uneventful recovery, while a persistent 

elevation of this protease is seen in non-survivors
515

. One of the most important findings in this study was 

that PMN elastase can predict severe disease reliably, and a negative test would reliably confirm that the 

illness is not severe. This marker also has a very high DOR for the studies done on the progression of 

severity.  There have been many studies and narrative reviews elaborating the usefulness of this marker in 

AP. This current review supports the notion that early prognostication of patients progressing to severe AP is 

possible using this serum marker. 

Activation peptides, especially TAP and CAPAP, have been studied extensively as prognostic markers in AP. 

TAP is a five-amino acid activation peptide released by cleavage of trypsinogen to trypsin. CAPAP and other 

activation peptides, such as PLAP, are released after activation of trypsin. Therefore, TAP is released into 
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serum slightly earlier. Serum levels are elevated in severe disease, and peak about 24–48 hours from onset 

of illness. Since the first paper on TAP published by Gudgeon et al, there have been various publications on 

the clinical utility of this marker in assessment of the severity of AP
485

. A recent meta-analysis of research on 

urinary TAP suggests a strong role for this activation peptide in stratification of the severity of AP at 

admission
526

.  CAPAP is also found in plasma and urine, and is more stable than TAP because of its larger 

size. Levels of both these markers decline rapidly after 72 hours, so they are not useful in identifying severe 

cases later in the course of AP.
490, 495, 496

. Both these markers have a respectable DOR by 48 hours after 

disease onset (Table 9-8, Figure 91). These markers would be clinically useful for prognostication of an 

early-onset severe illness. 

PLAP is the activation peptide of pancreatic phospholipase A₂. This peptide is also released from activated 

neutrophils.
529

 Therefore, assay of this peptide indicates the aggregate impact of pancreatic activation and 

systemic inflammation.
530

 Like other activation peptides, PLAP declines within 48 hours of disease onset, so 

would not be ideal for prognostication later in the course of AP. The assay for PLAP is time-consuming, and 

as yet no easy immune-linked assay is available. Also, with a DOR of 11.74, PLAP would be an unlikely 

candidate versus the widely used TAP and CAPAP urinary assays. Further, there is not yet a commercial 

assay available for phospholipase A₂, so its analysis is presently confined to academia and scientific 

circles
531

. Therefore, it is presently difficult to ascribe any importance to the phospholipase A₂ studies. 

There are three trypsinogens secreted from the pancreas, of which trypsinogen-1 or T1 (cationic) and 

trypsinogen-2 or T2 (anionic)
532

 are deemed to be of importance. In healthy subjects, these endopeptidases 

belonging to the chymotrypsin superfamily are partially catalysed in the duodenum to trypsin by 

enterokinase.
533

 In healthy subjects, levels of T1 in plasma are four-fold those of T2. However, serum 

concentrations of T2 are markedly increased in AP, and T2 has been shown to be a useful marker for this 

disease
532

. In AP, premature activation of trypsinogen in the pancreatic interstitium is believed to be the first 

event leading to autodigestion of the gland. The mechanism leading to activation of trypsinogen is still 

unclear. However, ischaemia, hypercalcaemia, and activation of cathepsin-D by cholecystokinin have been 

implicated in its activation
533, 534

.  In AP, urinary T2 is elevated rapidly and remains so for about a week after 

onset of the disease
535

. A trypsinogen-2 urine test strip is now available, and gives a rapid result. Further, the 

DOR for T2 in our study was 12.81 at 24 hours, which was better than that for its activation peptide (TAP) at 

24 hours (DOR 8.34, Table 9-4, Figure 91). This indicates that the urinary T2 test would be better suited for 

early prognostication of AP. However, after 48 hours of disease progression, this marker lags behind its 

activation peptide for prognostication purposes. 
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Figure 91 Diagnostic odds ratio for the major pancreatic and leucocyte proteases and protease activation 

markers from the study. (A) is TAP (urine), (B) is CAPAP (serum), (C) is polymorphonuclear elastase 

(serum), and (D) is T2 (urine). The red dotted line is the confidence interval and the diamond is the pooling 

symbol. Abbreviations: CAPAP, carboxypeptidase activation peptide; TAP, trypsinogen activation peptide 
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A wide variety of protease inhibitors that inactivate and prevent trypsin from reaching the systemic circulation 

are altered in AP. The three most extensively studied are α₁-antitrypsin, α₂-macroglobulin, and β₂-

macroglobulin, of which α₁-antitrypsin is the quantitatively dominant one. Strongly elevated serum 

concentrations of trypsin-1-α₁-antitrypsin and trypsin-2-α₁-antitrypsin complex within the initial 12–24 hours 

after admission predicts a severe outcome in patients with AP
524

. The other antiproteases, i.e., α₂-

macroglobulin and β₂-macroglobulin, also bind to trypsin and other elastases. These complexes are rapidly 

degraded and eliminated from the systemic circulation by macrophages. Therefore, there is a rapid decrease 

in the α₂-macroglobulin level during a severe episode of AP
536, 537

. In this review, the trypsin-2-α₁-antitrypsin 

complex has a respectable DOR of 15 as compared with the other antiprotease complexes.  However, 

because of the complicated assay required for their analysis, these antiproteases are not used presently for 

rapid assessment of disease severity, and probably would add little to the predictive value of the other 

protease markers. 

This analysis has a number of potential limitations that need to be acknowledged. First, it is based solely on 

observational studies that might be subject to confounding. While confounders are best addressed by 

randomized controlled trials, these are not available in the literature. Second, there are potential problems 

with differences in the definitions used to stratify the severity of AP. The definition of severity has changed 

since 1992 when the Atlanta classification was introduced. Fortunately, most of the studies of severity of AP 

have been done since 1992, whereas those published before then used mainly CT scanning to diagnose and 

score the severity of disease.  This issue was addressed by prespecified subgroup analyses that confirmed 

the robustness of the findings irrespective of the definition of severity used. Finally, the timing of the tests 

and the criteria used to assess disease severity differed between the studies, and might have introduced 

some heterogeneity.   

