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Abstract 

 

Background: Critical illness (CI) is a major global health burden and the leading cause of death in the 

intensive care unit. It can originate from a wide range of aetiologies and often progresses through a 

common pathway of increasing severity - systemic inflammatory response syndrome (SIRS) and 

multiple organ dysfunction syndrome (MODS). However, the exact pathophysiological mechanism is 

still not fully understood, and supportive care is still the mainstay of treatment. Cytokines and damage-

associated molecular pattern (DAMP) molecules are regarded as important mediators in CI. Mesenteric 

lymph (ML) has been recognised as an important channel in carrying toxic mediators in MODS.  

Hypothesis:  The ML is a major anatomical route for DAMPs and cytokines traffic into the circulation 

during acute CI states and can influence lung end-organ gene expression. 

Method: Three different rodent models of CI (acute pancreatitis (AP), sepsis, and intestinal ischemia-

reperfusion injury) were established. Ten cytokines, three nucleic acid DAMPs and two protein DAMPs 

were measured in plasma and ML at the three different collection time points. The final gene expression 

changes in the key end-organ of the lung for these three CI models were also analysed with or without 

ML drainage. 

Finding: Plasma cytokines and DAMPs were elevated in circulation during acute CI, and they followed 

different patterns in each disease model. The drainage of ML variably attenuated or altered these 

plasma elevations although the ML itself did not carry all these altered plasma cytokines and DAMPs. 

Significant gene expression changes were noted in the lungs during acute CI, and they were different 

between each disease model. The ML drainage caused significant alteration of gene expression in the 

lung in each model. 

Conclusion: ML is an important and underappreciated physiological channel that can carry important 

mediators such as cytokines in a wide range of common CI states (and certain DAMPs in AP). Drainage 

of ML was able to attenuate or alter the circulatory cytokines and DAMPs profile during CI. All three CI 

models had altered lung gene expression. The drainage of ML altered the expression profile of the 

diseased lung genes during CI.   
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Chapter 1 : Introduction  

1.1 Critical illness 

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

required artificial support of vital functions, such as mechanical ventilation, pharmacological support to 

maintain systemic blood pressure, and haemodialysis to sustain the life of the patient.  CI can originate 

from a range of aetiologies, including sepsis, severe trauma, haemorrhagic shock, major burns, and 

severe acute pancreatitis. CI is a major global health burden, and the main reason for the morbidity and 

mortality in patients admitted to intensive care units (ICU) and the leading cause of death in ICU. Despite 

the wide range of aetiologies, CI often progresses through a common pathway of increasing severity that 

comprises the systemic inflammatory response syndrome (SIRS), sepsis, septic shock and to the end 

stage of multiple organ dysfunction syndrome (MODS) and multiple organ failure (MOF) [1]. The MODS 

is a better term as it describes a continuum of physiological derangements process than the concept of 

organ failure which is a dichotomous event, either present or absent [1]. Although MODS/MOF is 

responsible for the majority of deaths resulting from CI [2], the pathophysiology of MODS/MOF is yet to 

be fully understood [3].  The hope is that studies which delineate the outcome determining the 

pathophysiology of MODS/MOF will generate better therapeutic strategies that will reduce mortality rates 

and the global burden of CI.  Because the reality is that the ICU treatment of patients with CI is essentially 

the support of organs systems and there has not yet been the development of a specific treatment 

targeting the common underlying processes.  

1.2 Systemic inflammatory response syndrome (SIRS) 

SIRS is a clinical stage of a widespread systemic inflammatory response to a variety of severe clinical 

insults. The criteria for SIRS were first described in 1992 by the American College of Chest 

Physicians/Society of Critical Care Medicine. SIRS could be diagnosed by the presence of two or more of 

the following: 1) Body temperature >38 °C or <36°C, 2) Heart rate >90/min, 3) Respiratory rate >20/min 

or Partial pressure (PaCO2) < 32 mmHg, and 4) White blood cell count >12,000 mm3 or <4000/mm3 or 

>10% immature bands [4].  The systemic inflammatory response can be caused by both infection and 

non-infection related ‘sterile inflammatory’ aetiologies, such as major trauma, severe acute pancreatitis 

(AP), severe burns, massive haemorrhage, and poisoning. If an infection is the cause of the systemic 

inflammatory response, it is usually termed “sepsis”.  Sepsis complicated by organ dysfunction was 

termed “severe sepsis” which could progress to “septic shock”, defined as sepsis-induced hypotension 

refractory to adequate fluid resuscitation [4]. The definition for SIRS, sepsis, severe sepsis and septic 

shock had unchanged for more than two decades until the publication of the third international consensus 

definition for sepsis and septic shock which is known as “Sepsis-3” [5]. In this latest version of the 

consensus announced in 2016, sepsis is defined as life-threatening organ dysfunction (sequential organ 

failure assessment (SOFA) score of ≥2) caused by a dysregulated host response to infection and septic 

shock is defined as sepsis with persisting hypotension that requiring vasopressors to maintain mean 

arterial pressure of ≥65 mmHg and having a serum lactate level of >2 mmol/L despite volume 

resuscitation. In the new consensus, SIRS is considered as a host response to infection or other insults 
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and does not necessarily indicate a dysregulated, life-threatening response [6]. However, the term “SIRS” 

is still widely used by physicians and it is a useful tool for the early detection of CI [6].  

1.3 Multiple Organ Dysfunction Syndrome (MODS) 

The MODS can be defined 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 arises after a 

potentially life-threatening physiological insult [7]. The initial major physiologic insults include severe 

infections, major burns, severe trauma, and other significant non-infectious inflammatory conditions [8]. 

MODS usually starts with lung dysfunction, followed by progressive failure of the other organs, heart, liver 

and kidneys [9]. Although MODS could be induced by the wide range of aetiologies, they usually follow a 

relatively constant pattern of organ dysfunction. It usually begins with pulmonary dysfunction and the 

common organs involved in MODS include cardiopulmonary, liver, central nervous, renal, and coagulation 

systems. Table 1.1 explains the sequence of organ failure in critical illness. All studies agree with the lung 

being the first organ to be affected in CI.  

Over the past two decades, variety of scoring system has been developed to predict and monitor the 

severity of organ failure and the outcome of the patients. Among them, SOFA scores have a good 

correlation with the severity of organ failure and could predict the outcome of the patients [10]. Table 1.2 

explains the definition of organ dysfunction and the severity level for each organ system. SOFA score 

predicts the outcome of critically ill patients in ICU by calculating the extent of the organ failure  [11]. An 

initial score of more than 11 is associated with more than 90% mortality [10]. An unchanged or increasing 

score during the first 48 hours could also be associated with a higher mortality rate of 37 – 60% depending 

on the initial score [10].  

MODS could be conceived as developing in two distinct phases, either primary or secondary. The primary 

MODS is the direct result of a well-defined insult in which organ dysfunction occurs early and can be 

directly attributable to the insult itself. An example includes acute kidney failure from rhabdomyolysis or 

acute respiratory failure from severe pneumonia. In primary MODS, the abnormal excessive host 

immune/inflammatory response may not be as obvious as it is in secondary. Secondary MODS is the 

consequence of the abnormal excessive host immune/inflammatory response to the initial insult to the 

body. It usually develops after a latent period following the initial inciting event and it is more commonly 

seen in patients with severe sepsis or SIRS [1]. 

Table 1.1: Sequence of organ failure in critical illness, adapted from Mittal’s doctoral thesis [12] 

Sequence of organ failure in critical illness 
Reference First organ Second organ Third organ 

Baue et al [13] Lung Kidney Liver 

Border et al [14] Lung Heart Liver 

Cerra et al [15] Lung Liver Kidney 

Deitch [16] Lung Coagulation Heart 

Fry et al [17] Lung Liver Intestine 

Goris et al [18] Lung Liver Intestine  

McMenamy et al [19] Lung Liver Heart 
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Table 1.2: The sequential organ failure assessment (SOFA) score [11] 

Organs affected\ Score 1 2 3 4 

Respiration  
PaO2/FiO2 

(mmHg) 

<400 <300 
<200 
With respiratory 

support 

<100 
With respiratory 

support 

Coagulation  
Platelet count 
(x103/mm3)  

<150 <100 <50 <20 

Liver  
Bilirubin 
(mg/dl) 

1.2 - 1.9 2.0 - 5.9 6.0 - 11.9 >12 

Cardiovascular  
Hypotension 

Vasopressor agents are 
given for at least 1 hr and 
doses are in µg/kg/min 

MAP<70 mmHg 

Dopamine ≤5 or 

Dobutamine  
(any dose) 

Dopamine > 5 Or  
Epinephrine ≤ 

0.1Or 
Norepinephrine ≤ 
0.1 

Dopamine >15 Or  
Epinephrine 

>0.1Or 
Norepinephrine 
>0.1 

Central nervous system  
Glasgow Coma Score 
Scale 

13-14 10-12 6-9 <6 

Renal  
Creatinine (mg/dl)  

1.2 – 1.9 2.0 – 3.4 

3.5 – 4.9  
OR 
(Urine output <500 
ml per day)  

>5.0 
OR 
(Urine output <200 
ml per day) 

Abbreviation: PaO2 = partial pressure of arterial oxygen; FiO2 = fraction of inspired oxygen  

 Individual organ system dysfunction in SIRS/MODS 

Organ dysfunction could be presented in a variety of forms in MODS and predominantly involves central 

nervous, respiratory, cardiovascular, hepatobiliary, gastrointestinal, renal, and coagulation systems [20]. 

The following section briefly describes the pathophysiology of each organ system dysfunction in SIRS and 

MODS.  

 Respiratory system 

The respiratory system is the most common and earliest organ affected in CI. Acute respiratory distress 

syndrome (ARDS) is the common manifestation of respiratory dysfunction and can result from 2 

different pathways – 1) direct pulmonary injury from pneumonia or lung contusions) or 2) indirect causes 

such as sepsis, pancreatitis, trauma, and burns [21]. It is characterised by neutrophil infiltration, 

alveolar-capillary barrier damage, pulmonary vascular leakage and pulmonary oedema. There is also 

an increased production of local and systemic pro-inflammatory cytokines which induce inflammatory 

damage to the type 1 pneumocytes [22]. ARDS is associated with a higher risk of mortality rates 

between 15-80%, depending on the severity of the disease, regardless of its aetiologies [23, 24].  

 Cardiovascular system 

Cardiovascular dysfunction in CI is characterised by decreased ejection fraction, refractory hypotension 

(in most cases, require vasopressor agents) and decreased response to catecholamines [25]. The 

aetiologies of cardiovascular dysfunction are multifactorial, most likely due to impaired cardiac 

contractility and mitochondrial damage from bacteria [25], endotoxin [26], and cytokines [27]. The 

production of reactive oxygen species from a proinflammatory state also impaired the myocardium 

function by causing oxidative mitochondrial damage [28]. Cardiovascular dysfunction is common in 

sepsis, with an incidence rate of up to 66%, and it is an indicator of poor patient outcomes [29].  
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 Renal system  

Dysfunction in the renal system during CI is referred to as acute kidney injury (AKI). There are two main 

pathological mechanisms that induce AKI in CI  [30]. The first one is the traditional form of acute tubular 

necrosis, from hypoperfusion of the kidney during circulatory failure in CI. However, it is less common 

than the second form of AKI and only 22% of patients with sepsis-induced AKI had histological evidence 

of acute tubular necrosis [31]. The second form of AKI is more specific to MODS and caused by 

apoptotic cell death of glomeruli induced by cytokines such as TNF-α and endotoxin [32]. It appears to 

be a predominant mechanism of sepsis-induced AKI and it is difficult to appreciate it on the routine 

histopathology slides [33]. AKI is a poor prognostic indicator of CI and a prospective multicentre 

multinational study showed that it was associated with a 60% mortality rate in CI patients and the 

prevalence of AKI, which required renal replacement therapy, was between 5-6% in ICU patients [34].  

 Central nervous system 

The altered mental status characterised by changes in consciousness, alertness, cognition and 

behaviour in patients with sepsis is also known as sepsis-associated encephalopathy (SAE) [35]. The 

pathophysiology of SAE is not well understood. Studies have found that the blood-brain barrier which 

usually protects the brain from systemic inflammation, is broken down after activation of cerebral 

endothelial cells by vagus nerve stimulation from inflammatory mediators such as IL-1β and TNF-α [30, 

36, 37]. The activation of cerebral endothelial also increases the risk of haemorrhagic and ischemic 

lesions by inducing microcirculatory dysfunction, coagulopathy, and changes in vascular tones [37, 38]. 

The autopsy findings of septic shock patients include cerebral oedema, infarcts, micro abscess, 

intravascular thrombosis, and neuronal cell death [38]. The incidence of SAE in CI is highly varied, 

between 8 to 70% [39]. However, the development of SAE is associated with significantly higher 

mortality in sepsis patients with nearly 50% compared to 26% in those without neurologic symptoms 

[40]. Those who survived after the development of SAE could have unfavourable chronic consequences 

such as cognitive impairment, especially in children [41].  

 Hepatobiliary system 

Liver injury during CI can be divided into primary and secondary stages [42]. In the primary stage, 

hepatic hypoperfusion resulting from circulatory failure causes decreased protein synthesis, lactate 

clearance, gluconeogenesis and glycogenolysis. The presenting symptoms include elevated liver 

enzymes aminotransferases, alanine transaminase (ALT) or alkaline phosphatase (ALP), 

hyperbilirubinemia, coagulopathy, and hypoglycaemia [43]. The second stage is due to further liver 

damage and dysfunction from proinflammatory cytokines, chemokines and reactive oxygen species and 

nitric oxide (NO) production from activated Kupffer cells [44]. A prospective multicentre study showed 

that the incidence of early hepatic dysfunction (defined by serum bilirubin of >2mg/dl within 48 hours of 

admission) in CI was around 11% and it was an independent risk factor for poor prognosis [45]. 

 Gastrointestinal system 

Dysfunction in the gastrointestinal system is characterised by anorexia, inability to tolerate enteral 

feedings, decreased intestinal motility, haemorrhagic diarrhoea, increased intestinal permeability, and 
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bacterial translocation [30]. The bacterial translocation is caused by an alteration in the normal 

gastrointestinal flora and the disruption of the gut mucosal barrier system in CI which was discussed later 

in section 1.5.2.1.1. Apart from the bacterial translocation, there is an alteration in gastrointestinal motility 

and absorption of nutrients in sepsis, leading to diarrhoea, dehydration, and electrolyte abnormalities [46]. 

The incidence of gastrointestinal dysfunction is difficult to predict (though it is common) due to the lack of 

a clear definition and the subjective nature of its assessment [47].   

 Coagulation system 

The most extreme form of coagulation system dysfunction is disseminated intravascular coagulation 

(DIC). Proinflammatory response, from excessive production of cytokines IL-1β, IL-6 and TNF-α during 

CI, activates procoagulant pathways, inhibits anticoagulant pathways and suppresses fibrinolysis. The 

generation of thrombin from the upregulation of procoagulant pathways further stimulates the production 

of inflammatory cytokines which acts as a positive feedback loop for activation of the coagulation cascade, 

leading to the development of DIC [48]. It is characterised by microvascular thrombosis and haemorrhage 

resulting from consumption and exhaustion of coagulation factors [49]. Coagulation dysfunction is 

common in CI and it is a marker of poor prognosis. A prospective multicentre study showed that the DIC 

incidence in the patients who met SIRS criteria was 8.5% and 28-days mortality rate was around 22% 

which was two-times higher than the patients without DIC [50].    

1.4 Scope of the problem  

Critical illness has become an increasing global healthcare challenge. For example, the meta-analysis of 

the reports from 1979 to 2003 showed that the population incidence of sepsis and severe sepsis were 

256 and 151 cases per 100,000 person-years in high-income countries in North America, Europe, Asia 

and Australia. The same study estimated that there would be a global estimate of 30.7 million sepsis and 

23.8 million severe sepsis cases per year with an annual mortality of six million people [51]. However, the 

number is likely underestimated since the data are poorly reported from low and middle-income countries 

[52]. In the United States alone, the annual spending for sepsis was US$ 20 billion in 2011 [53].  

There is some evidence that the burden of CI is reducing. The study done by Kirsi-Maija Kaukonen et al. 

showed that the absolute mortality related to severe sepsis and septic shock, among critically ill patients 

in Australia and New Zealand, in the period 2000-2012 reduced from 35% to 18.4% [54]. However, it was 

unclear whether any improvement in diagnostic or therapeutic strategy helped reduce the severity of the 

disease or contributed to the reduction of mortality. The study assumed that the improvement in the 

mortality was most likely due to overall improvement in the ICU practice rather than in the sepsis 

management [54]. Further studies to uncover the pathological process of CI, SIRS and MODS should be 

conducted to discover the newer therapeutic strategy to reduce morbidity and mortality of this burdensome 

clinical condition.    