9.5. Conclusions 

In summary, the present systematic review presents the pooled estimates for protease-related markers that 

can be used in patients to predict the severity of AP. C-reactive protein at a level >150 mg/L is considered to 

be the gold standard for prognostication of AP 48 hours after disease onset
538

. This study has revealed that 

levels of PMN elastase, a leukocyte protease marker, exceeding >300 μg/L within the first 24 hours predict 

severe disease. Thus, PMN elastase compares well with other more common pancreas-derived and 

inflammatory markers, including C-reactive protein, and is useful much earlier on in development of the 

disease. As a result of this study, we expect that there will be renewed interest in evaluating this serum 

marker for early prognostication of AP. This study also indicates that activation markers such as TAP and 

CAPAP are relatively good early markers of severity of AP. Further studies AP are required to analyse the 

impact of these protease and leukocyte activation markers on the temporal relationship of organ failure, 

MODS and ultimately death in patients with AP. A better understanding of this temporal relationship using 

the ideal combination of these markers of disease would be the subject of further study.   
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Chapter 10. Conclusions and future directions 

10.1. Overview 
 

Without invasive organ support, critical illness (CI) usually culminates in death. CI is a global health burden 

and a raison d'être for intensive care units. Any severe disease can lead to CI, the most common being 

sepsis, major trauma, haemorrhagic shock (HS), major burns, and severe inflammatory disease, such as 

acute pancreatitis (AP). Although CI can result from a wide range of diseases and inciting events, the 

derangement in physiology is surprisingly similar, and is known as multiple organ dysfunction syndrome 

(MODS)
1
 (Chapter 1). More than 40 years after its initial description, MODS remains the major cause of 

death among critically ill patients
2
.  

The intestine has an important role in CI and in the development of multiple organ dysfunction and failure.   

Much more than a silent bystander, the intestine is both impacted by and a driver of CI.
107

 The stressed 

intestine in CI produces altered mesenteric lymph
136, 137

 which is delivered via the thoracic duct to the 

systemic circulation without detoxification in the liver (Chapter 2). It is this concept that underpins the “gut 

lymph” hypothesis of multiple organ dysfunction and failure.
27

  This thesis has examined the role of gut lymph 

in multiple organ dysfunction and failure in CI. 

The cardiorespiratory system is one of the earliest systems to be affected in CI. Cardiac dysfunction has 

been found in patients with CI in the intensive care setting. The role of CI-conditioned mesenteric lymph 

(CML) in cardiac dysfunction was investigated in Chapter 4. Using three separate sets of experiments, this 

study found that: CML causes cardiac dysfunction in a normal perfused working heart; interruption of 

drainage of this ML by thoracic duct ligation prevents cardiac dysfunction; and CML collected from the 

mesenteric ducts of ligated animals and infused into a normal heart caused similar cardiac dysfunction.  This 

is the first demonstration of cardiac dysfunction caused by CML. 

Cells in the endothelium of vital organs are the first to come in contact with CML in the systemic circulation. 

Important features of CI and MODS include marked systemic inflammation and coagulopathy. In Chapter 5, it 

was confirmed that there is significantly disordered endothelial function and physiology as well as 

coagulopathy in animals with CI.  The results of the study described in Chapter 3 demonstrate that 

endothelial cells incubated with CML animals with CI underwent apoptotic death. This study also 

demonstrated that incubation with CI and serum causes elaboration of activation products from endothelial 

cells, including interleukin-6 and monocyte chemoattractant protein-1. These activation products promote 

local and systemic inflammation. The experiments in Chapter 5  demonstrate that CML causes endothelial 

dysfunction that is further compounded by activation of the coagulation and inflammatory cascades via 

generation of cytokines and chemokines.  

The mitochondria are essential for production of energy in the cell.  During CI, there is evidence of 

mitochondrial dysfunction (MD).  The state of cytopathic hypoxia has been described, where there is 

reduction in oxygen utilisation, even in the face of optimal delivery
56

. MD almost certainly contributes to 

multiple organ dysfunction, organ failure, and death.
58-60

 The advent of high definition respirometry 
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(Oroboros™) has allowed a greater understanding of MD in CI.   Chapter 6 explores the role of CML in 

causing MD in heart and lung tissue homogenates from normal animals. The results of the research reported 

in that chapter show that MD occurs because of dysfunction of respiratory complexes I–IV and damage to 

the outer mitochondrial membrane caused by incubation with a physiological concentration of CML.  The 

factors in CML that are responsible for mitochondrial damage and MD are not known and outside the scope 

of this thesis, but represent an important area for future study.  Nevertheless, the studies in Chapters 7 and 8 

explore the compositional changes in CML that contribute to systemic inflammation and MODS in CI. 

Transcriptomics deals with messenger molecules, especially messenger RNAs (mRNAs), and other 

translational molecules. Recently, very small RNAs have been identified and were initially thought to be 

insignificant. These are now described as microRNAs (miRNAs), and are a group of small (approximately 22 

nucleotides in length), single-stranded, non-protein-coding RNAs first described in 1993 by Lee et al
184

. They 

are highly conserved
185

 and play a key role in the regulation of gene expression through sequence-specific 

downregulation of their target mRNAs
186

. Given that a single miRNA is able to regulate hundreds of mRNAs, 

it is no surprise that aberrant expression of miRNAs has been implicated in the pathogenesis of many 

diseases
359

. There is also emerging evidence that the abundance of specific miRNAs changes in response to 

different diseases.
539

  Chapter 7 of this thesis describes the role played by miRNAs in AP, and reports for the 

first time on the abundance of these molecules in ML and also in plasma. We now know that CML is an 

important source of these potent biological mediators, which exert their effect systemically. Chapter 7 also 

links miRNAs present in lymph with disease progression and systemic inflammation through a KEGG 

computational model. 

Proteases play an important role in the biological system, with activities including catabolism, coagulation 

and regulation of the coagulation cascade, and provide a systemic defence against microorganisms and 

systemic inflammation. Excess proteases are scavenged by natural antiproteases produced in the organism. 

Pancreatic proteases are serine proteases, and are mainly involved in catabolism and digestion of food. The 

pancreas, and to a certain extent the intestine and neutrophils, produce the bulk of these proteases. Hence, 

these are also described as pancreatic serine proteases (PSPs). Gut dysfunction and barrier failure are 

common in patients with CI. It has been proposed that these pancreatic proteases are responsible for 

systemic inflammation and organ failure in CI.  Studies have shown that antiprotease treatment in the form of 

oral gavage confers improved survival and organ protection in animals with CI.
100, 149

 Our proteomics work 

has demonstrated significantly increased pancreatic proteases in CML from animals with AP when compared 

with controls, along with a significant decrease in antiproteases. The findings outlined in Chapter 8 suggest 

that CML contains significantly increased levels of proteases but significantly decreased levels of 

antiproteases. This was hypothesised to be derived from the stressed intestine as well as from the pancreas 

due to the organisation of the mesenteric and pancreatic lymphatics. The gross imbalance between 

lymphatic proteases and antiproteases results in systemic inflammation, endothelial activation/dysfunction, 

and coagulopathy, as evidenced by the cell culture studies described in the same chapter. 

PSPs cause systemic inflammation, MODS, and death, and would be an ideal predictive biomarker of 

disease severity, especially in AP, as hypothesised in Chapter 9. The role of PSPs in locoregional and 

systemic inflammation leading to severe illness, organ failure, and ultimately death, is further described in 
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that chapter. The same chapter presents a systematic review of the literature on markers indicating the 

systemic severity of illness in AP, and found that polymorphonuclear (PMN) elastase is one of the PSPs that 

is significantly raised early in severe AP and is an accurate predictor of disease severity. 

10.2. Summary of key findings 
The following are the key findings from this project. 

 Cardiac dysfunction is common in CI and manifests as changes in contractility. CML from animals with 

CI causes cardiac dysfunction. Interruption of the flow of CML to the heart by thoracic duct ligation 

restores normal cardiac function. 

 Endothelial activation and later dysfunction occurs in CI, leading to organ failure and MODS. CML 

causes activation and later dysfunction and apoptosis of the endothelium. 

 Cytopathic hypoxia is due to an inability of the mitochondria to utilise tissue oxygen optimally. This is 

due to the MD seen in patients with CI. Heart and lung tissue homogenates incubated with CML 

demonstrated MD. 

 CI causes compositional changes in ML, and some of these may act as mediators leading to organ 

failure. miRNAs are stable, single-stranded, non-protein-coding RNAs responsible for control of many 

mRNAs. An abundance of these is hypothesised to cause disease. miRNAs are also thought to be 

prognostic markers in some disease states, but had not been isolated from ML to date. Our work found 

that some miRNAs were abundant and others were decreased in CML when compared with normal ML, 

and that these changes lead to activation of inflammatory and metabolic pathways. 

 PSPs are potent catabolic enzymes produced by the pancreas, intestine, and neutrophils. In health, 

very miniscule amounts of these proteases are identified systemically and are immediately scavenged 

by antiproteases. However, in CI, because of dysfunction of the gut barrier, there is unhindered 

seepage of intraluminal and pancreatic proteases into the systemic circulation, mostly via the 

mesenteric and pancreatic lymphatics. Further, production of defensive antiproteases by the liver is 

reduced. This results in a significant gross imbalance between proteases and antiproteases, leading to 

systemic inflammation and organ failure.  

 Serine proteases can also be an objective predictor of systemic inflammation, organ failure, and MODS. 

This study found that PMN elastase is a very sensitive, specific, and early biomarker for predicting the 

severity of AP.  

10.3. Implications 

10.3.1. Critical illness and the role of mesenteric lymph and lymphatics in organ 
failure and MODS  
The implications of this research are broad, and would be relevant to both basic science and the clinical 

setting. The first part of this thesis (Chapters 4–6) explored the role of ML and the lymphatics in organ failure 

and MODS. It is becoming increasingly evident that the gut is the driver of systemic inflammation (the 

systemic inflammatory response syndrome [SIRS]) and infection [sepsis]) in CI. The progression of SIRS and 

sepsis has been hypothesised to result in organ failure and MODS. In a seminal research article by Moore et 
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al, failure to demonstrate bacteria in the portal blood of animals with CI led to the proposition of non-bacterial 

tissue-injurious factors, most likely carried by the mesenteric lymphatic route, causing distant organ injury
93

. 

Thus, ML and the lymphatics was the missing link in organ failure and MODS.
540

 Although the role of CML in 

organ failure is now increasingly acknowledged
5, 27, 176

,  the findings of this research demonstrate for the first 

time how organs fail in CI. From this thesis, the following conclusions can be drawn: organ failure in CI is a 

multi-dimensional, multi-step process and possibly involves epithelial dysfunction, endothelial dysfunction, 

and MD; apart from the intestine, ML and lymphatics, the pancreas and pancreatic lymphatics also play a 

critical role in the constitutional changes in ML that occur in CI; and one of these changes is in the protease-

antiprotease milieu, with grossly elevated PSPs and barely quantifiable antiproteases. 

10.3.1.1. Organ failure in critical illness is a multi-dimensional, multi-step process 
Chapters 1 and 2 of this thesis discussed how organs fail in CI, the role played by inflammatory and 

infectious mediators, and how these may be responsible for the systemic physiological derangement known 

as MODS. Various studies and authors have suggested that the intestine and ML have a role in driving this 

pathophysiology on the basis of: the precarious blood supply to the intestine during CI; the toxic intestinal 

luminal contents, which contain a multitude of bacteria, semi-digested food, and pancreatic proteases; the 

mucus biofilm of the intestine, which acts as a defence against gut barrier failure; and the peculiar anatomy 

of the mesenteric lymphatics, which communicate directly with the systemic circulation through the thoracic 

duct, unlike the portal system which undergoes hepatic clearance.  

a) Intestinal ischaemia and reperfusion  

Splanchnic hypoperfusion is a sympathetic response after any major systemic illness, such as septic shock, 

major trauma and haemorrhage, burns, AP, or intestinal ischaemia. The blood volume is channelled to the 

central organs in these critical states to maintain perfusion of these vital organs. These events lead to 

intestinal hypoperfusion and intestinal ischaemia. Ischaemic conditions in the intestine then cause changes 

in all five compartments of the intestine (Chapters 1 and 2). For a patient who is resuscitated in the clinical 

setting, the intestine undergoes reperfusion injury. It is during this phase that the gut dysfunction 

predominates, resulting in gut barrier failure. This thesis has amply demonstrated both gross and histological 

evidence for intestinal ischaemia-reperfusion (IIR) injury in the ileum of animals with CI. 

b) Intestinal luminal contents 

The intestinal luminal contents include semi-digested food particles, commensal bacteria, and an alkaline 

medium containing pancreatic proteases. The intestinal contents also undergo a functional change with the 

onset of IIR, as do the intestinal wall and mucus. The lumen of the small and large intestine is a hostile 

environment that contains enough bacteria and bacterial products to kill the host thousands of times over if 

they were to reach the systemic circulation.
151

 In conditions of CI, various studies have documented either 

bacterial translocation or formation of a proinflammatory condition that creates an ideal environment for 

formation of CML by the intestinal lymphatics
143, 152

. Various study groups have used diverse measures, 

including elimination of enteric bacteria with antibiotics, and in extreme cases enterectomy, resulting in 

improved survival of animals with shock or IIR.
153, 154

 Thus, it appears clear that, as conditions within the gut 

change, the normal gut contents have the capacity to potentiate organ injury and contribute to the systemic 
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septic response under conditions of stress or injury. Even though it is difficult to show bacterial translocation, 

the studies included in this thesis provide evidence that PSPs are present in ML from animals with CI. These 

pancreatic proteases were found to have two sources, i.e., the intraluminal portion of the intestine and the 

pancreas. This novel finding is discussed in the next section. 