1.5 Pathophysiology of critical illness:   

The pathophysiology of CI (SIRS/MODS) is complex and involves multiple mechanisms. Studying 

pathophysiology can also be complicated because of underlying features from the diverse infectious and 
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non-infectious initiating aetiologies. However, the overall initial host response to infection does not differ 

from the host response to several sterile inflammations from severe trauma, major burns, AP, ischemic-

reperfusion injury or other forms of tissue injury that are accompanied by cell necrosis. Three proposed 

models of MODS initiation and three main proposed mechanisms for MODS development are outlined 

below in section 1.5.1 and 1.5.2.  

 Three models of MODS initiation  

There have been three proposed models that conceptualise the initiation of MODS, namely 1) one-hit 

model, 2) two-hit model, and 3) sustained-hit model.  

 One-hit model 

The first was the “one-hit” model, in which a direct insult to an organ induced its failure. In this model, the 

initial insult is so massive that it induces the release of a massive amount of inflammatory and anti-

inflammatory cytokines [55]. Consequently, it causes severe SIRS, resulting in early and often lethal multi-

organ failure.  

 Two-hit model  

It is also known as the multiple-hit or sequential-hit model. The less severe initial insult induces the 

moderate state of SIRS and subsequent insult (either infection or non-infection) causes a massive amount 

of inflammatory mediators to release to worsen the pre-existing inflammatory state and induce vital organs 

dysfunctions [55]. For example, a patient with bilateral femoral fractures (first hit) who presented with the 

SIRS symptoms and no sign of chest injury developed acute respiratory distress syndrome (ARDS) 

following orthopaedic procedure (second hit) [56]. The severity of the initial insult is important and prime 

the host to become susceptible to subsequent insult that is otherwise innocuous by itself – such as a 

surgery or a catheter-related infection [57].  

 Sustained-hit model 

The third model is known as the “sustained-hit model” in which a continuous insult such as multidrug 

resistant ventilator-associated pneumonia causes both initial insult and sustain the dysfunction [58]. In a 

real clinical scenario, any combination of these models can pertain to the initiation of MODS.  

 Three concepts of MODS development  

The development of MODS from the initial insult involves cross-talk among multiple cell populations, 

hormonal systems, metabolites and neural signalling along with alteration in oxygen delivery, 

derangement in oxygen utilization and modification in cell phenotypes [30]. There are several proposed 

concepts for the development of MODS, including 1) gut as a motor concept, 2) gut lymph concept and 

3) immune system dysregulation concept.  

 Gut as ‘motor’ concept 

The gut was first described as the “motor” of MODS in sepsis and non-bacteremic clinical sepsis (SIRS) 

in 1985 by Meakins and Marshall, at a discussion panel of the Surgical Infection Society [59]. They stated 

that there was an overgrowth of intestinal flora, especially with the antibiotics used in CI patients, whose 
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gut barrier functions were already weakened by multiple factors, including shock and limited enteral 

feeding. This damage promoted the translocation of commensal flora (or bacterial toxins) to the portal and 

systemic circulation, where the host immune system was already compromised, leading to the progression 

of the disease. The resultant bacteraemia (or endotoxemia) gave rise to SIRS and MODS. It was known 

as the “gut hypothesis”.  

The gut hypothesis postulates that the breakdown of the gastric epithelial lining and mucosal immune 

system during CI significantly contributes to the damage of overall gut barrier defence function, thus 

allowing the translocation of bacterial and or other potentially harmful agents to the systemic circulation. 

Alteration of gut flora also increases the growth of harmful bacteria and their translocation. The hypothesis 

explains how patients could get bacteraemia and activate an immune response without an identifiable 

cause of infection. This hypothesis of the gut being a major driving factor for sepsis, SIRS and MODS was 

further supported by subsequent research findings. Moore et al. demonstrated that the shock-induced gut 

ischemia-reperfusion injury stimulates the production of inflammatory mediators to amplify the SIRS [60]. 

Fink and colleagues demonstrated that the gut epithelium tight junction was compromised in CI, leading 

to increase permeability and persistent activation of systemic inflammation [61, 62]. Teixerira et al. 

demonstrated that the mice free of commensal microbes in the intestine have improved survival following 

gut ischemia-reperfusion injury compared to the normal control with intestinal microbes [63]. All these 

findings reinforce the importance of the gut hypothesis in CI.  

1.5.2.1.1 Gut in critical illness  

The gut barrier is composed of three components: the epithelium and gut wall, the mucosal immune 

system, and the microbiome.  

Epithelium  

The epithelium lines the gastrointestinal lumen and is actively involved in the digestion and absorption of 

nutrients. It also functions as the first-line barrier, preventing microbes and other harmful antigens from 

entering the systemic and portal circulation. The intestinal epithelium consists of a single layer of columnar 

epithelial cells that are constantly renewed from multipotent stem cells which originate from the crypts of 

Lieberkühn. Each epithelial cell is in close contact with its neighbours, and the integrity is maintained by 

apical junctional complexes, which provide the barrier function of the intestine. The mucus gel produced 

by goblet cells provides an extra barrier for the intestine by separating the luminal bacteria from the 

epithelial surface throughout the colon and preventing microorganism adhesion and invasion.  

The multipotent stem cells near the crypt base, give rise to daughter cells which produce four major 

intestinal cell types 1) enterocytes which absorb nutrients and make up of more than 90% of intestinal 

epithelial cells, 2) goblet cells which produce mucus, 3) Neuroendocrine cells which produce hormones 

and 4) Paneth cells which produce defensin and protect intestinal stem cells. The intestinal epithelial has 

a high cell turnover rate with the time from cell birth to differentiation, migration and apoptosis/death takes 

only 5-7 days in healthy humans [64].  
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During critical illness, splanchnic vasoconstriction decreases blood flow to the intestine and promotes gut-

ischemia which is compounded by the problem of reperfusion injury. As a result, intestinal epithelial cells 

undergo altered proliferation and cell death/apoptosis. For example, endotoxemia of rats with an injection 

of lipopolysaccharide (LPS) is known to reduce intestinal epithelial cell proliferation [65]. Similarly, a study 

done by Coopersmith CM et al. demonstrated that mice subjected to pseudomonas aeruginosa 

pneumonia-induced sepsis experienced a decrease in gut epithelial proliferation, and an increase in 

sepsis-induced intestinal apoptosis [66]. Autopsy study of patients who died with sepsis and MODS in 

ICU demonstrates a marked increase in gut epithelial apoptosis compared to those who died without 

sepsis [67]. The upregulation of anti-apoptotic protein Bcl-2 reduced epithelial apoptosis and improved 

survival in cecal-ligation and puncture (CLP) mice [68]. The apoptosis of epithelial cells increased 

permeability in the in-vitro experiment and TNF-α induced apoptosis caused much larger leaks [69]. 

Therefore, such alteration of epithelial cell proliferation and apoptosis would affect the barrier function 

against bacterial and other potentially toxic agents.    

Mucosal immune system 

The mucosal immune system also acts as a barrier against the entry of pathogens and potentially harmful 

substances into the systemic circulation. The system is also known as the gut-associated lymphoid tissue 

(GALT), which is part of the mucosa-associated lymphoid tissue (MALT) and constitutes 80% of all 

immune cells in the body. The GALT is composed of four distinct compartments: Peyer's patches, 

mesenteric lymph nodes, the lamina propria and intraepithelial lymphocytes. Peyer’s patches are 

lymphoid follicles that bind antigens from the gut lumen. Then, dendritic cells and macrophages travel to 

the mesenteric lymph nodes and present antigen to T cells and induce B lymphocytes differentiation. The 

cells then hone to lamina propria which acts as the main effector portion of gut immunity through B and T 

lymphocytes. In addition to the lymphocytes, dendritic cells, mast cells, macrophages and neutrophils 

assist in the lamina propria immune response. In the proximal portion of the small intestine which includes 

duodenum and jejunum, gamma-delta T cells are the main component of intraepithelial lymphocytes. The 

CD8+ T cells are the predominant immune cells in the distal portion of small intestine. Although the role 

of intraepithelial lymphocytes in pathogenies of CI is not well-defined, the absence of the gamma-delta T 

cells in genetically knockout (KO) mice are associated with higher mortality rate after sepsis [70].  So, the 

GALT plays a central role in host defence by involving in antigen recognition, presentation, amplification 

of antigen-specific response, and production of cytokines and chemokines [71].  

During critical illness, the number of lymphocytes in GALT decreases profoundly. In rodent model of CLP, 

there was a significant reduction in T lymphocytes in the villi [72] and B lymphocytes in the lamina propria 

[73]. Gut ischemia-reperfusion (which included 60 minutes of ischemia) in mice reduced lymphocyte 

numbers in Peyer patches, the intraepithelial space and the lamina propria [74]. It has been shown that 

the reduction in lymphocytes is most likely due to Fas/Fas ligand pathway induces apoptosis [73]. The 

presence or absence of lymphocyte does not influence gut epithelial apoptosis under normal conditions. 

However, sepsis-induced gut epithelial apoptosis is significantly higher in genetically modified mice which 

lack lymphocytes [75]. Mauser et al. reported that HIV patients had a lower level of CD4+ T cells in GALT 

and may increase the risk of postoperative septic complications [76]. Therefore, the loss of lymphocyte in 
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GALT during CI may impair immunological defences and further promote sepsis-induced gut epithelial 

apoptosis and gut barrier dysfunction.   

Microbiome 

The gut microflora is an important part of the gut physiology, maintaining homeostasis of the gut. The gut 

is home to more than 100 trillion bacteria with an estimated 500-1000 different species. Aerobic, 

facultative, and anaerobic bacteria are all part of the gut microflora, and their distribution varies throughout 

the length of the intestine.   

During CI, the gut microflora contents change to more pathogenic organisms such as staphylococcus and 

pseudomonas [77]. The usage of broad-spectrum antibiotics also alters the microbial contents and may 

increase the development of resistant strains [77]. Souza et al. demonstrated that germ-free animals 

(derived from the germ-free nucleus and maintained in flexible plastic isolators using classical 

gnotobiology technique) have 100% survival after being subjected to gut ischemic-reperfusion injury that 

is lethal to the sham animals [63].  Selective decontamination of the digestive tract is a clinical strategy 

that uses multiple antimicrobial agents (short course of systemic broad-spectrum antibiotics followed by 

non-absorbable enteral antibiotics) to lower both normal and abnormal flora in critically ill patients. There 

have been 65 randomized controlled trials and 11 meta-analyses conducted on the selective 

decontamination strategy and a 2012 review of these showed a significant reduction inairway and blood 

stream infection by 72% and 37% respectively and mortality rate by 29% [78]. Moreover, the systematic 

review conducted by Minozzi et al. in 2021 showed that the selective digestive decontamination strategy 

in patients receiving mechanical ventilation reduced overall mortality compared to the placebo with a risk 

ratio of 0.84 [79]. However, the selective decontamination strategy has not been used widely due to the 

high risk of developing multiple drug-resistant bacteria. On the other hand, the replacement of gut flora 

with good bacteria using probiotics had lower the incidence of ventilator associate pneumonia (but did not 

improve the mortality) in the meta-analyses [80, 81]. There is no exact mechanism that can explain how 

probiotics can help to reduce the risk of infection in CI. The beneficial effect of pro-biotics could be 

multifactorial and include the local release of antimicrobial factors, maintenance of gut barrier integrity, 

competition for epithelial adherence, prevention of bacterial translocation, and modulation of the local 

immune response [82]. However, the PROPATRIA trial published in 2008 showed that probiotic 

prophylaxis using multispecies probiotic preparation in patients with predicted severe AP did not reduce 

the risk of infectious complications and was associated with an increased risk of mortality (nine patients 

developed bowel ischemia in the probiotics group compared to none in the placebo group) [83]. The trial 

was reassessed in 2016 and the authors suggested that the probiotics may not be counter-indicated in 

AP. The authors explained that the high mortality in the treatment group was attributed by other factors 

such as damage of intestinal epithelial cells by pancreatic proteases, an insufficient dose of probiotic 

bacteria, and increased lactic acid production from the excessive amount of polysaccharides in the 

formula [84]. All these findings indicate that the gut microflora has a complex association with 

pathophysiology of CI.  
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 Gut-lymph hypothesis of critical illness 

Although bacterial translocation was demonstrated in the pre-clinical animal models of CI [85], this was 

not successful in a prospective clinical study by Moore et al. in 1991 [86]. The latter study started to throw 

into question the previously popular Gut-hypothesis when they failed to consistently identify the bacteria 

or endotoxin in the portal blood of severely injured patients, where only 2% of patients had bacteria in the 

portal or systemic blood, despite the fact that about one-third of the patients developed MODS. In addition, 

several other conflicting data accumulated over the past two decades further has decreased the credibility 

of the hypothesis and has not confirmed a direct relationship between intestinal hyperpermeability and 

bacterial translocation during CI [87, 88] .  

This led to the recognition of an alternative route through which intestinal contents might initiate 

SIRS/MODS. Following work with animal models of CI, the “gut hypothesis” was modified to the “gut-

lymph hypothesis”. In 1998, Magnotti et al. found that haemorrhagic shock conditioned gut-derived 

mesenteric lymph (ML), but not portal blood increased endothelial cell permeability and diversion of the 

ML before shock reduced the lung injury by reducing lung permeability, alveolar apoptosis and 

myeloperoxidase accumulation in rats [89]. The reviewed article in 2006 by Deitch et. al. stated that the 

unique gut-derived factors carried in the ML, but not in the portal vein serve as triggers that initiate 

systemic inflammatory and tissue injurious responses after major trauma or shock. These toxic factors 

reached the systemic circulation and gave rise to SIRS and MODS which has been known as gut-lymph 

hypothesis of SIRS and MODS  [90].  

1.5.2.2.1 Anatomy of lymphatic system  

The lymphatic system has two components: the initial lymphatic networks and the collecting lymphatic 

vessels. The initial lymphatic networks contain blind-ended vessels that lack smooth muscle cells, are 

non-contractile, and lack valves [91]. The initial lymphatic networks drain the fluid by osmosis. The 

collecting lymphatic vessels transport lymph away from the initial lymphatics network into the lymph nodes 

(pre-nodal efferent).  They contain smooth muscles and valves and comprise a series of functional units 

called lymphangions, which are defined as the contractile lymphatic segment between two adjacent valves 

(intervalvular segment). The lymph from the lymph nodes is drained by larger post-nodal lymphatics, 

known as lymphatic ducts or trunks. These lymphatic ducts and trunks merge in the abdomen to form the 

cisterna chyli, which returns lymph to the left internal jugular vein, jugulo subclavian angle, or subclavian 

vein through the thoracic duct. This anatomy shows considerable variability [92]. The cisterna chyli 

receives the lymph from the intestinal lymph trunk, right and left lumbar lymph trunks and smaller 

lymphatics from retroperitoneal structures.  

The intestinal lymph trunk drains lymph from three visceral lymphatic ducts: the portal or coeliac lymphatic 

duct, the superior mesenteric duct, and the inferior mesenteric duct. The portal, or celiac, lymphatic duct 

receives the lymph from coeliac lymph nodes, which accept the lymph from the liver, stomach, spleen and 

pancreas. The superior mesenteric duct receives the lymph from superior mesenteric lymph nodes, which 

drain lymph from small intestines and the proximal portion of the large intestine to the splenic flexure. The 

inferior mesenteric duct receives the lymph from the inferior mesenteric lymph nodes, which drain lymph 
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from the distal part of the large intestine, from the splenic flexure downwards [93]. There are multiple 

interconnecting channels between the visceral lymphatic ducts that help in lymphatic bypass. So, the 

diversion of mesenteric lymph would not be achieved with simple ligation of the single mesenteric duct 

[94].  

The thoracic duct drains lymph from cisterna chyli, which drains the intestinal lymph trunk and ascends 

into the thoracic cavity on the right side of the vertebral column and on the anterior surface of the aorta 

and azygos vein  [92]. It usually crosses to the left at the fifth or sixth thoracic vertebra level, passing 

behind the oesophagus and in front of the aorta  [92]. It ascends 2-3 cm above the clavicle before 

terminating at the lymphovenous junction at either the left internal jugular vein, jugulo subclavian angle, 

or subclavian vein  [92]. The thoracic duct contains 5 - 20 valves (like typical venous valves) to prevent 

the retrograde flow of lymph [95]. The reflux of blood into the thoracic duct was prevented by a special 

valve “ostial valve” at the lymphovenous junction which consists of two long flap-like cusps, extending 

obliquely from the wall of the vein  [92].  