c) Intestinal mucus biofilm 

In health, the hostile intraluminal contents of the intestine are prevented from contact with enterocytes and 

the intestinal parenchyma by the defensive intestinal mucus biofilm. However, with the onset of IIR injury, the 

mucus biofilm layer becomes thinned and eventually breaks down. This results in contact between 

enterocytes and the hostile luminal contents of the intestine. Faced with the combination of an impaired 

capacity to repair the mucosal biofilm and altered intestinal contents, the enterocytes become dysfunctional 

and disintegrate, allowing the toxic intraluminal contents to invade the intestinal parenchyma. The results of 

this research have demonstrated histologically that in CI the intestinal mucus layer undergoes disintegration, 

with oedema and disintegration of the mucosal layer (which also includes the enterocytes, capillaries and 

intestinal initial lymphatics or lacteals).   

d) Mesenteric lymph does not undergo hepatic clearance 

Because of their peculiar anatomical arrangement, the abdominal visceral lymphatics drain to the cisterna 

chyli and are transported to the systemic circulation via the thoracic duct. This arrangement is important in 

the case of the intestine because of its absorptive and assimilative nature. The two major efferents from the 

intestine are the capillaries terminating in the portal system and the initial lymphatics (lacteals) terminating in 

the cisterna chyli and systemic circulation. In health, the intestinal capillaries transport the majority of the 

nutrients from the intestinal villi, except for fat and lipids, which are carried by the lacteals. However, with IIR, 

the lacteals also carry the surrounding tissue fluids, which are not necessarily fat or lipids. Further, the portal 

system is tightly regulated by the liver, and any toxic contents are cleared or scavenged by hepatocytes and 

the reticuloendothelial system. However, lacteal-related ML does not undergo this clearance and is carried 

unhindered to the systemic circulation. In this thesis, there is ample evidence that ML from critically ill 

animals does contain tissue-injurious mediators, and when their flow to the systemic circulation is 

interrupted, they confer tissue and organ protection.      

10.3.1.2. Gut origin inflammation and sepsis: validity in theory and principle  
The gut has been described as containing five interrelated structures or compartments, four of which have 

been outlined above, i.e., the luminal contents of the gut, mucus biofilm, enterocytes or epithelium, and the 

microvasculature and microlymphatics of the gut (which also include gut lymphocytes and Peyer’s patches). 

The fifth compartment is the enteric nervous system (Auerbach’s and myenteric plexi) which is connected to 

the central nervous system by the vagus nerve. In health, all the five compartments function harmoniously to 

maintain homeostasis in the organism. However, as demonstrated in this thesis, in CI there is disruption of 

these intestinal compartments, leading to production of tissue-injurious mediators that are transported 

systemically by mesenteric lymphatics, leading to systemic inflammation, organ failure, and ultimately death 

of the individual. The role of gut origin systemic inflammation in causing organelle, cellular and organ 

dysfunction is briefly described below.   
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a) Organ dysfunction 

This thesis looked at the heart as an example of an organ undergoing dysfunction, and thus as a direct 

measure of organ failure. It was demonstrated that CML causes cardiac dysfunction and that this was 

prevented in animals with lymphatic diversion. Further, it was found that critically ill animals with intestinal 

and pancreatic injury also had worse intraoperative physiology, demonstrating SIRS. ML from these animals 

caused cardiac dysfunction; however, lymphatic diversion improved this tissue injury and preserved cardiac 

function.  

b) Endothelium and endothelial dysfunction 

This thesis has also demonstrated that CML causes both activation and dysfunction of the endothelium. Our 

studies found that CML from critically ill animals with intestinal and pancreatic injury, which also had worse 

intraoperative physiology and demonstrated SIRS, produced activation, dysfunction and death of endothelial 

tissue. 

c) Mitochondria and mitochondrial dysfunction 

Using high-resolution respirometry (Oroboros) of tissue homogenates from the heart and lung, we found that 

CML caused MD mainly as a result of dysfunction of the various respiratory complexes of the electron 

transport system as well as damage to the outer mitochondrial membrane. From the studies, it was found 

that CML from critically ill animals with intestinal and pancreatic injury, which also had worse intraoperative 

physiology and demonstrated SIRS, produced MD when analysed using respirometric techniques. Similarly, 

in another set of experiments, it was found that interruption of flow of ML resulted in significantly decreased 

intestinal and pancreatic injury, less systemic inflammation, and improved mitochondrial function (Table 4-5). 

From these studies, it is apparent that systemic inflammation and MD is precipitated by mediators present in 

ML from critical disease.  

It is now clear from these experiments that CI-induced intestinal and pancreatic injury causes production of 

mediators that are transported systemically by mesenteric lymphatics, resulting in systemic inflammation 

(SIRS), organ failure, and MODS. The implications of the current findings are relevant for both applied 

biology and the clinical sciences. 

10.3.2. Critical illness and constitutional changes to mesenteric lymph  
The second part of this thesis (Chapters 8 and 9) described constitutional changes in CI-conditioned ML (i.e., 

ML conditioned by the critical intestine and pancreas). This has been referred to as “biologically active” ML 

by other authors. Thus, biologically active or conditioned ML forms the crux of the gut lymph hypothesis, gut-

origin sepsis, organ failure, and MODS. 

Various authors have described in part the constitution and constituents of ML in critical disease, with some 

stating a change in its lipid composition
176, 541, 542

 and others stating a change in its aqueous composition
171, 

174
. Such reports have been based on proteomics and lipidomics studies by these groups. Our own study 

using the proteomics platform on HS and AP demonstrated a plethora of changes when compared with 

normal ML, again highlighting the importance of conditioning of ML by the critical intestine
136, 137, 170

.  Our 

group identified seven pancreatic proteases (catabolic enzymes) that were significantly elevated in AP-
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conditioned ML, with a correspondingly significant decrease in antiproteases when compared with sham ML. 

HS-conditioned ML showed changes in its gene ontology pathways, mainly involving the stress response, 

catabolism and metabolism. A recent consensus from the collaborative work of groups led by Moore, Deitch, 

and Schmid-Schonbein have suggested that the combined changes in the composition of CML could be 

described as damage-associated molecular patterns (DAMPs)
5
. As described earlier, at least 100 DAMPs 

have been identified to date, and the numbers are increasing
543-545

. These findings suggest that our present 

understanding of the compositional changes in CML and the possible mediators responsible for organ failure 

in CI are still at the “tip of iceberg” stage, with more yet to be discovered or understood. This thesis has 

elaborated two possible novel mediators that may be partly responsible for the biological effect of CML. 

The role of novel translational molecules, i.e., the miRNAs, which have various regulatory roles and may 

influence the inflammatory milieu, organ failure, and the survival mechanism of the organism with CI, is 

described in Chapter 7. The presence of miRNAs in ML, in a corresponding sample of plasma, and the 

respective tissues from sham animals and animals with AP and SAP are described for the first time. This 

study noted a significant change in seven miRNAs, with five being significantly elevated and two being 

significantly decreased in ML. To identify the potential functions of the miRNAs of interest in pancreatitis, this 

study used DIANA-miRPath v2.0, http://www.microrna.gr/miRPathv2 (Vlachos IS 2012) to assess their 

predicted human targets for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway similarities, and 

found that they were related to either inflammation or metabolism.  