1.5.2.2.2 Mesenteric lymph and its role in critical illness  

Superior mesenteric lymph is the lymph collected from the small intestine and is drained through the 

superior mesenteric duct into the cisterna chyli. The central lacteal of the intestinal villi drains into the 

submucosal lymphatic vessels network, which also receives lymph from lymphatic vessels in Peyer’s 

patches. The submucosal lymph, together with the lymph collected from the muscle layer lymphatics, 

drains into the mesenteric lymph nodes. Mesenteric lymph nodes are small, bean-shaped structures and 

contain multiple immune cells, including lymphocytes (B- and T-cells), macrophages and dendritic cells. 

They act as a filter for particulate matter and micro-organisms and are the site of antigen presentation 

[96]. After the modification process in the mesenteric lymph node, the post-nodal lymphatics drain into the 

intestinal lymph trunk through the superior mesenteric duct.   

The composition of the ML is unique and, therefore different from that of the non-mesenteric lymph. In 

addition to electrolytes, lipids, and proteins, it also carries varieties of molecules, cells and cell debris 

originating from the intestine [96]. The changes in the composition of ML during critical illness have been 

widely studied, with the development of a concept that the ML may carry the important toxic substances 

that could play an important role in the pathophysiology of sepsis and SIRS. Several studies supported 

the concept and the field has been reviewed [16, 87, 90, 96]. First, the CI conditioned ML had a direct 

toxic effect on multiple tissues and organs. It was found that the disease-conditioned ML, collected after 

intestinal ischemia-reperfusion injury, causes neutrophil dysfunction[97], bone marrow suppression[98] 

and damage to pulmonary epithelial and endothelial cells[99]. A study on mice showed that the 

intravenous injection of trauma-haemorrhagic shock-conditioned ML induced acute lung injury in sham 

animals [100].  Another study done by Magnotti et al. demonstrated that haemorrhagic shock-conditioned 

ML from rats, but not portal blood, increased endothelial cell monolayer permeability [89].  

Second, the diversion of ML flow to the systemic circulation prevents or reduces the severity of SIRS and 

MODS. In the rat haemorrhagic shock model, the diversion of mesenteric lymph before shock but not at 

the end of the shock, prevents lung injury [89]. The ligation of the main ML duct 7 days before 
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haemorrhagic shock demonstrated a protection against shock-induced lung injury in rats which indicated 

that the diversion of ML continues to confer protection against shock-induced lung injury for at least a 

week [101]. The ligation of the ML duct in the endotoxemia rats reduced both lung injury and neutrophil 

activation [102]. Similarly, the ligation of the ML duct in a rat model of either burn injury or trauma-

haemorrhagic shock prevented injury-induced cardiac dysfunction [103, 104]. The ligation of the ML duct 

also improved survival by 24 hours in a lethal splanchnic artery occlusion shock model [105]. The same 

result is reproducible in clinical studies of AP, where drainage of thoracic duct lymph reduced the 

development of lung injury and improved lung functions [106].   

Although the above results indicated that the ML (but not portal blood) might carry the molecules that 

could induce the MODS in CI, the exact molecule(s) responsible for these toxic effects have yet to be 

identified. Over the past decade, several investigations were attempted to identify these unique derived 

factors that are responsible for the toxicity of ML in CI. In 2008, Mole et. al. showed that the AP conditioned 

ML from rats had cytotoxicity, which was found to be contributed by tryptophan catabolites, specifically 3-

hydroxykynurenine [107]. A similar compound was found to be elevated in the plasma of human AP 

patients and the levels were correlated with organ failure [107]. In 2009, Mittal et al. published the 

comprehensive analysis of ML proteome during taurocholate-induced AP in rats demonstrating the 

significant elevation of pancreatic catabolic enzymes in ML [108]. In the following year, the same group 

described the changes in the ML proteome induced by haemorrhagic shock in rats [109]. The study done 

by Dzieciatkowska et al. demonstrated that the proteome of ML is different from that of the plasma from 

the trauma patients with 155 proteins uniquely presented in ML which indicated that the ML is not a mere 

plasma ultrafiltrate. These differential proteins could be related to cell lysis, apoptosis, inflammatory 

response and immune system activation [110]. These studies confirmed that there is an alteration in the 

composition of ML during CI.  

 Immune system dysregulation  

Immune system dysregulation is the imbalance between pro-inflammatory and anti-inflammatory counter-

regulatory mechanisms. Both infected and sterile inflammatory conditions could activate an innate 

immune response and induce the release of inflammatory mediators into the circulation. MODS could be 

considered a continuum of severe uncontrolled SIRS or sepsis, where the excessive inflammatory 

response (both pro and anti-inflammatory) leads to multiple organ dysfunction. Two main mechanisms 

explain immune system dysregulation in SIRS or sepsis. 

1.5.2.3.1 Mechanism 1: The pro-inflammatory response 

The excessive release of pro-inflammatory mediators by immune cells, neutrophils and macrophages, in 

response to an insult to the host by either infected or non-infected agents, causes a widespread systemic 

inflammatory response, and produces the clinical picture of SIRS or sepsis which includes fever, 

tachycardia, tachypnoea and leucocytosis. The innate immune system is designed to respond quickly to 

danger signals, including pathogen-associated molecular pattern molecules (PAMPs) and damage-

associated molecular pattern molecules (DAMPs). PAMPs are a group of microbial molecules (bacterial 

DNA, viral RNA, proteins, etc.) that direct the targeted host cell to distinguish ‘self’ from ‘non-self’ and 
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promote signals associated with innate immunity [111]. These are discussed in more detail later. DAMPs 

are a group of endogenous molecules that are released outside the cell or exposed on the cell’s surface, 

in response to cellular or tissue damage. Both PAMPs and DAMPs are recognised by the innate immune 

system, through pattern recognition receptors (PRRs), including toll-like receptors (TLR-4 and TLR9) and 

activate an inflammatory response. The activation stimulates the release of pro-inflammatory mediators, 

TNF-α and IL-1β from the innate immune cells, mainly macrophages [58]. These early inflammatory 

mediators activate the other components of the immune systems and release late inflammatory mediators, 

such as HMGB1 and IL-6, which provide ongoing inflammatory response and end-organs damage [30].    

1.5.2.3.2 Mechanisms 2: Immunoparalysis  

In the normal physiological stage, the pro-inflammatory mediators are counter-balanced by the anti-

inflammatory agents to help maintain immune system balance. It is known as the compensatory anti-

inflammatory response syndrome (CARS), which limits the damage caused by the pro-inflammatory 

response while not interfering with pathogen elimination [112]. If the CARS is abnormally prolonged, poorly 

timed or exaggerated, it will lead to the condition known as ‘immunoparalysis’ where the excessive 

systemic inflammatory response reduces the performance of immune system to neutralise the pathogens, 

leading to the state of acquired immune deficiency. Multiple studies have indicated that following sepsis 

or SIRS, the leucocytes reduce their capacity of cytokine production and down-regulate the HLA receptor 

expression [112, 113]. This leaves the host vulnerable to further injury or infection and is associated with 

increased nosocomial sepsis, MODS and death [114].  

These two mechanisms explain how DAMPs, PAMPs and pro-/anti-inflammatory mediators are involved 

in the pathophysiology of SIRS/sepsis and MODS contributing to immune system dysregulation. This 

thesis will focus on cytokines (Section 1.6) and DAMPs (Section 1.7).  

1.6 Cytokines 

Cytokines are a diverse group of lower molecular weight proteins that are produced by a variety of cell 

types as a means of cell-to-cell communication [115]. There are more than 30 cytokines currently 

identified, and the list has been growing since their first discovery in the 1950s  [115]. They often have 

different biological properties, but they share some common features. They can act on multiple cell 

types, which is termed pleiotropism [116]. They also can exhibit redundancy, whereby different 

cytokines can induce an identical biologic effect. For example, both TNF-α and IL-1β act on separate 

receptors but have similar functions [117]. Cytokines can enhance the production of themselves, as 

well as other cytokines, resulting in amplification of immune cascades [115, 118]. For example, both IL-

1α and IL-1β can stimulate the TNF-α gene expression [119]. Lastly, they produce their effects by 

binding with specific cell surface receptors, which can influence the synthesis of mRNA and protein 

within the target cells [120].  

Cytokine production is tightly regulated, and they are not produced constantly from the cells [115]. 

Instead, new cytokine mRNAs are made in short bursts in response to stress or external stimuli [115]. 

The release of a small amount of these cytokines is usually enough for a local paracrine action [115]. 
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For example, a local increase in IL-1α in the inflammatory area promotes leucocytes infiltration by the 

up-regulation of adhesion molecules ICAM1 and L-selectin [121]. The larger production of cytokine 

increases systemic cytokine levels and produces a systemic reaction such as fever, hypotension, and 

shock [115].  

Cytokines play a central role in the development of SIRS and MODS [122]. They are released in 

cascades, and their release can be initiated by a variety of stimuli, including bacterial toxins [123], direct 

cell trauma [124], and ischemia-reperfusion injury [125, 126]. In addition, DAMPs, which are released 

in response to cell injury or cell death, are currently regarded as potent stimulators of cytokine release 

[127].  

In the normal physiological stage, the pro-inflammatory mediators are counter-balanced by the anti-

inflammatory agents to help maintain immune system balance. It limits the damage caused by the pro-

inflammatory response while not interfering with pathogen elimination [112]. During SIRS/MODS 

(severe trauma[128], AP [115], bacteraemia or septicaemia [129]), the counter-balanced mechanisms 

between these two cytokine groups becomes unbalanced. The excessive pro-inflammatory response 

(see section 1.5.2.3.1 for detail) increases the destruction or malfunction of endogenous organs, and 

the disproportionate anti-inflammatory response (see section 1.5.2.3.2 for detail) increases the 

likelihood of infection due to the suppression of immunity [130].  

 Pro-inflammatory cytokines 

During the initial phase of SIRS/MODS, there is an excessive release of pro-inflammatory cytokines 

from macrophages [131], which is known as the pro-inflammatory response phase. TNF-α and IL-1β 

are the main initial cytokines, and they can stimulate further production of other cytokines [130]. 

Although they act on differing receptors, they have a similar function [117]. Major pro-inflammatory 

cytokines, which have also been shown to correlate with mortality, include TNF-α, IL-1β, and IL-6 [132-

134]. They are predominantly involved in acute phase response [135]. Other pro-inflammatory 

cytokines, such as IL-1α [136], IL-2 [137], IL-18 [138, 139], and MCP-1 [140], have also been associated 

with multiple aetiologies of SIRS/MODS.  

 Tumour Necrosis Factor α (TNF-α) 

TNF-α is a 17-kDa protein produced primarily by macrophages/monocytes. However, it can also be 

made by T and B lymphocytes, fibroblasts, mast cells and NK cells [141, 142]. The release of TNF-α 

from macrophages begins within 30 minutes of inciting events [143]. Therefore, it is regarded as an 

early mediator in the immune response. It mainly acts on the specific transmembrane TNF-α receptor 

1 (TNFR1) and TNF-α receptor 2 (TNFR2) and activates multiple signalling pathways, including the NF-

kB MAPK and FADD pathways [130]. The activation of these pathways leads to the activation of 

immunocytes, and the release of an array of downstream immuno-regulatory mediators, mainly IL-1 

and IL-6 [144]. The direct injection of TNF-α into the host can induce SIRS symptoms such as fever, 

tachycardia, hypotension, leukopenia, elevated liver enzymes and coagulopathy [145]. TNF-α also 

activates cyclooxygenase (COX) enzymes, resulting in the increase production of thromboxane, 

prostaglandins and platelet-activating factor (PAF), with the subsequent promotion of pro-coagulated 
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endothelial cell activity [117, 135]. The elevation of TNF-α levels in the circulation was found in both 

sepsis and non-infection related sterile inflammatory responses [146, 147].  

The elevation of TNF-α in sterile inflammatory conditions such as haemorrhagic shock [148, 149], 

trauma [150] and AP [151] was shown in both animal models and clinical studies. In an animal model 

of haemorrhagic shock, the TNF-α elevated within 20-30 minutes following shock [148, 149] and 

persisted for up to 2 hours after resuscitation [152]. Similarly, in a clinical study, the TNF-α was mainly 

considered as an early mediator released in response to the initial insult [153]. The study done by 

Spielman et al. demonstrated that the elevation of TNF-α could be recognised as early as 4 hours after 

trauma and coincided with early post-traumatic MODS and SIRS [150]. In AP, TNF-α elevation was 

only significant in those with a severe form of the disease, but failed to elevate significantly in mild-

moderate AP [151].  

Although TNF-α is shown to be elevated during sepsis, the correlation between its levels and mortality 

is still controversial [154-156]. In a study done on patients with abdominal septic shock, high serum 

TNF-α levels were associated with increased survival [157]. In contrast, there was no significant 

difference in TNF-α levels between survivors and non-survivors of sepsis in another study[158]. On the 

other hand, Gogos et al. showed that higher TNF-α levels were seen in non-survivors rather than  sepsis 

survivors [159].  

TNF-α has been regarded as an important mediator involved in the pathogenesis of SIRS, sepsis and 

MODS. A therapeutic strategy targeting TNF-α was once considered as a solution to reducing mortality 

in CI. Although therapies targeting TNF-α have shown protective effects in animal models of sepsis 

[160-163], it has not shown any promising results in clinical trials. A prospective, multicentre, 

randomised, double-blind trial conducted in North America failed to show any benefits for 28-day 

mortality in sepsis patients treated with monoclonal antibodies to TNF-α (anti-TNF-α), and it even 

increased the mortality in the sepsis patients who did not have shock [117]. Similarly, in the international 

multicentre, randomised, double-blind trial (INTERSEPT) [164], there was no significant difference in 

28-day mortality among septic shock patients (patients without shock were excluded due to safety 

reasons derived from the previous trial) between those receiving placebos and those receiving a 

monoclonal antibody to human TNF-α. However, there was a more rapid reversal of septic shock and 

delayed onset of first organ failure in the group receiving the anti-TNF-α compared to the placebo group 

[164]. Another prospective, multicentre, randomised, double-blind control study using TNF-α receptor 

blocker did not show a mortality benefit in septic shock patients and higher doses were associated with 

increased mortality [165]. The failure of anti-TNF-α treatment indicates that there are important 

mediators other than TNF-α involve in the pathophysiology of this abnormal host response to insults.  

 Interleukin-1 (IL-1) 

The two major IL-1-α and β - are important inflammatory mediators during sepsis and SIRS [136]. Their 

genes are located adjacent to one another on the long arm of chromosome 2. Both bind to the same 

receptor (IL1-R1) and trigger the recruitment of the IL-1 receptor accessory protein (IL-1RAcP) to form 

a signal-transducing complex [166].  



16 

 

IL-1α 

IL-1α is produced mainly by activated macrophages but can also be released by neutrophils, epithelial 

and endothelial cells. It has dual actions; it can bind to the transmembrane receptors (IL1-R1), like other 

cytokines (TNF-α), and it can also enter the nucleus and facilitate pro-inflammatory gene transcription, 

independently of IL-1R1 [167]. This is because full-length IL-1α (Pro-IL-1α) carries an N-terminal amino 

acid sequence which allows its translocation to the nucleus [168]. In addition, Pro-IL-1α can be found 

in the plasma membrane of intact cells, and it can function as a membrane-bound cytokine [169].   

The Pro-IL-1α is expressed in the cytoplasm and nuclei of cells in a wide range of tissues including 

lungs, liver and kidney, and released extracellularly upon cell damage, or necrotic cell death [170]. The 

extracellular release of IL-1α is unique to necrotic cell death since apoptosis cells concentrate Pro-IL-

1α in the nucleus, which prevents its passive release together with the cytoplasmic content [170]. The 

accumulation of full-length IL-1α in the nucleus during apoptosis prevents exaggerated inflammatory 

response during programmed cell death. In vitro, it has been shown that IL-1α can induce the production 

of pro-inflammatory cytokines such as IL-1α, IL-2, IL-6, and TNF-α [171, 172]. Various stimulations can 

induce elevation of IL-1α, including sepsis [173, 174].   

IL-1β 

Like IL-1α and TNF-α, IL-1β is mainly produced by monocytes and macrophages [175]. Unlike IL-1α, 

IL-1β is usually synthesised de novo and not expressed in healthy cells or tissue [176]. Its production 

is induced by activating pattern recognition receptors such as TLR, by the PAMP or the DAMP [176]. 

The newly synthesised full-length IL-1β is not biologically active like full-length IL-1α. It needs to be 

processed by caspase-1 to become a mature active cytokine [176]. The caspase-1 is usually maintained 

at an inactive state. Therefore, the secretion of active mature IL-1β is a tightly controlled process. The 

conversion of pro-caspase-1 to active caspase-1 requires inflammasomes, a multi-protein intracellular 

complex [177]. However, inflammasome independent activation of IL-1β has also been demonstrated 

in caspase-1 deficient mice [178]. In addition to caspase-1, the neutrophil proteases (elastases, 

proteinase-3, granzyme A and cathepsin G) can also convert the IL-1β precursor to active IL-1β [179, 

180].  