Chapter 8 of this thesis described PSPs and their role in systemic inflammation and organ failure. The results 

of our research demonstrated that these proteases are significantly abundant in CML, especially in SAP-

conditioned ML when compared with sham ML. We also found that the antiproteases that neutralise these 

proteases were significantly reduced in HS-conditioned and SAP-conditioned ML when compared with their 

AP and sham counterparts. It is interesting to note that AP-conditioned ML contained a significantly higher 

concentration of antiproteases than did SAP-conditioned ML, suggesting that a different pathophysiological 

mechanism might be at play, such that SAP becomes a critical disease involving dysfunction of multiple 

organs and ultimately death. Analysis of the results of quantitative assays from other body fluids including 

serum, urine and ascitic fluid demonstrated that these proteases were logarithmically elevated in ML alone. 

These findings suggest that CML is significantly abundant in proteases with a relative deficiency in 

neutralising antiproteases, especially in HS and SAP, and the mesenteric lymphatics are the main channel 

for transport of these toxic catabolites to the systemic circulation, thus probably causing the cascade of 

systemic inflammation, SIRS, and MODS. The protease-antiprotease imbalance is not a new phenomenon, 

having been described by us previously in our proteomics study of AP ML
136

. A previous study by Dugernier 

et al also described the compartmentalisation and eventual imbalance of the protease-antiprotease complex 

in AP that may lead to organ failure.
433, 435

 However, the novel aspect of this study is the significant 

imbalance between proteases and antiproteases in SAP-conditioned ML and HS-conditioned ML and the 

relative absence of this compartmentalisation in other body fluids, i.e., serum, ascites and urine (data for 

ascitic fluid and urine were obtained in a pilot study and are not presented in this thesis).    

The second important finding from Chapter 8 is the role of synthetic antiprotease in maintaining an anti-

inflammatory milieu. This study found that endothelial cells incubated overnight with ML or serum from 
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critically ill animals produced inflammatory cytokines. However, when these cells were treated with broad-

spectrum serine antiprotease (nafamostat, FUT-175), they demonstrated significantly decreased expression 

of endothelial stress receptors and stress compounds (chemokines or cytokines such as interleukin-6, 

monocyte chemoattractant protein-1, and lactate dehydrogenase). These findings suggest the following four 

possible mechanisms: mediators in CML and serum cause changes in the endothelial interface, generating 

stress receptors; serine proteases may be a potential mediator; the activated endothelium produces 

chemokines and cytokines, so that inflammation become systemic; and a broad-spectrum antiprotease 

blocks this activation by neutralising the proteases and other mediators in CML and serum. Thus, the 

findings reported in the second part of Chapter 8 indirectly confirm the role of serine proteases in CI and that 

a broad-spectrum antiprotease neutralises the toxic systemic effects of CML and serum.   

The hypothesis that PSPs causing systemic inflammation, MODS and death would also be an ideal 

predictive biomarker of disease severity, especially in AP, was also tested. The role of PSPs in locoregional 

and systemic inflammation leading to severe disease, organ failure, and ultimately death is further studied in 

Chapter 9. In this chapter, there is a systematic review of the literature dealing with markers indicating 

systemic severity in AP. Only studies that dealt with serine protease, the protease-antiprotease complex, 

antiproteases, and pancreatic activation markers were selected for systematic analysis of the most ideal 

biomarker of AP severity. The severity of AP was defined according to the revised Atlanta classification
546

. 

HS, the other critical disease, could not be included in this systematic review because of the lack of early 

predictive biomarker/biomarkers of severity. The highlight of this chapter is the identification of PMN elastase 

as an early predictive marker of severity of pancreatitis. The other important early predictive markers are the 

activation product of trypsinogen, trypsinogen activation peptide, and trypsinogen itself. PMN elastase is a 

leukocyte-based serine protease and is considered to be a very potent protease involved initially in 

locoregional inflammation. However, in AP, the local peripancreatic inflammation becomes systemic with 

recruitment and activation of neutrophils. The recruitment of inflammatory cells to the injured tissues and 

activation of zymogen secretions from these granulocytes, such as PMN elastase, are much more damaging 

than the pancreatic proteases.
465

 This local inflammation progresses to systemic inflammation, and SIRS is 

both a predictor of severity and a prodrome to multiple organ dysfunction and failure
467

, which is the leading 

cause of death from SAP.  The fundamental role played by pancreatic and leukocyte proteases in the 

pathogenesis of AP and progression to SAP is supported by the findings that levels of these markers rise 

within 24 hours of the onset of AP
472, 473, 547

 and that they also predict organ failure and mortality
467, 473

.   

10.4. Why organs fail in critical illness: solving a jigsaw puzzle 
This thesis described in Chapter 1 why organs fail in CI, and the subsequent chapters and studies have 

helped to put together some of the pieces of the MODS puzzle.  
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Figure 92 MODS algorithm showing the causal factors which either lead to successful resolution or death. 

Abbreviations: SIRS, systemic inflammatory response syndrome; MODS, multiple organ dysfunction 

syndrome; CARS, compensatory anti-inflammatory response syndrome 

The events leading to organ failure and MODS usually begin with an inflammatory (SAP, scorpion or snake 

bite, barotrauma, burns) or infective (pneumonia, septicaemia) aetiology, or both (infected pancreatic 

necrosis, secondary infection). The loss of homeostasis is secondary to hypoperfusion leading to gut and 

pancreatic ischaemia-reperfusion injury. Simultaneously, there is autonomic dysfunction and dysregulation, 

which activates the cholinergic inflammatory pathway. The lymphatic pathway leads to transfer of non-

bacterial tissue-injurious factors (e.g., serine proteases, DAMPs, miRNAs) to the systemic circulation, 

activating innate and alternative inflammatory mechanisms. The vascular route is important for infectious 

mediators acting on the immune response. These inflammatory and/or infective mediators cause activation 

of endothelium and the complement and coagulation cascades. These cause generation of further 

mediators, the most powerful of which are cytokines, reactive oxygen species, and serine proteases from the 

coagulation cascade. 
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Figure 93 Pathway of SIRS and MODS. Various and multiple associations and interactions exist between 

cellular and subcellular structures, which are seemingly chaotic but can result in death or recovery of the 

organism with CI. Adapted from Mizock et al.
23

 Abbreviations: DAMPs, damage-associated molecular 

patterns; SIRS, systemic inflammatory response syndrome; MODS, multiple organ dysfunction syndrome; 

ROS, reactive oxygen species; mtDNA, mitochondrial DNA. 