The active IL-1β activates macrophages to release other pro-inflammatory cytokines (such as IL-6, IL-

8, MIF), lipid mediators, as well as reactive oxygen and nitrogen species [181, 182]. IL-1β activates 

neutrophils and induces the expression of adhesion molecules on both neutrophils and endothelium, 

which promotes the migration of leucocytes [183]. It also stimulates T cell proliferation and survival 

[184]. Direct systemic administration of IL-1β produces the symptoms of SIRS: fever, hypotension and 

activates the coagulation pathway  [185-187].  

Elevation of IL-1β can be found in both sterile inflammatory conditions and sepsis. In a study conducted 

on patients with either multiple trauma, or shock because of a ruptured abdominal aortic aneurysm 

(AAA), and or patients undergoing elective AAA repair, there was a higher concentration of IL-1β (along 

with TNF-α) at both hospital admission, and 6 hours after, compared to the normal control and the 

higher IL-1β levels were correlated with higher mortality, and development of ARDS or MODS [188]. 
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Elevation of IL-1β was also seen in the patients with AP, and the levels were highest on Day 1 and 2 of 

hospital admission [189]. Higher levels of IL-1β were seen in patients with severe AP than those with 

mild AP [189]. In addition to the sterile inflammatory conditions, the elevation of IL-1β was found in 

neonatal sepsis at the time of diagnosis, compared to the healthy controls [190].  

Like TNF-α, the clinical trials attempting to inhibit IL-1β activity do not show any promising results. A 

randomised multicentre control trial using an IL-1 receptor antagonist (IL-1Ra) did not increase the 

sepsis-related mortality compared to the control [191]. Another clinical trial using IL-1Ra was terminated 

prematurely after initial interim results failed to show an improvement in 28-day survival, after a 72-hour 

continuous infusion of IL-1Ra, compared to the standard sepsis treatment [192].  

 Interleukin-6 (IL-6) 

IL-6 is produced by many cell types, mainly by T-lymphocytes and macrophages [193]. In addition to 

IL-1β and TNF-α, which are considered major activators of IL-6 expression, other pathways such as 

TLRs [194], prostaglandins [195], and other cytokines (e.g. TNF-α and IL-1β) [171, 196] can stimulate 

the synthesis of IL-6. Although it can be stimulated by multiple signalling pathways, the serum level of 

IL-6 in the normal physiological state is particularly low (1-10 pg/ml) [197]. However, the IL-6 level 

elevates significantly during sepsis and inflammatory conditions [134, 198] and has a better correlation 

with the disease severity than the conventional inflammatory marker, C-reactive protein [199].  

The fully functioning IL-6 receptor complex is composed of IL-6R—the binding site of the IL-6—and the 

signal transduction subunit gp130. The activation of the receptor complex leads to the serial reactions 

that activate STAT1, STAT3 and MAPK cascades [200]. The downstream function includes activation 

of B and T lymphocytes, modulation of haematopoiesis and release of acute-phase proteins. It also has 

a chemotaxis action through stimulation of the toll-like receptor family. It is also a potent pyrogenic [201].  

There are studies showing a correlation between the severity of SIRS and serum IL-6 levels [134, 198]. 

IL-6 has been regarded as a later mediator of SIRS. Roumen et al. demonstrated that the IL-6 

concentrations were elevated in trauma/haemorrhagic shock patients with ARDS/MODS from the 

second day of admission onward, and its levels correlated with the daily MOF score over the two-week 

observation period [188]. The prospective study done by Nieminen et al. showed that the IL-6 level was 

significantly elevated in severe AP compared to those of mild/moderate AP, and it was an independent 

prognostic marker of severe AP [202]. Similar findings were again found in various other studies [151, 

203].  

 Interleukin-2 (IL-2) 

IL-2 is a pleiotropic cytokine which was initially identified as a T-cell growth factor and was subsequently 

found to have a broad range of actions [204]. It is mainly produced by CD4+ T helper cells and to a 

lesser extent, by naive CD8+ T cells, natural killer cells, activated dendritic cells (DCs) and mast cells 

[205-208]. It stimulates the production of its own receptor, IL-2R, as well as other cytokine receptors of 

IL-4, IL-6, and IL-12 [204]. It can augment the differentiation of T helper cells 1, 2 and 17 to mature T 
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cells [204]. It increases the release of nitric oxide and induces hypotension [209]. It also activates the 

complement system and induces microvascular lung injury [210].  

There was a study showing an association between the development of ARDS and a high IL-2 serum 

level [211]. The elevation of serum IL-2 was found in various causes of SIRS and sepsis, but the 

elevation was parallel with the disease’s severity and was found to be significantly higher in patients 

who developed septic shock [137]. In trauma patients, serum IL-2 levels were significantly elevated in 

the early phase of trauma (peaked at 24 hours after trauma) and correlated with serum liver enzymes, 

BUN and creatinine levels [212].  

 Interleukin-18 (IL-18) 

IL-18 is also known as an interferon-γ (IFN-γ) inducing factor as it was first identified in a murine model 

of sepsis as a stimulant for the production of IFN-γ from T cells [213]. It is mainly produced by activated 

macrophages [214]. In addition to the induction of IFN-γ release, it is also involved in the activation and 

enhancement of immune cells such as neutrophils, NK cells, T helper type 1 (TH1) and T helper type 2 

(TH2) cells [215, 216]. It also possesses characteristic features of pro-inflammatory cytokines, such as 

increases in cell adhesion molecules, nitric oxide synthesis, and chemokines production [213].  

Elevation of IL-18 in circulation has been reported in both non-sepsis and sepsis-induced SIRS [138, 

139, 217]. A significant elevation of IL-18 can be seen in patients who have developed necrotising 

pancreatitis, and it remained elevated in patients with MODS [218]. The serum concentration of IL-18 

was positively correlated with the known inflammatory mediators such as C-reactive protein and plasma 

neutrophil elastase and significantly higher in patients with severe AP [217].  IL-18 appears to play a 

vital role in the pathophysiology of sepsis and septic shock, as the elevation of serum IL-18 has been 

consistently correlated with the severity of sepsis and was particularly high in non-survivors [138, 139]. 

The blockage of IL-18 using antibodies protected mice from LPS induced liver injury [219].  

 Monocyte chemoattractant protein-1 (MCP-1)  

MCP-1 is a member of the chemotactic cytokine group. It is mainly produced by 

monocytes/macrophages and can be produced by many other cell types, either constitutively or after 

induction by oxidative stress, cytokines or growth factors [220]. It mediates its effects through CC 

chemokine receptor 2 (CCR2), which can be found on monocytes, NK cells and vascular smooth muscle 

cells [220]. It regulates the recruitment of monocytes, T lymphocytes and NK cells to the local tissue 

from the peripheral circulation [221]. It also promotes thrombus formation by the generation of tissue 

factors [222].   

An elevation of MCP-1 was found in sepsis, and the highest levels were found in patients with septic 

shock or lethal outcomes [140]. The elevation of MCP-1 appears to confer protective effects during 

sepsis. The administration of anti-MCP-1 increased mortality in rodent models of CLP and endotoxemia 

[223, 224]. Conversely, the MCP-1 elevation  was reported in AP patients, and the degree of elevation 

positively correlated with organ failure [225]. However, unlike sepsis, the blockage of MCP-1 using 

plasmid vectors containing mutant MCP-1 gene improved the survival in an animal model of AP [226]. 



19 

 

The findings from the literature suggest that MCP-1 elevation is important in sepsis to protect against 

bacterial invasion, but its elevation during sterile inflammatory states could exert more harm than good 

on the host [226].  

 Summary of pro-inflammatory cytokines 

All these pro-inflammatory cytokines TNF-α, IL-1α, IL-1β, IL-6, IL-18 and MCP-1, elevate in systemic 

circulation during SIRS/MODS, and their levels are positively correlated with the severity of the 

conditions. However, the blockage of these pro-inflammatory cytokines did not improve the outcome of 

the patients, and in some cases, it can even increase mortality. So, the changes in concentration of 

another group of cytokines anti-inflammatory cytokines might play an important role in the pathogenesis 

of SIRS/MODS.  

 Anti-inflammatory cytokines 

During sepsis or SIRS, the intense pro-inflammatory response is usually followed by the development 

of compensatory anti-inflammatory response syndrome (CARS), which is involved with a marked 

production of anti-inflammatory cytokine series. It is to counterbalance the released pro-inflammatory 

cytokines from initial insults such as tissue injury and infection. The key anti-inflammatory cytokines 

include IL-4, IL-10, and IL-13. Regulation of this anti-inflammatory response determines the progression 

of the sepsis/SIRS, whether to resolution or death [227]. Excessive and extended-release of anti-

inflammatory cytokines lead to the condition known as ‘immunoparalysis’, where the ability of the 

immune system to neutralise the pathogens is impaired and increases host susceptibly to further injury 

or infection.  

 Interleukin-4 (IL-4) 

IL-4, a lymphokine, is mainly produced by TH2 cells [228]. In addition, it can be secreted by mast cells 

and basophils [228]. IL-4 has an action on a wide variety of cells, including mast cells, T and B 

lymphocytes, NK cells and endothelial cells, through the JAK/STAT pathway [229]. It induces the 

release of anti-inflammatory cytokines IL-4 and IL-13 from macrophages [136] and inhibits the 

production of pro-inflammatory cytokines such as TNF-α, IL-1α, IL-1β, IL-6 and IL-8 from 

monocytes/macrophages [230]. It also inhibits the production of free radicals from activated 

macrophages and increases their susceptibility to the effects of glucocorticoids [229].  

The activities of IL-4 during sepsis and SIRS are still poorly understood. There is no elevation of 

circulatory IL-4 during sepsis, but there is evidence to show an increased expression of IL-4 mRNA in 

immune cells during sepsis [231, 232]. Although there is no direct association between the IL-4 level in 

the systemic circulation and sepsis-related mortality, the administration of neutralising antibody to IL-4 

after CLP restored TH1 cell functions and increased survival rates in the CLP-induced sepsis model 

[233]. Again, another study using IL-4 knockout mice displayed protective effects on CLP-induced 

sepsis [234]. These findings indicate that IL-4 plays an important role in the pathophysiology of sepsis.   

Currently, there is no study finding a direct association between rising IL-4 levels and AP. However, it 

has been considered a potent anti-inflammatory cytokine and may have a role in ameliorating tissue 
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damage in pancreatitis [235]. Administration of IL-4 intraperitoneally reduced the severity of AP in rats 

by increased expression of complement activation regulators (decay-accelerating factor and 

homologous restriction factor) since downregulation of complement activation regulators expression 

was associated with pancreatic necrosis [236].  

 Interleukin-10 (IL-10) 

IL-10 is produced mainly by immune cells such as monocytes, macrophages, B and T lymphocytes, 

and NK cells [237]. It exhibits pleiotropic effects in immuno-modulation, including down-regulation of 

pro-inflammatory cytokines (TNF-α, IL-1, IL-6, IFN- 𝛾) [238] and the release of GM-CSF [238], up-

regulated production of naturally occurring inhibitors of TNF-α and IL-1β (soluble TNF receptors 

(sTNFRs) and IL-1 receptor antagonist (IL-1ra), respectively) [136], impaired antigen presentation for 

phagocytosis [147], increased B-cell survival time and a blockade of the NF-kB JAK-STAT pathway 

[130].  

IL-10 plays an important role in sepsis. The administration of IL-10 conferred a protective effect in a 

mouse model of lethal endotoxemia, and neutralisation of IL-10 using antibodies reversed the protective 

effects [239]. The administration of the antibodies to IL-10 increased circulating levels of TNF-α and IL-

6 in the mouse model of lethal endotoxemia [239]. Although IL-10 conferred protective effects from 

endotoxemia, its role in CLP-induced sepsis was either harmful or beneficial, depending on the state of 

the disease. The administration of IL-10 antibodies at 12 hours after CLP markedly improved the 

survival rate, although the early inhibition of IL-10 did not confer any protective effects on the CLP mice 

[240]. The study done by Latifi et al. using IL-10 deficient mice showed earlier onset mortality following 

CLP, and the administration of recombinant IL-10 to both wild-type and IL-10 deficient mice reduced 

mortality [237]. These findings indicate that IL-10 might regulate the transition from early reversible 

sepsis to late irreversible septic shock after CLP [237].  

The meta-analysis performed by Zhang J et al. in 2014 demonstrated that the IL-10 elevated in AP on 

day 1 of hospital admission and could be a useful predictive marker of severe AP [241]. However, the 

study done by Pezzilli et al. demonstrated that there was a higher level of IL-10 in patients with a mild 

form of AP compared with severe AP [242]. The results suggested that the early anti-inflammatory 

action of IL-10 during the early phase of the disease might reduce the severity of AP. This was further 

supported by the trial performed on patients having endoscopic retrograde cholangiopancreatography 

(ERCP) where there was a lower incidence of AP in patients receiving higher dosages (20 µg/kg) of IL-

10 compared to those receiving a lower dosage of IL-10 (4 µg/kg) or a placebo [243]. On the other 

hand, the excessive release of IL-10 in response to AP might also impair the immune function 

(especially later in the disease) and could increase susceptibility to infection of pancreatic necrosis.  

 Interleukin 13 (IL-13) 

IL-13 is secreted mainly by T-helper cells (mainly TH2) [244]. It inhibits proinflammatory cytokine 

production [245, 246], induces the secretion of IgE from B-cells, and reduces inflammation by up-

regulating matrix metalloproteinases (MMPs) [130].  
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The elevation of IL-13 is seen in both sepsis and non-sepsis SIRS. The study conducted by Socha et 

al. on the patients who met SIRS criteria showed that there was an elevation of IL-13 in patients who 

developed SIRS compared to the control [247]. Among the patients with SIRS symptoms, those that 

developed sepsis had higher IL-13 levels [247]. In another study, it was found that the IL-13 levels were 

higher in those who developed septic shock compared with non-shock patients [248].   

 Summary of anti-inflammatory cytokines 

All these anti-inflammatory cytokines – IL-4, IL-10 and IL-13 have a complex association with CI, and 

their levels in systemic circulation alter depending on the phase in CI. They protect the host against 

excessive inflammatory reaction, while their anti-inflammatory action sometimes increases the risk of 

mortality by promoting host susceptibility to infection. By studying their level in ML and changes in 

circulation by drainage of ML will help to understand whether the protective effect of ML during CI is 

contributed by alteration in level of anti-inflammatory cytokines.   

1.7 Damage-Associated Molecular Pattern (DAMP) 

Damage-associated molecular pattern molecules (DAMPs) are a heterogeneous group of endogenous 

molecules (i.e., including protein, peptides, and nucleic acids) or cell organelles (e.g., mitochondria) that 

are released upon cell injury or death. Specific examples of DAMPs include intracellular proteins (e.g. 

high mobility group box 1 [HMGB1], S100 proteins), extracellular matrix proteins (e.g. hyaluronan 

fragments) and non-protein DAMPs (e.g. mitochondrial DNA, ATP) [249]. Table 1.3 provides a list of some 

common DAMPs and their origins.  

DAMPs are released into the systemic circulation either by 1) passive release from cells upon cellular 

injury or necrotic cell death, or by 2) active secretion by immune cells and/or dying cells. For example, 

immune cells such as macrophages actively secrete HMGB1 via the NF-kB signal pathway upon cell 

activation, whereas dying cells actively secrete S100 proteins via the non-classical leaderless secretory 

pathway (LSP) [250, 251]. 

DAMPs can recruit and activate innate immune cells neutrophils and macrophages, that, in turn, stimulate 

adaptive immune responses. DAMPs stimulate the release of other inflammatory mediators (cytokines/ 

chemokines) from multiple cell types, including immune cells. For example, HMGB1 could induce the 

release of TNF-α and IL-8 from macrophages [252]. Moreover, DAMPs can also induce the release of 

other types of DAMPs. For example, transfected DNA can induce the release of HMGB1 from 

macrophages [253].  DAMPs can also promote tissue repair and restore homeostasis [249]. Table 1.4 

shows the receptors and effects of cell-free (cfDNA), nuclear (nDNA), HMGB1, S100A8/A9 and 

mitochondria DAMPs. In addition to binding to their receptors, endocytosis of DAMPs (HMGB1) by 

macrophages induces pyroptosis and a caspase-1-dependent programmed cell death. It releases 

additional proinflammatory intracellular DAMPs [254].  