 

These events result in endothelial dysfunction and microvascular damage and at the same time also lead to 

MD with failure of bioenergetics. Thus, widespread dysregulation of counterregulatory and haemostatic 

mechanisms lead to concurrent failure of multiple organs and systems. Failure of resolution of these leads to 

death of the organism; however, successful resolution leads to recovery, healing, and return to homeostasis 

(Figures 92 and 93). 
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10.5. Future directions 

10.5.1. The fifth compartment: probing the gut brain axis in critical illness 

10.5.1.1. The cholinergic anti-inflammatory pathway 
The brain is known to exert its effects systemically on other organ systems during neurological injury. This 

mechanism is described as “acute autonomic instability” or “injury-induced Cushing’s response” of the brain. 

This response, in addition to signalling neurological injury, can result in end-organ damage, such as 

neurogenic pulmonary oedema and stunned myocardium, which are associated with increased mortality in 

affected patients
548, 549

. A recent study has provided some therapeutic options that could potentially prevent 

the effect of this adverse Cushing’s response on systemic organs, especially the lungs and the heart, by 

autonomic blockade using hexamethonium
550

. Hexamethonium is a nicotinic receptor antagonist that acts at 

the preganglionic nicotinic acetylcholine receptors located in the sympathetic and parasympathetic ganglia. It 

prevents the end-organ or postganglionic autonomic effects of the noradrenalin-based sympathetic system 

and the muscarinic-based parasympathetic system
551

. The other way to counter the sympathetic surge would 

be to stimulate the central parasympathetic pathway. 

Recent research suggests that the central nervous system may coordinate an anti-inflammatory response to 

injury. Seminal work by Tracey et al has described the cholinergic anti-inflammatory pathway, proposing that 

efferent vagal nerve signalling regulates the production of cytokines.
552

 Vagal nerve stimulation has been 

shown to decrease proinflammatory cytokine levels and also to decrease the occurrence of shock in animals 

given a lethal dose of endotoxin
553

. Signalling from the efferent vagus nerve to the splenic nerve is 

responsible for the suppression of tumour necrosis factor-α seen in endotoxaemic animals that have 

undergone vagal nerve stimulation
554

. A recent study by Costantini et al demonstrated the protective effects 

of vagal nerve stimulation in reducing failure of the intestinal barrier in an animal model of major burns.
555

 

They also demonstrated the protective effects of vagal nerve stimulation on the lung and heart, thereby 

preventing MD, in another animal model of burns
556, 557

. Further, a study by Levy et al demonstrated that 

stimulation of the parasympathetic response from the vagus nerve, which supplies the gut, was beneficial in 

preventing acute respiratory distress syndrome in animals with traumatic HS
558, 559

. Whether stimulation of 

the vagus nerve can affect other cell types within the abdomen has yet to be fully elucidated. 

10.5.1.2. The gut brain microbiota axis for inflammation and critical illness 
The gut microbiota is now considered to be an organ in its own right, and is the largest one in the human 

body.
75

  These flora have a collective metabolic activity equal to that of a virtual “organ within an organ”, and 

the mechanisms underlying the conditioning influence of bacteria on mucosal homeostasis and immune 

response are beginning to be unravelled. In genetically susceptible individuals, some components of the 

flora can become a liability and contribute to the pathogenesis of various intestinal disorders, including 

inflammatory bowel disease. While bidirectional brain-gut interactions are well-known mechanisms in 

regulation of gut function in both healthy and diseased states, a role of the enteric flora (including both 

commensal and pathogenic organisms) in these interactions has only been recognised in the past few years. 

The brain can influence commensal organisms (enteric microbiota) indirectly via changes in gastrointestinal 

motility and secretion and in intestinal permeability, or directly via signalling molecules released into the gut 
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lumen from cells in the lamina propria (enterochromaffin cells, neurons, immune cells). Communication 

between the enteric microbiota and the host can occur via multiple mechanisms, including epithelial cell 

receptor-mediated signalling and, when intestinal permeability is increased, through direct stimulation of host 

cells in the lamina propria. Enterochromaffin cells are important bidirectional transducers that regulate 

communication between the gut lumen and the nervous system. Vagal afferent innervation of 

enterochromaffin cells provides a direct pathway for enterochromaffin cell signalling to neuronal circuits, 

which may have an important role in inflammatory and immune response modulation, control of pain and 

background emotions, and other homeostatic functions. Disruption of the bidirectional interactions between 

the enteric microbiota and the nervous system may be involved in the pathophysiology of acute and chronic 

gastrointestinal disease states, including functional and inflammatory bowel disorders
560

. Thus, future 

research should delineate the role played by the gut microbiota-brain axis in propagation of inflammation. 

10.5.2. A new hypothesis: gut-pancreata crosstalk and systemic inflammation 

10.5.2.1. Intestine and pancreas: dangerous liaisons  
In the two introductory chapters of this thesis, the possibility was raised of the combined role of IIR and 

pancreatic ischaemia-reperfusion (PIR) in conditioning non-toxic ML into a biologically active toxic fluid in CI, 

with devastating effects on the end organs. The studies reported in the subsequent chapters 4, 6, 7 and 8 

demonstrated histologically and biochemically that both the intestine and pancreas undergo IIR in critical 

conditions. Based on our group’s recent finding of the lymphatic anatomy of the pancreas and the formation 

of mesentericopancreatic lymphatic channels (reported in a PhD in Surgery thesis entitled “Infected local 

complications of acute pancreatitis: the role of lymphatics and minimal access treatment” by Benjamin 

Loveday, University of Auckland, 2012 ), we also hypothesised that because of these channels, the ML 

undergoes double conditioning. Although this thesis has not shown direct evidence of these channels, it has 

demonstrated a significantly increased amount of pancreatic proteases in ML from animals with CI (Chapter 

9), indirectly implying the existence of such channels. This important probability and hypothesis was raised in 

Chapter 2.  

Splanchnic hypoperfusion not only causes IIR but also affects the enzyme-rich pancreas. Thus, CI-induced 

IIR also brings about changes in the pancreas and the pancreatic microcirculation. Further, the pancreatic 

microcirculation also undergoes initial IIR-related hypoperfusion and later reperfusion injury of the exocrine 

pancreas. Because of the anatomical arrangement of the intestinal and pancreatic lymphatics, it is now 

possible for ML conditioned in the intestine to be reconditioned in the pancreatic parenchymal bed.  Similarly, 

there have been reports of decreased secretion of pancreatic enzymes with the onset of IIR. Concurrently, 

with the onset of PIR, the pancreas also undergoes changes similar to those of mild pancreatitis. The 

pancreatic oedema blocks the main pancreatic lymphatic channels, thus opening the alternative 

mesentericopancreatic channels. This channel may form the most important afferent for the pancreatic 

exudates in this condition, most notably pancreatic proteases, to drain into the cisterna chyli and into the 

systemic circulation. The pancreatic histology from all the groups of animals with CI showed pancreatic 

inflammation and oedema, implying that CI-induced splanchnic hypoperfusion brings about both IIR and PIR.  
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Thus, the intestinal-pancreatic crosstalk doubly conditions the ML and potentiates its toxicity (Figure 94).  

This crosstalk is facilitated by the anatomical and pathophysiological arrangement that occurs during CI. 

 

 

Figure 94 Possible pathomechanism in critical illness where IIR and pancreatic ischaemia-reperfusion 

doubly condition the ML, exaggerating its toxicity. Abbreviations: IIR, intestinal ischaemia-reperfusion ML, 

mesenteric lymph; MODS, multiple organ dysfunction syndrome; SIRS, systemic inflammatory response 

syndrome 

 

10.5.2.2. Our basic findings on gut-pancreas crosstalk  
From the various experiments performed by our group, the following can be safely deduced: IIR worsens the 

severity of AP, and ML is responsible for this phenomenon (study by Flint et al
107

); communicating lymphatic 

channels exist between the pancreatic and mesenteric lymphatics, and allow retrograde flow of ML 

(unpublished work by Loveday et al); and animals with AP have ML containing significantly elevated 

pancreatic proteases and significantly decreased antiproteases (Mittal’s paper
136

 and present study). During 

the course of this study, it was found that animals with HS or AP/SAP had the following: histological evidence 

of mucus/mucosal disruption and oedema in the intestine; pancreatic acinar oedema and inflammation; 

increased PSPs in ML, with a corresponding significant decrease in antiproteases; and improvement in 

oedema index and histology scores for the intestine and pancreas on ligation of the thoracic duct. Given the 

preliminary nature of the analyses performed in this thesis, further studies are required to evaluate whether 

the gut-pancreatic lymph hypothesis could explain the above phenomenon. 
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10.5.3. Damage-associated molecular patterns in critical illness 
In a seminal article from 1994 entitled “The danger model: a renewed sense of self”, Polly Matzinger 

proposed that intrinsic danger molecules are produced by our bodies in response to noxious stimuli, and 

named these molecules “damage-associated molecular patterns” (DAMPs),
180, 561

 as opposed to the 

pathogen-associated molecular patterns (PAMPs) known to mediate pathogen-mediated inflammation 

caused by an infectious aetiology.  Since then, a number of advances have taken place, and a super 

complex called the “inflammasome” has been identified that acts as a ligand to both PAMPs and DAMPs
562

. 

Recently, the distinction between these two patterns has become blurred, since many molecules can 

stimulate both PAMPs and DAMPs. DAMPs have been incriminated in a number of CIs, including severe 

trauma
563

 and AP
564, 565

. The mitochondria are another important source of DAMPs, due to the nature of their 

origins and possible inclusion into a prokaryote cell in the primordial sea broth that existed about a billion 

years ago
566

.  Mitochondrial DNAs as well as peptides and particles
567

 are an important source of DAMPs, 

especially when cells/mitochondria undergo pyroptosis (mediated by caspase-1) as in necrosis due to IIR 

injury. Mitochondrial DAMPs are described in the next section. 

Another interesting development in this field concerns the role of leaderless secretary peptides (LSPs),
545

 

which were identified in the early 1990s. LSPs lack the secretary leader peptide and do not go to the 

endoplasmic reticulum for secretion, hence their name. The first LSP identified and studied was interleukin-

1β, and since then an increasing number of these peptides has been identified. Most LSPs are powerful 

mediators that stimulate immunity in coordination with other cytokines, regulating the onset, progression and 

termination of inflammation. Recently, many of the LSPs have been identified to be DAMPs, and some of the 

DAMPs have been identified to be LSPs. HMGB-1 is a good example of this, having previously been thought 

to be an LSP secreted from a necrotic cell
568

. Thus, future studies should identify many of these DAMPs and 

LSPs in conditioned ML, end organs, and corresponding serum/plasma. A possible pathomechanism for 

MODS can then be identified. 

10.5.4. Mitochondria in inflammation and recovery 
This thesis has not explored the role of the mitochondria in generating sterile sepsis through mitochondrial 

DAMPs. A recent article by Diebel et al has described the presence of DAMPs in systemic lymph from 

animals with hind limb ischaemia and haemorrhage.
181

 However, it can be argued that various DAMPs, 

including mitochondrial DAMPs, are transported systemically by the intestinal lymphatics from the stressed 

intestine without undergoing hepatic clearance. These circulating DAMPs as well as other toxic mediators 

may well be responsible for systemic inflammation and sepsis through their effect on the mitochondria. The 

onset of MD further feeds the positive feedback loop of systemic inflammation and sepsis. These varied 

feedback vortices result in organ failure, MODS and death of the organism. The implications of these findings 

are two-fold: firstly, intestinal lymphatics are an important channel for transport of systemic inflammatory 

mediators to the end organs causing MD and organ failure; and secondly, there is a role for mitochondrial-

based therapies to protect the respiratory complexes from malfunctioning. These can be achieved through a 

comprehensive lymphotropic-based therapy or through mitotropic therapy. 
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This thesis has described MD in animals with CI and established a role for CML in these conditions. MD was 

found in the heart and the lungs but not the kidneys, and the former two organs are most often involved in 

MODS. This MD was due to depressed respiratory chain complex function, most notably C-I and C-II. 

Depressed mitochondrial complexes and dysfunction cause reduced production of adenosine triphosphate 

as well as production of toxic reactive oxygen species. Mitochondria undergo swelling and death because of 

these processes. However, the mitochondria also undergo division or merger to adapt to these critical 

situations. This mitochondrial adaptation is termed the mitochondrial fission and fusion reaction.
569

 Also, 

there are reports that the functional mitochondrial population decreases in CI, causing cytopathic hypoxia 

and MD. Usually the mitochondria regenerate to gather the functional capacity lost during critical disease by 

a process known as mitochondrial biogenesis. A recent Swedish study by Fredriksson et al has 

demonstrated a decrease in mitochondrial content in skeletal muscles from septic patients in intensive care 

as well as uncoordinated mitochondrial biogenesis and production of mitochondrial matrix proteases.
570, 571

 

Future research should also study whether the MD observed in critically ill patients also involves a decrease 

in size and number of functional mitochondria. This would also possibly involve decreased mitochondrial 

biogenesis via which new mitochondria are produced. 