Increased levels of DAMPs in the systemic circulation were strongly associated with several types of 

CI, including severe trauma [255-258], AP [259], haemorrhagic shock [260, 261] and sepsis [256, 262, 
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263]. Figure 1.1 shows the association between DAMPs, PAMPs and the development of SIRS, sepsis 

and MODS.  

 

Table 1.3: List of some common DAMPs and their origins 

Intracellular or 

extracellular  

Components/ 

Organelle 
DAMP 

Intracellular 

Nucleus 

Cell free DNA (cfDNA)/ nuclear DNA (nDNA) [264-266] 

HMGB1  [251, 259, 263, 267-275] 

Histones [276] 

Mitochondria 

Mitochondrial DNA [255, 260, 262, 277-280] 

N-Formyl peptide [281] 

Intact mitochondria [282] 

Mitochondrial transcription factor A [261] 

ATP  [283, 284] 

Cytochrome c [285] 

Carbamoyl phosphate synthetase-1  [286] 

Cytosol 

S100 proteins  [287] 

Heat shock proteins  [288, 289] 

Uric acid/ Monosodium urate [290] 

Endoplasmic 

reticulum  
Calreticulin [291] 

Plasma membrane Syndecans, Glypicans [292, 293] 

Extracellular  Extracellular matrix 
Biglycan, decorin, versican, LMW hyaluronan, heparan 

sulfate, fibronectin, fibrinogen, tenascin [294-301] 

ATP = Adenosine Triphosphate; HMGB1 = High-mobility group box 1; 
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Table 1.4: Receptors and effects of cfDNA, HMGB1, S100A8/A9 and mitochondria DAMPs 

DAMPs Receptors Cells or tissues Effects Ref 

cfDNA TLR9 
Neutrophils 
Macrophages 

Induce release of cytokines [302] 

nDNA AIM2 Hemopoietic cells 
Formation of inflammasome – induces cytokines 
release and cell dead 

[303] 

HMGB1 

RAGE 

macrophages 
Produce proinflammatory cytokines and 
chemokines 

[304] 

Human microvascular 
endothelium  

Increase expression of ICAM-1, VCAM-1 and 

RAGE; 
Secretion of TNF-α, IL-8, MCP-1, PAI-1 and tPA 

[305] 

Smooth muscle Cell migration [306] 

TLR2 Macrophage Induce cytokine release, especially IL-8 

[252] TLR4 Macrophage Induce cytokine release, especially TNF-α 

TLR9 
Macrophage  
Dendritic cells 

Accelerate the delivery of CpG-ODN to TLR9 

NFP (mitochondrial 
protein/peptides) 

FPR1 
Neutrophils 
Monocytes 
Platelets 

Activates MAPKs; stimulates the secretion of 
cytokines and chemokines  

[281] 

mtDNA TLR 9 
Neutrophils 
Monocytes/macrophages 

Activation of immune cells; production of pro-
inflammatory cytokines - TNF-α, IL-1, and IL6 

[307] 

S100A8/A9 

TLR4 
Macrophages 
Endothelium cells 

Release of inflammatory cytokines - IL-6, IL-1β, 
MIP-2, and TNF-α;  
Endothelial barrier dysfunction via 

phosphorylation of MAPK p38 and ERK1/2  

[308] 

RAGE 
Macrophages 

Endothelium cells 

NF-κB activation; promotes leucocyte production 
from bone marrow; endothelial barrier dysfunction 

via phosphorylation of p38 and ERK1/2 

[308-

310] 

CpG-ODN = CpG oligodeoxynucleotides; ERK = extracellular signal–regulated kinase; FPR 1= formyl peptide receptor-1; AIM2 
= absent in melanoma 2; HMGB1 = high-mobility group box 1; ICAM-1= intercellular Adhesion Molecule 1; IL = interleukin; MAPK 

= mitogen-activated protein kinase;MCP-1 = monocyte chemotactic protein-1; mtDNA = mitochondrial DNA;  NFP = N-formyl 
peptide; NF-κB = nuclear factor-kappaB; PAI-1 = plasminogen activator inhibitor-1; RAGE = receptor for advanced glycation end-
products; TLR = toll-like receptor; TNF-α = tumour necrosis factor alpha; tPA = tissue plasminogen activator; VCAM-1= vascular 

cell adhesion molecule 1; 
 

Figure 1.1: The overall association between DAMPs, PAMPs and pathophysiology of SIRS, 
sepsis and MODS disease continuum 

 

 Mitochondria—a specific source of DAMPs 

Mitochondria are widely known as “powerhouses” of eukaryotic cells. However, they are capable of 

more than just energy production. When mitochondria and their components exit the cells, they can act 

as DAMPs (mitochondrial DAMPs or MTDs) and trigger an immune response. MTDs contain 

components of mitochondria including, but not limited to, mitochondrial DNA (mtDNA), mitochondrial 

protein (e.g., transcription factor A) and peptides (e.g., N-formyl Peptide), and cardiolipin (a component 
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of mitochondrial membrane), that escape from damaged mitochondria. One of the main reasons behind 

this is that mitochondria share some characteristic features with bacteria. For example, they both: 1) 

carry a circular DNA that is rich in unmethylated CpG sequences [311]; 2) synthesise unique proteins 

that use N-formyl-methionine as the initiating residue [312]; 3) are surrounded by a membrane made of 

unique lipid (cardiolipin) [313].  

In addition to the passive release following cell injury, mitochondria and their components can also be 

actively secreted from the living cells as a response to injury. For example, neutrophil extracellular trap 

(NET), a potent proinflammatory mechanism that snare microorganisms, is formed from pure mtDNA 

following major trauma or surgical operation [314]. Also, mtDNA can be released from activated 

eosinophil (IL-5 or IFN- γ primed) rapidly in a catapult-like manner in less than one second upon 

exposure to LPS [315]. Extracellularly, MTDs can activate the immune system either by inducing the 

release of pro-inflammatory mediators, or by acting as pro-inflammatory molecules by themselves.   

 MTDs can induce the release of pro-inflammatory mediators 

Incubation of MTDs with the polymorphonuclear leukocytes (PMN) causes a Ca2+ influx into the cells 

and activates mitogen-activated protein kinases (MAPKs) (both p38 and p44/42 MAPKs). These 

activations occur through formyl peptide receptor 1 (FPR1), since administrations of autoantibodies to 

FPR1 or FPR1 inhibitor—Cyclosporin —abolish the Ca2+ mobilisation and stop the MAPKs activation 

[307, 316]. The activation of MAPKs is associated with the secretion of cytokines and other inflammatory 

agents, including matrix metalloproteinase-9 (MMP9) and IL-8 [317]. MMP9, a proteolytic enzyme, 

helps PMN tissue penetration and further promotes inflammation and organ injuries [318]. IL-8 is a 

proinflammatory chemotaxis agent that further promotes the activation and recruitment of PMN [319]. 

In addition, mtDNA, one of the major components of MTDs, also shows significant immunostimulatory 

actions. It can bind to toll-like receptor 9 (TLR9) on neutrophils and activate p38 MAPK. The activation 

of p38 MAPK triggers the NF-kB pathway, and this will lead to the secretion of pro-inflammatory 

cytokines such as TNF-α, IL-1, and IL-6 from the immune cells. This activation can be inhibited by 

oligodeoxynucleotides (TTAGGG) that can bind to CpG motifs of mtDNA and subsequently block 

mtDNA interaction with TLR9 [307]. This indicates that the presence of abundant CpG motifs in mtDNA 

is mainly responsible for its immune-modulatory properties. MtDNA can also bind the macrophage and 

increased the expression of TLR9, TNF-α, and IL-6 in macrophages within 2-24 hours of incubation 

with mtDNA [320]. Therefore, mtDNA not only increases the release of pro-inflammatory cytokines but 

also potentiates the expression of its own receptor TLR9 on the macrophage to potentiate its 

inflammatory effects further.  

Zhang JZ et al. demonstrated the effects of in vivo administration of mtDNA in rats [320]. Intravenous 

injection of 1 ml of 10 µg/ml mtDNA simulated systemic inflammation symptoms such as reduced 

activity, ruffled fur and shivering in rats within 2-6 hours, and increased serum levels of TNF-α IL-6 and 

IL-10 starting from two hours after injection. In addition, higher histological injury scores were found in 

the lungs extracted from the rats injected with mtDNA, and there was higher mRNA expression of TLR9 

and IkB-α in the lungs [320]. The increased gene expression of IkB-α indicated the activation of the NF-
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kB pathway in the lungs [321]. These abilities of mtDNA to activate the NF-kB pathway and subsequent 

induction of cytokine release, as well as TLR9 expression, could certainly promote widespread 

inflammatory response and injury to the organs.  

Besides the mtDNA, mitochondrial transcription factor A (TFAM) can stimulate the release of TNF-α 

from a murine macrophage cell line in the dose-dependent function [261]. Intravenous injection of 1 mg 

TFAM per kg of body weight induced systemic inflammation in rats, showing increased serum levels of 

TNF-α, IL-6 and lactate [261]. It also increased myeloperoxidase activity and neutrophil infiltration in the 

lungs [261].  

In addition to the components of mitochondria, the main product of mitochondria, adenosine 

triphosphate (ATP) can also play a potential part in systemic inflammation. In vitro incubation of 1 and 

5mM ATP with whole blood or mononuclear cells from healthy donors for 24 hours induced the release 

of inflammatory cytokines (TNF-α, IL-8, and IL-18) by acting on the P2X7 receptor [283].  

 MTDs themselves are pro-inflammatory molecules 

MTDs themselves are also potent PMN chemoattractants and can activate free radical generation and 

end-organs injury [307]. Again, the PMN chemotaxis effects are dependent on the FPR1, and blockage 

of the receptor using an antibody can abolish the response [307]. A similar chemotaxis action was 

reported in vivo. For example, direct intraperitoneal administration of MTDs in mice caused rapid 

neutrophil infiltration into the peritoneum, and the effect was inhibited by Cyclosporin H, an FPR1 

inhibitor [307].  

The effects of circulatory MTDs on systemic inflammation and organ injury have also been studied. 

Intravenous injection of MTDs equivalent to mitochondria from 5% liver injury caused marked 

inflammatory lung injury in rats [307]. A similar result was obtained when MTDs isolated from a human 

femur fracture were injected intravenously into rats, showing a marked infiltration of activated 

inflammatory cells into the lungs [317]. Administration of MTDs equivalent to 1% of the rat’s liver into 

the vein caused hepatic inflammation and increased IL-6 and TNF-α expression in the liver after 1 hour 

of injection [280].   

As stated earlier in this introduction, mitochondrial protein has a similar structure to bacterial protein 

through the presence of a formylated peptide sequence at the N-terminal, known as N-formyl peptide 

(NFP). Intravenous injection of the formylated peptide (corresponding to the N-terminus of mitochondrial 

ND6) induced SIRS symptoms such as fever, hypotension, and lung injury [322]. The hypotensive 

effects were reduced by the administration of FPR inhibitors and nitric oxide synthase inhibitors. These 

findings postulated that NFP induced hypotension due to nitric oxide released from FPR activation [322]. 

The effects of MTDs and their components on the immune cells are summarised in Table 1.5 and Figure 

1.2. The studies on the effects of direct injection of MTDs or their components into the animals are listed 

in Table 1.6. 

All these findings together (summarised in the tables and figures above) point to the potential role for 

the presence of mitochondria and their components outside the cells to promote widespread 
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inflammatory responses and are potentially responsible for uncontrolled immune-mediated end organs 

damage during SIRS and MODS. 

 

 

Table 1.5: Role of MTDs and their components in inflammation—studies on cell culture 

MTDs/ 

Components 
Cell Types Receptors Mechanisms Effects 

Author, 

Year [Ref] 

MTDs 

(disrupted 
mitochondria) 

Neutrophils 
(From human 

donors) 

FPR1 Ca2+ influx to PMN 
PMN chemotaxis 
Stimulated respiratory burst 

formation in PMN 

Raoof M, 

2010 [323] 

Neutrophils 
(From human 
donors) 

FPR1 
TLR9 

Ca2+ influx to PMN 

and 
phosphorylation of 
PMN p38 and 

p44/42 MAPK 

Released MMP-8 and IL-8 from 
PMN 
PMN chemotaxis 

Zhang Q, 
2010 [307] 

Neutrophils 
(From human 

donors) 

FPR1 

Ca2+ influx to PMN 
and 

phosphorylation of 
p44/42 MAPK 

Released MMP-9 and IL-8 from 

PMN 

Hauser CJ, 

2010 [317] 

Neutrophils 

(From human 
donors) 

FPR1 
Activation of p38 
and p44/42 MAPK  

ROS generation, degranulation, 
and secretion of IL-8 

Hazeldine J, 
2015 [316] 

mtDNA 

Macrophages 
(from rats 

peritoneal) 

TLR9 ? 

Released TNF-α, IL-6, and IL-10 

from macrophages 
Increased expression of TLR9 and 
phosphorylated NF-κB, but reduced 

expression of phosphorylated IκB-α 
in macrophages 

Zhang JZ, 
2014 [320] 

Neutrophils 
(From human 
donors) 

TLR9 
Activated 
P38MAPK 

Released IL-8 from PMN in the 

presence of low dose N-formyl-
methionyl-leucyl-phenylalanine 
(1nM) but could not stimulate the 

release alone. 

Zhang Q, 
2010 [307] 

TFAM 

Macrophages 

(RAW 264.7 
cells) 

? ? 
Released TNF- from the 

macrophages 

Chaung 

WW, 2012, 
[261] 

ATP 

Mononuclear 

cells (from 
healthy human 
donors) 

P2X7 

? Ca2+ influx and 

activation of Ca2+ 
dependent K+ 
channel 

Released IL-8, IL-18, and TNF-α 

from the cells. 
Induced apoptosis of the cells 
(showed increased active caspase-

3 levels) 

Schneider 
EM, 2006 
[283] 

Dendritic cells 

(from sepsis 
and septic 
shock 

patients) 

? ? 

Anti-apoptosis (down-modulation of 
Caspase 3/7 activity) to dendritic 

cells isolated from the patients, 
most of which were immature cells 
that stimulated CD4 T cells to 

promote IL10 production.  
 

Schneider 
EM, 2011 
[284] 

ATP = adenosine Triphosphate; FPR1= formyl peptide receptor-1; IL = interleukin; IκB = inhibitors of κB; MAPK = mitogen-

activated protein kinase; MMP = matrix metallopeptidase; MTD= mitochondrial DAMPs; mtDNA = mitochondrial DNA; NF-κB = 
nuclear factor-kappaB; P2X7 = P2X purinoceptor 7; PMN = polymorphonuclear leukocytes; ROS = reactive oxygen species; 

TFAM = mitochondrial transcription factor A; TLR = toll-like receptor; TNF-α = tumour necrosis factor alpha; 
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Figure 1.2: Effects of MTDs and their components on immune cells 

 

ATP = adenosine triphosphate; IL= interleukin; MAP = mitogen-activated protein kinase; MMP = matrix metallopeptidase; mtDNA 

= mitochondrial DNA; TFAM = mitochondrial transcription factor A; TNF-α = tumour necrosis factor alpha. 

Table 1.6: Role of MTDs and their components in inflammation—studies in animals 

MTDs/ 
Components 

Animals 
Route of 
injection into 

the body 

Findings 
Author, Year 
[Ref] 

MTDs 
(disrupted/ 
sonicated 

mitochondria) 

Rat 
Intraperitoneal  Accumulation of neutrophils in peritoneum Zhang Q, 

2010 [307] Intravenous  Injury to lung 

Rat Intravenous Infiltration of activated inflammatory cells into the lung 
Hauser CJ, 
2010  [317] 

Rat Intravenous 
Inflammatory injury to the liver and increased IL-6 and 
TNF-α expression in liver 

Zhang Q , 
2010 [280] 

NFP 
(formylated 

peptide 
corresponding 
to the N-

terminus of 
mitochondrial 
ND6) 

Rat Intravenous 

Induced severe hypotension in a dose-dependent 

manner (via FPR activation in basophil and release of 
both nitric oxide and histamine from the cells) 
Induced fever, vascular leakage, and blood clotting 

Damaged lung via FPR and MAPK activation 
 

Wenceslau, 
CF, 2015 
[322] 

mtDNA Rat Intravenous  

Induced systemic inflammatory symptoms (reduced 
activity, ruffled fur, and shivering) 
Increased serum levels of TNF-α, IL-6 and IL-10 

Injury to lung and increased infiltration of neutrophil 
Increased mRNA expression of TLR9 and IκB-α in lung  

Zhang JZ, 
2014 [320] 

TFAM Rat Intravenous 

Increased serum levels of TNF-α, IL-6, and lactate 

Increased myeloperoxidase activity and neutrophil 
infiltration in lungs 

Chaung WW, 

2012  [261] 

FPR = formyl peptide receptor; IL= interleukin; IκB = inhibitor of κB; MAPK = mitogen associated protein kinase; mRNA= 

messenger RNA; MTD =mitochondrial DAMPs; mtDNA = mitochondrial DNA; NFP = N-formyl peptide; TFAM = mitochondrial 

transcription factor A; TLR = toll-like receptor ; TNF-α= tumour necrosis factor alpha ; 

 MTDs in critical illness 

MTDs and their components are identified as important mediators of inflammation. Many studies have 

been done to detect the elevation of MTDs and their components in systemic circulation in SIRS and 

related conditions [324]. Generally, mtDNA levels are determined as a marker of the presence of MTDs 

in blood and in other extracellular fluids such as peripheral lymph [260]. The elevation of circulatory 
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mtDNA in various medical conditions and disease models is widely studied in both human and animal 

model studies.  

1.7.1.3.1 mtDNA in sepsis  

Both animal [325, 326] and clinical studies [256, 279, 327-329] have proved the strong association 

between elevated MTDs in circulation and sepsis. The challenge with bacteria or bacterial toxins in the 

animal model study also showed the elevation of mtDNA in the systemic circulation. Plasma mtDNA 

levels were elevated and peaked at 10 hours post-challenge with a lethal dose of Bacillus anthracis in 

baboons [326]. A similar kinetic mtDNA level was observed in the animals challenged with a high dose 

of Shiga-like toxin1, which started to rise 48 hours post-challenge [326]. Pre-treatment with activated 

protein C (APC) reduced both septic induced increase in circulatory mtDNA levels and end organs 

dysfunction [326]. The protective mechanisms of APC in sepsis are not well understood, but it has both 

anticoagulant and direct cytoprotective activities [330]. Both of these effects can improve tissue 

perfusion and reduce cell injury, and as a result, it will prevent cells damage and release of mtDNA from 

damaged or dying cells. In a clinical study done by Kung, C.T et al., plasma mtDNA levels were elevated 

in severe sepsis patients (primary source of infection – pulmonary, urinary, intraabdominal, soft tissue 

and unknown), and positively correlated with the mortality rate [279]. Yamanouchi S et al. also 

demonstrated the elevation of plasma mtDNA in severe sepsis patients (the primary source of infection 

included pulmonary, urinary, intraabdominal, soft tissue and unknown) [256]. These findings in animal 

models and clinical studies indicate the strong association between the elevation of MTDs in the 

systemic circulation and the presence of sepsis.   

1.7.1.3.2 mtDNA in non-infection related SIRS 

Elevation of mtDNA in systemic circulation was widely associated with non-infection related SIRS as 

with trauma, burns, drug overdose, and acute organ injury. 

The studies performed on animals have already shown the important roles of mtDNA in trauma and 

haemorrhagic shock. Circulatory mtDNA levels were elevated 10-15-fold in rats subjected to trauma 

and haemorrhagic shock for 90 minutes compared to the normal control [280]. The elevation of mtDNA 

reached its peak on Day 1 and remained significantly elevated until Day 7 [280]. The study done by 

Gan et. al. showed that serum mtDNA levels were elevated in rats with hip fractures and were far higher 

in the rats who underwent proximal femoral intramedullary pinning surgery up to 72 hours after the 

surgery [331]. The serum mtDNA levels were positively correlated with the serum cytokine (TNF-α and 

IL-10) levels and pulmonary histological score [331]. Diebel et al. showed the association between 

haemorrhagic shock and elevation of mtDNA in hind-limb lymph in canines [260]. It was found that 

mtDNA was detected in the lymph sample, starting at the end of the shock and peaking at 120 minutes 

after resuscitation [260].  

The links between the rising level of circulatory mtDNA and trauma were observed in all five clinical 

studies conducted up to date[255, 256, 332-334]. GuX et al. demonstrated a positive correlation 

between the injury severity score (ISS) and the level of mtDNA in plasma [333]. The patients who 
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developed SIRS and/or MODS had higher plasma mtDNA than those who did not [255, 333]. In addition, 

it was found that the patients with a higher mtDNA level on day 1 had a higher mortality rate [256].  

In addition to trauma, a rising level of circulatory mtDNA level was found in patients with other non-

infection related SIRS conditions such as severe liver damage due to acetaminophen overdose [335] 

or acute liver failure from non-viral aetiology [336]. Therefore, the level of mtDNA in the systemic 

circulation is positively correlated with the severity of non-infection related SIRS. 

1.7.1.3.3 Other components of MTDs 

In addition to mtDNA, the elevation of other components of mitochondria—mitochondrial transcription 

factor A (TFAM), NFP, cytochrome c (Cyt-c) and carbamoyl phosphate synthase 1 (CPS-1)—have also 

been identified in SIRS and related conditions.   

Mitochondrial transcription factor A (TFAM) 

The serum level of TFAM was higher in rats subjected to haemorrhagic shock compared to the control  

[261]. The rats were bled to maintain the mean arterial pressure of 40mmHg for 90 minutes, followed 

by resuscitation with Ringer’s lactate solution [261]. The serum TFAM levels were determined at 4 hours 

after resuscitation, and the levels were 2-3-fold higher compared to the shams [261]. 

N-Formyl peptide 

The plasma level of NFP, which corresponds to the N-terminus of mitochondrial NADPH 

dehydrogenase subunit 6 (ND6) increased significantly in rats subjected to haemorrhagic shock 

compared to the control [322]. Similar to haemorrhagic shock, direct administration of NFP to the rats 

induced severe lung injury within 6 hours of injection [322]. Similarly, the pre-treatment with FPR-2 

inhibitors (WRW4), a receptor for NFP, reduced lung injury in both models [322]. These findings 

demonstrated the important effects of NFP in the pathogenesis of SIRS and end organs injury.  

Cytochrome c 

Cyt-c, an important enzyme in the electron transport chain, was found to be elevated in the serum of 

SIRS/MODS patients compared to controls [285]. In the control subjects, serum Cyt-c levels were below 

the detectable range of 0.1 ng/ml. In comparison, the levels were the highest in AP patients (39.1±18.8 

ng/ml), followed by septic patients (12.09±5.19 ng/ml), surgically treated patients (12.09±5.19 ng/ml), 

and extensive burn patients (1.9±0.41 ng/ml). Among the septic patients, the levels were almost two 

times higher in patients with septic shock compared to those without shock.  

Moreover, Cyt-c levels can also predict the prognosis of patients. The Cyt-c levels were higher in non-

survivors of AP and sepsis compared to the survivors and the patients with on admission serum Cyt-c 

levels >10 ng/ml developed multi-organ dysfunction [285]. All the non-survivor patients had consistently 

high serum Cyt-c levels on the fifth day of admission, despite the treatment. Additionally, serum Cyt-c 

concentrations were positively correlated with organ dysfunction scores such as APACHE II score 

(R2=0.393, p<0.0005, n=29) and MOF score (R2=0.395, p<0.0005, n=29) on admission [285]. The rising 
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levels of serum Cyt-c were associated with end-organ injury, including left ventricular dysfunction [337], 

and fulminant hepatitis [338]. 

Although the association of Cyt-c elevation with SIRS and MODS has been established, the effect of 

extracellular Cyt-c is poorly understood. Pullerits et al. demonstrated that Cyt-c could activate NF-kB 

and induce proinflammatory cytokines released from neutrophils and macrophages [339]. However, the 

study could not exclude the possible LPS contamination in the recombinant Cyt-c. So it was suggested 

to interpret the result with caution [324].  

Carbamoyl phosphate synthase 1 

CPS-1, a mitochondrial enzyme in the urea synthesis pathway, was found to be elevated in 

endotoxemia and sepsis. The infusion of lipopolysaccharides (LPS; outer membrane of Gram-negative 

bacteria), or Gram-positive bacteria in baboons, induced the elevation of CPS-1 in the serum. Humans 

infused with LPS also showed similar results in the same study [286]. However, the effect of 

extracellular CPS-1 remains unknown [324].  

 Summary of MTDs 

Mitochondria are an important source of DAMPs and many of their components have been identified 

as DAMPs and collectively known as MTDs. They are either secreted actively by immune cells or 

released passively following cell injury or death. They stimulate inflammatory reactions either by 

stimulation of immune cells to produce pro-inflammatory mediators (e.g., cytokines) or by directly acting 

as inflammatory mediators. Different variety of target receptors for different MTDs have been identified, 

and their effects are discussed in Table 1.5. mtDNA is usually measured in plasma or serum as a marker 

of the presence of MTDs in the systemic circulation. The elevation of mtDNA has been found in CI 

caused by a variety of aetiologies.  

 Cell-free DNA (cfDNA) and nuclear DNA (nDNA) as DAMPs 

Cellular DNA is the essential element of all life forms, acting as the coding sequence for proteins, which 

is a building block of an organism. However, the cell-free DNA (cfDNA) circulating outside the cells is 

considered as a DAMP. In a healthy adult, the average level of circulating cfDNA in plasma is 30 ng/ml 

(range of 0-100 ng/ml) [340], and has a short half-life of 10-15 min [341]. Circulating cfDNA mainly 

arises from the nucleus (nDNA) or mitochondria (mtDNA). These endogenous DNA (both nDNA and 

mtDNA) could be either released following cell death/injury or sometimes through active secretion. The 

mtDNA, as stated above, is more well recognised as an inflammatory signal as it has a similar structure 

to bacterial DNA, which possesses a rich unmethylated CpG area and has a higher affinity for TLR9 

[280]. The nDNA, on the other hand, has a lesser unmethylated CpG region (only about 1%), but it is 

also known to activate inflammatory responses probably through different receptor mechanisms [266].  

Elevation of cfDNA and nDNA was found in a range of medical conditions including severe sepsis/septic 

shock [342] [328] , trauma [343] [344], cancer [345, 346] and autoimmune disease [347]. The elevation 

of the cfDNA and nDNA could be due to increased cell death and or impaired clearance of cfDNA 
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(mainly by the liver) [348]. In addition to the passive release from cell death, a different form of DNA 

release outside the cells and into the circulation can occur. In this case, activated neutrophils produce 

NET, which consists of cfDNA [349]. NETs are composed of DNA and protein extruded from the 

neutrophil nucleus [349]. The main purpose of these NETs is to degrade virulence factors and kill 

bacteria. NETs bind microorganisms, preventing them from spreading and providing a scaffold to 

promote a high local concentration of antimicrobial agents to degrade virulence factors and kill bacteria 

[349].  

Once released outside the cells, the cfDNA (including nDNA) acts as a DAMP, stimulating the immune 

system [350] and becoming involved in the pathogenesis of SIRS and MODS [351, 352].  

 Mechanism of cfDNA and nDNA in inflammatory response 

cfDNA can activate the immune system through both TLR9 and TLR9 independent cytoplasmic DNA 

sensing mechanisms. Unlike mitochondrial or bacterial DNA, most of the cfDNA originated from the 

nucleus (nDNA) does not have unmethylated CpG motifs, meaning that they are not recognised by 

TLR9 [353]. Previous studies also showed that the purified cfDNA has repeatedly been found to be 

inefficiently activated TLR9 [354, 355], and fails to prolong the viability of neutrophils compared to 

bacteria and mtDNA [356]. Part of the reason is that the TLR9 is an intracellular receptor, and purified 

cfDNA is not easily endocytosed [357]. However, cfDNA complexed with DNA-binding proteins—C1q 

[358], anti-DNA antibodies [359], histones [360]—and the receptor for advanced glycation end-products 

(RAGE) [361], can be endocytosed and has been demonstrated to activate TLR9. The TLR9 can also 

be activated by the phosphodiester backbone of cfDNA [362].  

cfDNA (including nDNA) can also activate the immune system through TLR9 independent cytoplasmic 

DNA sensing mechanisms, such as cGAS-cGAMP-STING signalling pathway, which results in 

activation of the stimulator of interferon genes and the secretion of type I interferon [363].  Another 

mechanism is through the receptor “Absent in melanom2” (AIM2), a cytoplasmic sensor that assembles 

a multiprotein complex called inflammasome upon binding to nDNA [350]. The inflammasome drives 

pyroptosis and proteolytic cleavage and the release of the proinflammatory cytokines – IL-1β and IL-18 

[303, 350]. 

The cfDNA is also proposed to be involved in the pathogenesis of DIC by activating the coagulation 

pathway and inhibiting fibrinolysis. It can trigger blood coagulation in factor XI- and factor XII-dependent 

manner [364]. In sepsis patients, there was a positive correlation between cfDNA and thrombin 

generation [365]. At the same time, the cfDNA can impair the fibrinolytic system by increasing the 

inactivation of tissue plasminogen activator (tPA) by plasminogen activator inhibitor-1 [366]. As a result, 

there is less tissue plasminogen activity and a decrease in the rate of fibrinolysis by reducing the 

plasmin.   

 cfDNA and nDNA in critical illness  

The elevation of circulatory cfDNA and nDNA has been found in a variety of CI conditions. An increase 

in circulating cfDNA in AP has been demonstrated [367]. It was found to be correlated with the extent 
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of pancreatic necrosis in a clinical study [368] and could even predict the severity of the disease [369]. 

There was an increased expression TLR9 gene (a major receptor for cfDNA) in the pancreas during AP 

[370], and the TLR9 knock out mice are protected from AP (reduced pancreatic oedema and 

inflammation) [371]. There was an association between higher levels of cfDNA and higher mortality in 

trauma patients in the intensive care unit [352]. Circulating cfDNA was also found to be elevated in 

sepsis and provided high prognostic accuracy for mortality rate in patients with severe sepsis [372]. 

Similarly, the elevation of circulatory nDNA was found to be correlated with the severity of sepsis [328] 

and trauma [344].  

 Summary of cfDNA and nDNA DAMP 

Elevation of circulatory cfDNA and nDNA is found in a variety of CI conditions – sepsis, AP, trauma, 

burns, etc. They can be actively secreted from immune cells such as neutrophils, in addition to their 

passive release following cell injury or death. They activate the immune system through both TLR9 

dependent and independent systems. Various DNA binding proteins can facilitate the endocytosis of 

cfDNA and nDNA. cfDNA can also affect on the coagulation system and involve in the pathogenesis of 

DIC.  

 High-mobility group box 1 (HMGB1) protein as a DAMP 

HMGB1 is a DNA-binding protein that regulates genes expression. It can be released actively by innate 

immune cells (macrophages, monocytes) [373] and passively by necrotic cells [374]. In response to 

stimulants such as microbial components or cytokines (IL-1 and TNF-α), the macrophages/monocytes 

can actively secrete HMGB1 in a time and dose-dependent manner [251]. Sass et al. reported that 

there was an upregulation of HMGB1 gene expression in liver tissue 1 hour after intraperitoneal injection 

of LPS [375].  Passive release of HMGB1 from necrotic cell death is a nearly instantaneous process, 

while the active secretion of HMGB1 from activated macrophages is a much slower process that 

requires two important steps. The first step is the translocation of HMBG1 from the nucleus to the 

cytoplasm, which depends on the JAK-STAT1 signalling pathway that induces acetylation of a lysine 

residue in HMGB1 to prevent the continuous bidirectional movement of HMGB1 between nucleus and 

cytoplasm [376]. The second step is the induction of proinflammatory cell death (pyroptosis) that permits 

the release of cytoplasmic HMGB1 outside cells [377] or through a secretory lysosome that carries 

HMGB1 outside cells [251]. Pyroptosis requires the function of Caspase-1, which is activated by the 

inflammasome system, intracellular multiprotein complexes that promote the secretion of the important 

pro-inflammatory cytokines and HMGB1  [377].  In addition to active secretion from the immune cells, 

HMGB1 can also be released passively from damaged or necrotic cells following sterile injury resulting 

from ischemia/reperfusion, blunt injury or exposure to toxic chemicals [306]. In addition to its release 

from necrotic cells, Bell et al. demonstrated that it could also exit the cell during apoptotic cell death 

[378]. However, HMGB1 released after apoptosis is in the fully oxidized form and that does not possess 

any known immune function [379]. HMGB1 released after necrotic cell dead or pyroptosis is in the 

reduced form or disulfide form, which possesses DAMP relevant functions [379].  
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 Mechanisms of HMGB1 in inflammatory response 

HMGB1 has pleiotropic pro-inflammatory effects, including the activation and recruitment of immune 

cells, release of cytokines, and breakage of epithelial barrier [377, 380]. A fully reduced form of 

HMGB1which complexes with CXCL12 can bind to CXCR4, act as a chemokine and stimulate the 

migration of innate immune cells—monocytes, dendritic cells and neutrophils—to the site of injury or 

infection [381]. It also increases the expression of adhesion molecules—ICAM-1 and VCAM-1—in 

endothelial cells, which further promote the migration of immune cells [305]. It also binds to the RAGE 

receptor and activates the NF-κB pathway and promotes TNF-α production in endothelial cells [382].  It 

can also bind to multiple cell surface receptors –TLR2 [252], TLR3 [383], TLR4 [252, 384], TLR7 [383] 

and TLR9 [383] and consequently activate the release of cytokines and chemokines from immune cells. 