10.5.5. Blocking intestinal and pancreatic proteases 
We have described the role of PSPs secreted into the gut by the pancreas in CI in causing damage to the 

intestinal mucus biofilm and mucosa. The breach in intestinal mucus biofilm and mucosa allows the luminal 

contents of the intestine to gain access to the systemic circulation, most notably through the mesenteric 

lymphatics. Thus, these pancreatic proteases carried through the mesenteric lymphatics cause systemic 

inflammation and sepsis. This thesis has described these findings in various of the preceding chapters. It 

would appear that blockage of pancreatic proteases in the intestinal lumen would serve two useful purposes, 

i.e., it would prevent breakdown of the ischaemic gut mucus biofilm and prevent absorption of these 

pancreatic proteases by the intestinal lymphatics in the ischaemic and critical gut. Recent work by Schmid-

Schonbein et al has demonstrated a beneficial organ-protective effect with blockage of pancreatic proteases 

in the gut.
446

 A previous study by Deitch et al using oral gavage of broad-spectrum antiprotease (nafamostat, 

FUT or Futhan) achieved the same outcome.
149

 The oral gavage/lavage route offers a therapeutic benefit 

when compared with the oral route because: it is able to reach the intestinal mucus and mucosa; it purges 

the intestinal lumen of its toxic contents; and the antiproteases are absorbed systemically through the 

lacteals and capillaries. Indeed, animals that had antiprotease gavage showed improvement in intestinal 

mucus biofilm and mucosa. The other approach is to regenerate the beneficial gut microbiota
75

, since the 

critical intestine has a changed gut profile and many beneficial bacteria act pathogenically. This would 

probably be through enteral nutrition and introduction of probiotics. Thus, an animal model of antiprotease 

gavage and gavage with nutrition or probiotics should be studied to determine the beneficial roles played by 

each of these approaches. However, a cautious note about probiotics in CI is necessary. Probiotics can 

themselves cause harmful  effects in CI, as evidenced by the Dutch PROPATRIA trial, where AP patients on 

probiotics had increased mortality when compared with controls
572

. Another approach would be to develop a 

novel oral and lymphotropic antiprotease that would be absorbed orally and also concentrate through the gut 

lymphatics to neutralise the PSP. Liposomes are an exciting way of developing drug delivery systems 
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targeted to the lymphatics; however, they would not be available orally so would have a limited role in 

healing the damaged intestinal mucus biofilm and enterocytes. Chylomicrons and apolipoproteins can also 

be used as lipotropic and lymphotropic drug delivery systems. Dendrimers and nanoparticles are still in the 

early stage of development, but could be another useful strategy for drug delivery in the future.  

 

10.6. Conclusions 

The role of the gut in systemic inflammation, organ failure, and MODS is explored in this thesis. The studies 

reported here explored gut-origin sepsis in CI and established this to be one of the major reasons for CI-

induced systemic sepsis and organ failure. This research also found that MODS is due to acute 

derangement of physiology, which is brought about by changes at the organelle, cellular, organ and organ 

system levels through various interlinked mediators and crosstalk. The widespread derangements in cellular 

and subcellular structures cause widespread dysfunction of the organ and organ systems. The most 

important driver of MODS is systemic inflammation, and this thesis has established the role of the intestine 

and pancreas in producing mediators responsible for the systemic inflammation leading to this deranged 

physiology.  The findings reported in this thesis incriminate PSPs as one of the important mediators 

responsible for this systemic inflammation and possibly leading to organ failure. However, there are many 

other mediators and interlinked networks that control the web of causation leading to MODS that also need 

to be unravelled. Elucidating these would give a firm foundation for developing future therapeutic strategies 

to treat the physiological chaos of MODS.  
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Appendices 
 

1. Calculation of the protease/antiprotease concentration 

2. Calculation of protease-antiprotease balance/imbalance in activity 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 271  

 

Appendix 1 Calculation of protease/antiprotease concentration 
 

The protease/antiprotease in a given concentration of mesenteric lymph or serum was calculated based on 

the response generated by a known dose of chymotrypsin. An example is given below. Based on Figure 82, 

5% SAP mesenteric lymph has about 0.86 μg/mL of chymotrypsin activity, which when extrapolated to 

undiluted or absolute mesenteric lymph (100%) would be about 17.2 μg/mL of chymotrypsin activity. Based 

on this calculation, our study arrived at the figures shown in the table below. 

Table 8-3 Summary of serine protease activity and antiprotease capacity of mesenteric lymph and serum 

Serine protease activity 
Mesenteric lymph (μg/mL of 

chymotrypsin response) 

Serum (μg/mL of chymotrypsin 

response) 

Sham 0.24 ± 0.097 0.031 ± 0.001 

AP 0.42 ± 0.12 0.035 ± 0.002 

SAP 17.2 ± 4.5 0.029 ± 0.001 

HS 10.9 ± 2.3 0.021 ± 0.001 

Anti-protease activity 

ML (100% is maximum 

attenuation of 10 μg/mL of 

chymotrypsin) 

Serum (100% is maximum 

attenuation of 0.1 μg/mL of 

chymotrypsin ) 

Sham 94% ± 6% 85% ± 2.7% 

AP 97% ± 2% 81% ± 3% 

SAP 72% ± 12% 85% ± 2.5 

HS 26% ± 8% 74% ± 3.5% 

 

For calculation of antiprotease activity in ML or serum, a standard known dose of chymotrypsin was added 

and the attenuation was recorded. Complete attenuation of the known protease by either mesenteric lymph 

or serum was given a score of 100%. However, none of the samples completely attenuated the 

chymotrypsin, as shown in the second half of the table above. 
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Appendix 2 Calculation of protease-antiprotease balance/imbalance in activity 
 

Based on the previous calculations in Table 8-3, this study calculated the fold increase in protease activity 

when compared with sham as the standard. The various fold increases are shown in the second column of 

Table 8-4. Similarly, considering sham or AP as the standard, this study arrived at the antiprotease fold 

changes described in the third column of the table below. Deriving the protease-antiprotease fold activity 

required multiplication of protease fold activity and antiprotease fold activity. This calculation gave the 

magnitude of the protease-antiprotease balance or imbalance (fourth column in the table below). It can be 

seen from the table that sham versus haemorrhagic shock has the highest imbalance (at 171), meaning that 

haemorrhagic shock mesenteric lymph when compared with sham mesenteric lymph had a 171-fold 

reduction in protease neutralisation ability  for the same level of antiprotease activity. This can be construed 

as a gross imbalance in protease-antiprotease activity. 

 

Table 8-4 Protease-antiprotease fold increase and protease-antiprotease balance in mesenteric lymph 

ML groups Protease (fold) Antiprotease (fold) 
Protease-antiprotease 

balance (total fold) 

Sham versus AP 

Sham versus SAP 

Sham versus HS 

AP versus SAP 

AP versus HS 

SAP versus HS 

1.75 

72 

45 

41 

26 

1.6 

1 

1.4 

3.8 

1.4 

3.8 

2.7 

1.75 

101 

171 

57.4 

99 

4.32 

Abbreviations: AP, acute pancreatitis; HS, haemorrhagic shock; SAP, severe acute pancreatitis 

 

 