Moreover, it can amplify inflammatory response by binding endogenous and exogenous inflammatory 

mediators, such as cytokines or endotoxins [385, 386]. As an example, HMGB1 can bind to IL-1β, and 

when combined, they cause a ten times higher expression of TNF-α from macrophages than by HMGB1 

or IL-1B alone [63, 64]. It also improves the receptor recognition of immune stimulants, such as 

unmethylated CpG-DNA [387] and LPS [388]. HMGB1 can bind the CpG DNA and facilitates the 

delivery of CpG-DNA to its intracellular receptor – TLR9 [387]. It also works synergistically with LPS 

and upregulates the expression of TLR4 and RAGE to augment LPS induced activation of NF-κB and 

p38 MAPK pathways [388].  

In addition to the activation of immune cells and inflammatory response, the in-vivo experiment showed 

that the administration of HMGB1 increased permeability and deterioration of the gastrointestinal 

mucosal barrier function [271]. Blockage of HMGB1 by administration of neutralising antibody 

intraperitoneally prevented gut mucosa barrier dysfunction and improved survival after haemorrhagic 

shock in mice [274]. A similar beneficial effect was demonstrated in mice with severe AP [389].  

HMGB1 is also a pro-coagulant; 1) it stimulates tissue factor expression, 2) it inhibits tissue plasminogen 

activator on the endothelial cells, and 3) it is involved in the pathogenesis of disseminated intravascular 

coagulation (DIC) [390]. 

 HMGB1 in critical illness 

Elevation of circulatory HMGB1 has been demonstrated in various SIRS/MODS conditions. Higher 

levels of HMGB1 were detected in non-survivors of severe trauma [170] and other CI, such as AP [367] 

and Intestinal ischemia-reperfusion injury (IRI) [391]. In severe trauma patients, plasma HMGB1 

increased within 30 minutes after trauma and positively correlated with the severity of the injury and 

post-trauma complications – SIRS and MODS [170]. Plasma HMGB1 levels in non-survivor patients 

were significantly higher than in the survivors [170]. It has been proposed that the anti-HMGB1 antibody 

could be an effective therapy for traumatic brain injury as the preclinical animal trial showed that it 

protected against blood-brain barrier dysfunction and reduced inflammatory response induced by 

HMGB1 [392]. A clinical study done by Koscis et al. demonstrated that the circulating HMGB1 levels 

were correlated with the severity of AP [367]. A preclinical animal study showed that blockage of 

HMGB1 by administration of neutralization antibody intraperitoneally attenuated the development of AP 
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and AP-induced organs injury in liver, lung and kidney [393].  In a rat model of IRI, serum HMGB1 levels 

were significantly elevated in the IRI group compared to the sham group, and the drainage of ML 

reduced the elevation of HMGB1 and TNF-α in IRI [391]. The expression of the HMGB1 gene in the 

liver, lung and kidney was significantly lower in the group with IRI and ML drainage compared to the 

non-drainage group [391]. The finding indicated the association between gut-lymph concept and 

circulatory HMGB1 levels in pathogenesis of SIRS/MODS.  

HMGB1 has been considered an important late mediator of sepsis. In a rodent model of endotoxemia 

and CLP-induced sepsis, HMGB1 is first detected in the circulation eight hours after the disease onset, 

reaching a plateau at 16 to 32 hours [394]. Direct blocking of HMGB1 using monoclonal antibodies, 

reduced organ damage in sepsis mice [263]. Another in vivo study showed that the administration of 

HMGB1 antagonists (using either direct antibodies or competitive receptor blockers) significantly 

improved the survival of mice after a 24-hour surgical induction of peritonitis [380]. A prospective 

multicentre study of patients with pneumonia demonstrated that circulatory HMGB1 level was more 

elevated in all pneumonia patients than in healthy control, and higher HMGB1 levels were associated 

with mortality [395]. A study done on septic shock patients showed that there was a positive correlation 

between circulatory HMGB1 level and SOFA score, lactate and procalcitonin concentration [396].   

 Summary of HMGB1 

HMGB1 can be released actively from innate immune cells as well as passively following necrotic cell 

death. HMGB1 has pleiotropic pro-inflammatory effects, including the activation and recruitment of 

immune cells, release of cytokines, and breakage of the epithelial barrier. In addition, it is a pro-

coagulant and involved in the pathogenesis of DIC. Elevation of circulatory HMGB1 has been 

demonstrated in various SIRS/MODS conditions such as trauma, AP, Intestinal ischemia- reperfusion 

injury and sepsis.  

 S100A8/A9 protein as a DAMP 

The S100 proteins form a calcium-binding cytosolic protein family, defined by their common ability to 

dissolve in 100% ammonium sulfate [397]. Several S100 proteins—S100A7 [398], S100A8 [397], 

S100A9 [397], S100A12 [397] and S100A15 [398]—have been identified as DAMPs. Among them, 

S100A8 and S100A9 are also known as myeloid-related proteins (MRP) 8 and 14 and are regarded as 

important DAMP molecules [399]. They are highly expressed in cells of myeloid origins—neutrophils, 

monocytes [400]—and dendritic cells [401]. However, they are also expressed in many different types 

of cells, such as mature macrophages [402], vascular endothelial cells[403], fibroblasts[404], and 

keratinocytes[405]. S100A8 and S100A9 are less stable than S100A8/A9 heterodimers (also known as 

calprotectin) and mostly exist in the heterodimers stage [399]. Intracellularly, S100A8/A9 is involved in 

phagocyte migration by promoting tubulin polymerisation and stabilisation of tubulin microfilaments in a 

calcium-dependent manner [406]. Extracellularly, it acts as a danger signal and stimulates an 

inflammatory response [407, 408].  
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Similar to other DAMPs, S100A8/A9 can also be released by both active and passive mechanisms. It 

can be actively secreted through a non-classical pathway from the monocytes upon activation with 

inflammatory cytokines [409]. Neutrophils are also considered an important source of S100A8/A9 since 

they account for the majority of cytoplasmic protein [410], and there is a positive correlation between 

neutrophil concentration and their level in systemic circulation [411]. Given its widespread expression 

in a variety of cells, S100A8/A9 can also be released passively from damaged or necrotic cells [412, 

413]. 

 Mechanism of S100A8/A9 in inflammatory response 

S100A8/A9 is a potent acute phase reactant, with an increase of more than 100-fold during 

inflammatory response [414]. It is a major product of innate immunity and is known as an anti-microbial 

peptide due to its ability to protect cells against invading microorganisms [415]. It promotes the migration 

of neutrophils and monocytes by activating vascular endothelium, as well as enhancing the production 

of chemokines and adhesion molecules [416]. It also inhibits the growth of microbes by chelating zinc 

and can also inhibit zinc-dependent enzymes, including MMP (matrix metalloproteinases), which is an 

important enzyme regulating inflammation, wound healing, angiogenesis and tissue destruction [417]. 

Extended exposure to S100A8/A9 leads to endothelial cell dysfunction and increased endothelial 

permeability [418].  

There are currently two important receptors identified for S100A8/A9 – TLR4 and RAGE. Through 

TLR4, S100A8/A9 triggers the MyD88 signalling pathway. It also promotes a rapid translocation of 

MyD88 from the cytosol to the receptor complex at the plasma membrane [419]. MyD88 acts as an 

adapter protein for TLR4 involves NF-kB activation and stimulates the secretion of pro-inflammatory 

cytokines, mainly IL-1 and TNF-α [419]. Through RAGE, S100A8/A9 activates MAP kinase 

phosphorylation and NF-kB activation and stimulates the production of immune cells in bone marrow 

[420]. RAGE activation also increases the further production of S100A8/A9, creating a positive loop of 

inflammation [421].  

 S100A8/A9 in critical illness  

S100A8/A9 acts as an important molecule in the pathogenesis of CI. There is a strong association 

between the elevation of circulatory S100A8/A9 and sepsis [415, 422], and it is an important prognostic 

marker for sepsis [415, 422]. A higher level of S100A8/A9 is seen in non-survivor sepsis patients [415, 

422]. The animal model study showed an improvement in the sepsis-related survival rate in S100A9 

gene knock out mice  [419]. The addition of S100A8/A9 to the knockout mice restored susceptibility to 

septic shock  [419]. The result indicated that the S100A8/A9 plays an important role in severe sepsis 

and sepsis-induced organ dysfunction [419]. In addition to the sepsis, it was also found elevated in 

other non-infection related sterile inflammatory conditions such as trauma [422] and AP [423].  

 Summary of S100A8/A9  

Like other DAMPs, S100A8/A9 can be secreted actively by immune cells – monocytes and neutrophils 

as well as released passively from damaged or necrotic cells. It is also known as an anti-microbial 

peptide and protect cells against invading microorganisms. However, the extended exposure of 
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S100A8/A9 leads to endothelial cell dysfunction and increased endothelial permeability. TLR4 and 

RAGE receptors are important receptors for S100A8/A9. Their levels in systemic circulation elevated 

during a variety of CI, including trauma, AP, and sepsis.  

 Conclusion  

DAMPs are a group of endogenous molecules that are released upon cell injury or death and possess 

abilities to stimulate an inflammatory reaction. In addition, they can also be released actively from 

immune cells such as neutrophils, macrophages and monocytes. DAMPs act on a variety of pattern 

recognition receptors such as TLR, RAGE, FPR, etc. The elevation of variety of DAMPs in systemic 

circulation has been demonstrated in various CI – trauma, burns, AP, intestinal ischemia-reperfusion 

injury and sepsis. Their levels positively correlated with the severity of illness and poor outcomes of the 

patients. The strategy that can help to reduce their levels in systemic circulation might reduce the 

severity of illness and CI associated mortality.  

1.8 Summary  

MODS as a consequence of underlying CI is the most common cause of death in ICU patients. The 

exact pathophysiological mechanism responsible for organs failure is still not clearly understood, as 

reflected by the non-specific and supportive interventions that are still the mainstay of treatment. The 

most recent evidence and theories suggest a primary role for an imbalance between inflammatory and 

anti-inflammatory mediators, mainly cytokines [130, 136]. However, the administration of anti-cytokines 

or immunosuppressants has, to date, has provided disappointing results in CI [164, 424-426].   

Damage-associated molecular pattern (DAMP) molecules are now regarded as important mediators in 

the pathogenesis of CI, in concert with cytokines. This group of endogenous molecules can be released 

upon cell injury or death, which is a common, but usually secondary event during a CI. These same 

mediators are also found to be released actively from immune cells in response to inflammation. 

Treatment strategies targeting the DAMPs have shown effectiveness in preclinical animal studies of  CI 

associated with SIRS/MODS [273, 427, 428], but no human clinical trials have been conducted to 

determine their effectiveness.  

As outlined earlier in this Introduction, another contributing factor to the development of SIRS/MODS, 

addition to cytokine and DAMP mediators, is mesenteric lymph (ML). There is increasing evidence that 

dramatic changes in ML composition occur with CI [108-110]. Some of these changes appear to be 

toxic to cells and organs, at least in animal models and appear to promote SIRS/MODS. Further, 

external drainage of ML by cannulating the thoracic duct can prevent or mitigate MODS [89, 103-106]. 

As a lymphoid tissue, the gut is thought to be a source of immune cells and DAMPs that also contribute 

to the development of SIRS/MODS.  

1.9 Thesis hypothesis and aims 

This thesis will explore new dimensions in the pathophysiology of SIRS and MODS associated with 

acute CI, especially in relation to the gut-lymph concept.   
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 Hypothesis 

The mesenteric lymph is a major anatomical route for cytokines and DAMPs traffic into the circulation 

during acute critical illness states, and the drainage of mesenteric lymph could influence the gene 

expression pattern of the lung.  

 Aims 

(i) Investigate the plasma and mesenteric lymph profiles of cytokines and DAMPs change 

during the development of acute critical illness in the three animal models, namely acute 

pancreatitis, sepsis and intestinal ischemia-reperfusion injury.  

(ii) Investigate the effect of mesenteric lymph drainage on circulating cytokines and DAMPs 

levels during the acute critical illness  

(iii) Investigate the changes in the gene expression profile of lung tissue during acute critical 

illness and the effects of mesenteric lymph drainage on these changes.  

 Thesis approach 

The studies within this thesis use three different models of acute CI.  This is because of the interest in 

determining common mechanisms in the generation of SIRS/MODS in acute CI rather than unique 

mechanisms in a particularly acute CI. The acute CIs selected are important in clinical practice, 

responsible for a considerable global disease burden, and are known to result in SIRS and MODS when 

severe.  These acute CIs are acute pancreatitis, intraperitoneal sepsis and intestinal ischaemia-

reperfusion injury. 

In each disease model, the compositions of ML and plasma, temporarily matched, are determined with 

and without the external drainage of ML.  The studies focus on the five specific DAMPs, which cover 

two different classes of DAMPs (nucleic acid and protein): cfDNA, nDNA, mtDNA, HMGB-1 and 

S100A8/A9.   The studies also measure a panel of pro- and anti-inflammatory cytokines in ML and 

plasma. Finally, the studies include the measurement of the gene expression of the lung during the 

development of acute CI and the impact of ML drainage on it.  The lung is used in this study because it 

is usually the first and the most frequently affected end-organ in MODS. 

This thesis is arranged into seven chapters.  

 

Chapter 1 Introduction  

Scope: Introduces the key concepts for the rationale of the thesis. This includes the epidemiology of CI 
and organ failure, which is followed by a summary of the current evidence for the roles of the gut, ML, 
cytokines and DAMPs in the progression of CI. 

 

Chapter 2 Methodology  

Scope: Describes the common research methods used for the thesis. This includes the description of 
animal models of CI, common in vitro assays, and gene expression analysis of lung.  
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Chapter 3 Profiles of Cytokines and DAMPs in plasma and mesenteric lymph during Acute 
pancreatitis 

Scope: Describes the findings from the acute pancreatitis study. This includes the brief introduction and 
methodology of the experiment, results and discussion on physiological data, serum biochemistry, 
cytokines and DAMPs profiles of ML and plasma in acute pancreatitis rats and effects of ML drainage 
on plasma cytokines and DAMPs levels.  

 

Chapter 4 Profiles of Cytokines and DAMPs in plasma and mesenteric lymph during Sepsis  

Scope: Describes the findings from the sepsis study. This includes the brief introduction and 
methodology of the experiment, results and discussion on physiological data, serum biochemistry, 
cytokines and DAMPs profiles of ML and plasma in sepsis rats and effects of ML drainage on plasma 
cytokines and DAMPs levels.  

 

Chapter 5 Profiles of Cytokines and DAMPs in plasma and mesenteric lymph during Intestinal 
ischemia-reperfusion injury  

Scope: Describes the findings from the intestinal ischemia-reperfusion study. This includes the brief 
introduction and methodology of the experiment, results and discussion on physiological data, serum 
biochemistry, cytokines and DAMPs profiles of ML and plasma in intestinal ischemia-reperfusion injury 
rats and effects of ML drainage on plasma cytokines and DAMPs levels.  

 

Chapter 6 Changes in gene expression profile of lungs during critical illness and the effect of 
mesenteric lymph drainage  

Scope: Describes the changes in gene expression profiles of lungs during three different CI models – 
AP, sepsis and Intestinal ischemia-reperfusion injury with or without ML drainage. For each disease 
model, the changes in gene expression profiles are discussed in the three different conditions 1) effect 
of disease × ML drainage interaction, 2) effect of disease and 3) effect of ML drainage.  

 

Chapter 7 Overall Findings, Discussion, Further Research and Conclusions 

Scope: Summarises the findings of the thesis and discusses the credibility of the hypothesis based on 
the results. Further research and recommendations will also be discussed in the section.  
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Chapter 2 : Methodology 

2.1 Animal preparation and handling 

The Animal Ethics Committee of the University of Auckland approved all protocols (approval number 

001450) and experiments. All animal-related experiments were conducted in the animal facility, School 

of Biological Science, the University of Auckland. Outbred male Sprague Dawley rats were grown in 

standard plastic boxes with a stainless-steel mesh lid. The flooring was covered with fresh pine wood 

shavings. The animals were kept in a room with a controlled temperature of 25 ± 2°C, and humidity was 

between 30-70%. The animals were subjected to a 12-hour day/night cycle and had ad libitum access 

to standard 18% protein rodent chow (Teklad 2018, Madison, WI, USA) and tap water. These rats were 

enrolled into the studies at 13 ± 2 weeks from the date of birth and housed in pairs.  

2.2 Animal surgery  

 Anaesthesia (non-recovery) 

All rats that underwent the experiments were intubated, mechanically ventilated and received stable 

anaesthesia throughout the experiment. 

 Induction of anaesthesia 

The rat was initially placed in a standard Perspex induction chamber and given 5% isoflurane mixed 

with 5 L/min of medical grade oxygen. The chamber was placed in a fume hood to scavenge excessive 

isoflurane gas mixture.  Once anaesthetised, the animal was transferred onto a pre-heated surgical 

operating pad. The continuous anaesthesia was maintained by 3% isoflurane, and 2L/min oxygen was 

provided through the nose cone. The excessive isoflurane vapours from the nose cone were scavenged 

by the attached Fluosorber Canister (Harvard Apparatus 34-0415). Loss of pedal withdrawal reflex (i.e. 

extension of a hind limb and no withdrawal response to the pinching of the skin between digits) 

indicating deep anaesthesia was confirmed [429] before proceeding with the subsequent surgical 

procedure.   

 Intubation  

Tracheostomy was performed on all animals. An approximately 2 cm long midline neck incision was 

made just above the upper end of the sternum using dissecting scissors while rising up the skin with 

tissue forceps. The incision was extended toward the upper part of the neck by cutting through the 

middle of the upper skin incision. The underlying subcutaneous fat layer was lifted, and a small incision 

was made in the middle of the wound to expose the underlying strap muscles covering the trachea. The 

muscle fibres were stretched vertically and then horizontally using blunt dissecting scissors to uncover 

the underlying trachea. The muscles were held with a tissue retractor to fully expose the trachea. Then, 

the trachea was mobilized using a cotton swab stick. Immediately before proceeding with a 

tracheostomy, the least vascularized inter-cartilaginous space (ICS) was identified on the trachea – 

usually 2nd or 3rd ICS. The sharp tip of a closed micro-scissor was used to initially puncture the ICS. 

Then, the space was widened with open scissors. A tracheostomy tube (modified 14G angiocath; cut 
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to 1.5 cm length) was inserted into the opening and sealed using cyanoacrylate tissue glue. The cannula 

was then connected to a ventilator.   

Pressure-regulated mechanical ventilator (SAR-830/P, CWE Inc., USA; Figure 2.1) was used. The 

fraction of inspired oxygen/air ration was set at 40%. The respiratory rate was adjusted between 40 to 

60 breath per min, and the peak inspiratory pressure was set at 12 to 20 cmH20 to maintain end-tidal 

CO2 (EtCO2) at 35 to 45 mL/L, which was measured by capnography (EMCO CapnoWave 3400, 

Respironics Inc., USA; Figure 2.1). The isoflurane concentration was adjusted between 1-3% to achieve 

adequate anaesthesia throughout the procedure.  

Figure 2.1: Capnograph and mechanical ventilator used in the experiment 

 

 Body temperature 

The body temperature was monitored continuously using a rectal probe and maintained between 36.8 

to 39°C using a heating pad. The animal was covered with a sheet of aluminium foil throughout the 

experiment to minimise heat loss.  

 Femoral intravenous line and arterial line insertion 

The femoral intra-venous line was required to provide fluid resuscitation to the animal. The intravenous 

line was custom made by using a 30 cm long clear polyethylene tubing (PE55) joined to a blunt cut off 

21 G needle barrel inserted at one end. The line was stored between cases in 70% ethanol and washed 

with sterile normal saline (0.9% sodium chloride) before use to remove residual ethanol in the line. 
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A 2F wide, 140cm long Millar Mikro-Tip catheter with a solid-state pressure transducer at the tip (Millar 

Instruments Inc., Texas, USA) was inserted into the femoral artery to monitor the changes in mean 

arterial pressure (MAP) and heart rate (HR) throughout the experiment.   

In order to access the right femoral neurovascular bundle, a 2-3 cm incision was made in the right groin 

area. Then, a self-retaining retractor was used to expose the deeper tissues. The superficial blood 

vessels were separated from the underlying deep femoral vessels using diathermy. With the help of an 

operating microscope, the femoral artery and vein were carefully separated for about 1 to 1.5cm in 

length using the jeweller’s vascular forceps. The distal end of the femoral vein was ligated, and an 

untightened 3/0 silk loop was placed at the proximal end of the vein. A Biemer clip (AESCULAP, USA) 

was placed on the proximal end of the vein to temporarily occlude the vessel. The vein was then cut 

just proximal to the ligated area using vascular scissors to make a small opening. The femoral line was 

inserted, and the Biemer clip was removed. An Approximate 4-5 cm of the femoral line was inserted 

and secured by tightening the 3/0 silk loop at the proximal end of the vein. Immediately after cannulation 

of the femoral vein, 0.5ml of the pre-operative blood sample was collected from the femoral line.  

A similar principle was applied to insert the Millar catheter into the femoral artery. The distal portion of 

the femoral artery was ligated, and an untightened 3/0 silk loop was inserted under the proximal end. A 

Biemer clip was applied to the proximal end of the artery to temporarily control the blood flow. A small 

incision was given on the distal end of the artery using vascular forceps, and inserted the Millar catheter 

along the artery. The Biemer clip was removed, and the catheter was inserted for about 10 cm. The 

catheter was then secured by tightening the silk loop over the proximal part of the artery.     

 Monitoring of mean arterial pressure and heart rate 

The Millar catheter was connected to a PowerLab data acquisition system (ADInstruments, Dunedin, 

New Zealand) to continuously monitor MAP and HR. The data was monitoring and recorded using 

LabChart 5 software (ADInstruments, Dunedin, New Zealand; Figure 2.2).  
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Figure 2.2: Real time monitoring and recording of body temperature (channel 1), mean arterial 
pressure (channel 2), heart rate (channel 3), and systolic blood pressure (channel 4) from the 

PowerLab system using LabChart 5 software. 

 

 

 

 
 

 

 Intravenous fluid resuscitation  

Normal saline (0.9% sodium chloride) was constantly infused into the femoral venous line at either 6 or 

12 ml per kg per hour, depending on the animal group (Table 2.1 and Table 2.2) by using a 

programmable syringe pump (Kent Scientific Corporation, CT, USA). The fluid bolus of 1 ml was given 

if MAP fell below 30 mmHg (refer to Figure 2.3 for the algorithm).  
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Figure 2.3: Algorithm for intravenous fluid resuscitation if MAP fell below 30mmHg 

 

 Laparotomy  

After insertion of the femoral intravenous line and the arterial line, a transverse abdominal incision was 

made down to the muscle layer at midway between lower sternum and urogenital orifice. The underlying 

muscle and peritoneal layers were incised using an ultrasonic dissector (Harmonic Scalpel, Ethicon 

Endo-Surgery, USA) to maintain haemostasis.  

 Cannulation of mesenteric lymph duct  

For the mesenteric lymph drainage models, the mesenteric lymph duct was cannulated prior to induction 

of the disease. Silastic tubing (0.96 mm internal diameter, pre-soaked and flush with 70% ethanol 

solution) was used for the cannulation. The tubing was flushed and cleaned with normal saline 

immediately before use. One end of the silastic tube was bevel cut at ~45 to 60 degrees to assist 

cannulation.  

Following laparotomy, the stomach, small intestine and part of the large intestine were exteriorised and 

covered with wet gauze to expose the base of the mesentery. Under the operating microscope, the 

white mesenteric lymph duct was identified, and then the overlying surface peritoneum and fats were 

cleared using cotton buds. A small opening was made on the surface of the mesenteric lymph duct 

using vascular scissors. The bevelled end of the silastic tube was inserted into the mesenteric lymph 

duct through the opening. Then, the position of the tube was secured in place with a drop of 

cyanoacrylate tissue glue (Aesculap Inc., Center Valley, PA, USA). The stomach and intestines were 

repositioned to the intra-abdominal cavity. The mesenteric lymph was collected using DNase and 

RNase free Eppendorf tubes (Eppendorf, Hamburg, Germany) over the ice. The “Pre-disease” 

mesenteric lymph sample was collected 5 min before the disease induction. Induction of disease was 

carried out as described below, and the mesenteric lymph was collected continuously over 5 hours 
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during the disease period. The basic experimental set-up of the animal model study is shown in Figure 

2.4.  

Figure 2.4: The basic experimental set up of animal model before disease induction, showing 
the tracheostomy tube, the mesenteric lymph collecting tube, the femoral artery catheter and 

the femoral vein intravenous line. 

 

 

Tracheostomy tube attached 
to the mechanical ventilator  

Laparotomy wound covered 
with moist gauze 

Millar catheter inserted into 
the femoral artery 

Femoral intravenous line 
inserted into the femoral vein 

Silastic tube cannulated to the 
mesenteric lymph duct 
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2.3 Disease models  

 Disease Model 1: Severe Acute Pancreatitis  

Acute pancreatitis (AP) model was adapted from the previously published methods[108, 430-433]. First, 

the duodenum was identified to locate the major duodenal papilla and main pancreatic duct. The main 

pancreatic duct was cannulated through the duodenal wall proximal to the papilla using a 24 G 

angiocatheter. Once the catheter reached the proximal part of the main pancreatic duct, the guide 

needle was withdrawn, and the angiocatheter was advanced further. Successful cannulation was 

confirmed by a free flow of yellow coloured bile and pancreatic juice throughout the angiocatheter. The 

position of the angiocatheter was then advanced into the pancreatic duct proper under direct vision and 

stabilized with a loop of ligated silk tie at the proximal end of the main pancreatic duct. In order to 

prevent the backward flow of sodium taurocholate into the liver via the common hepatic duct during the 

induction of pancreatitis, a Biemer clip was applied proximally to the common bile duct. Figure 2.5 

shows the cannulated main pancreatic duct. The angiocatheter was connected to a 1ml syringe loaded 

with 5% sodium taurocholate (Sigma-Aldrich, Cat 86339, Missouri, USA) dissolved in sterile water and 

infused at the rate of 0.1 ml/min using an infusion pump (Genie Precision). The infusion was stopped 

once the required volume of the 5% sodium taurocholate acid solution was infused (1ml per kg body 

weight). The Biemer clip and angiocatheter were removed 10 min after termination of the infusion. The 

silk tie at the proximal end of the main pancreatic duct was ligated to prevent the reflex of the 

taurocholate into the small intestine. Successful induction of pancreatitis was confirmed by the rapid 

development of haemorrhage and oedema of the pancreas (Figure 2.6 shows inflammatory changes in 

the pancreas). The abdomen was covered with moist gauze throughout the experiment. The animals 

were sacrificed 5 hours after disease induction, which was defined as starting from the time when the 

main pancreatic duct was infused with the taurocholate.   

Figure 2.5: Induction of acute pancreatitis – Main pancreatic duct was cannulated, and the 
common hepatic duct was clamped with a Biemer clip 

 

Main pancreatic duct was 
cannulated with the angiocatheter 

Biemer clip applied on the common 
hepatic duct  
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Figure 2.6: Gross changes of the pancreas after 5-hour induction of acute pancreatitis 

 

 Disease Model 2: Severe Sepsis (Cecal ligation and puncture approach)  

The cecal ligation and puncture (CLP) model, which is the gold standard for sepsis research, was used 

in the study[434-436]. First, the cecum was identified, which is usually located at the right lower 

quadrant of the abdomen. A loop of ligated silk was placed below the ileocecal valve and tightly ligated. 

The surrounding blood vessels were cauterized with the diathermy to ensure haemostasis before the 

cecum was incised longitudinally for about 1 cm. The cecum was then gently squeezed to extrude the 

faeces into the abdominal cavity. The faeces were spread throughout the abdominal cavity using cotton 

buds. Then, the abdomen was covered with moist gauze throughout the experiment. The animals were 

sacrificed at 5 hours after disease induction, starting from when the cecum was ligated.      

 Disease Model 3: Intestinal ischemia-reperfusion injury  

Induction of intestinal ischemia-reperfusion injury in rats by occlusion of the superior mesenteric artery 

(SMA) was demonstrated before in the literature[437, 438]. First, the intestines were gently exteriorised 

to identify the abdominal aorta. Then, the superior mesenteric artery was identified at its origin from the 

aorta. The surrounding fat was carefully cleaned using the cotton bud to separate the superior 

mesenteric artery from the adjacent structure. Then, the SMA was occluded for 30 min using a Biemer 

clip (Figure 2.7). Loss of pulsatile flow in the mesentery confirmed successful occlusion. The 

exteriorised intestines were repositioned back to the abdominal cavity, and the abdomen was covered 

with wet gauze. The successful induction of intestine ischemia was confirmed with the changes in the 

colour of the intestinal wall to purplish-red and the development of patchy dark spots. After 30 min of 

the ischemic phase, the Biemer clip was removed to initiate the reperfusion phase. Then, the abdomen 

was re-covered with moist gauze throughout the experiment. The gross morphological changes in the 

intestine 5 hours after induction of intestinal ischemia-reperfusion injury could be seen in Figure 2.8, 
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showing the oedematous and patchy discolouration of the intestinal wall. The animals were sacrificed 

at 5 hours after disease induction, starting from the time when the superior mesenteric artery was 

clamped.   

Figure 2.7: Superior mesenteric artery was clamped using a Biemer clip in the intestinal 
ischemia-reperfusion model 

 

Figure 2.8: Gross changes of the intestine after induction of intestinal ischemia-reperfusion 
injury 

 

 

Oedematous intestine with 
patchy discolouration  
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2.4 Sham Model 

The sham rat underwent the same transverse abdominal incision and mesenteric lymph duct 

cannulation as the disease models but without any disease induction. 

2.5 Experimental Groups 

There were two separate studies: – 1) Acute pancreatitis study; 2) Sepsis and 3) Intestinal ischemia-

reperfusion study. Different Sham models were used for these two studies as the normal saline fluid 

resuscitation rates were set differently at 1) 6ml/kg/hr in the acute pancreatitis study; 2) 12ml/kg/hr in 

the sepsis and intestinal ischemia-reperfusion study.  The sample size was n=8 for each group.  

There were four groups in the acute pancreatitis study and six groups in the sepsis and intestinal 

ischemia-reperfusion study. They are shown in Table 2.1 and Table 2.2. 

Table 2.1: Acute pancreatitis study experimental groups and intravenous fluid infusion rate 

Group names Description  
IV infusion rate 
(ml/kg/hr) 

APD Acute pancreatitis and mesenteric lymph drainage  6 

APND Acute pancreatitis and no mesenteric lymph drainage  6 

SAPD Sham for Acute pancreatitis and mesenteric lymph drainage 6 

SAPND Sham for Acute pancreatitis and no mesenteric lymph drainage 6 

 

Table 2.2: Sepsis or Intestinal ischemia-reperfusion injury study experimental groups and 
intravenous fluid infusion rate 

Group names Description  
IV infusion rate 
(ml/kg/hr) 

SD Sepsis and mesenteric lymph drainage  12 

SND Sepsis and no mesenteric lymph drainage  12 

IRD Intestinal ischemia-reperfusion injury and mesenteric lymph drainage 12 

IRND 
Intestinal ischemia-reperfusion injury and no mesenteric lymph 
drainage 

12 

SSD 
Sham for Sepsis or Intestinal ischemia-reperfusion injury and 
mesenteric lymph drainage  

12 

SSND 
Sham for Sepsis or Intestinal ischemia-reperfusion injury and 
mesenteric lymph drainage 

12 

 

2.6 Experimental design  

The duration of the whole experiment was 330 min, composed of 30 min of the pre-disease phase and 

300 min of the disease development stage. The pre-disease phase involved anaesthesia, intubation, 

femoral intravenous line and arterial line insertion, laparotomy, mesenteric lymph cannulation and 

collection of “Pre-lymph”. The disease development stage was divided into the first 2.5 hour and the 

second 2.5 hour phases (Figure 2.9).   
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2.7 Specimen Collection  

 Blood and Mesenteric lymph  

Figure 2.9 illustrates the timing of the sample collection. A volume of 0.5ml of blood was collected 

immediately after insertion of the femoral line (termed “Plasma0”) and again 2.5 hr into the disease 

development phase of the study (termed “Plasma150”). At the end of the experiment, just before the rat 

was euthanized, blood was collected from inferior vena cava (IVC) and divided one-third and two-thirds 

of the volume into serum and plasma vacutainers, respectively (termed “serum” and “Plasma300”, 

respectively).  

Pre-disease lymph (Lymph0) was collected over 5 min period immediately after cannulation of the 

mesenteric duct. The “Lymph0-150” was the lymph samples collected over the first 2.5 hr of disease 

development. The “Lymph150-300” was collected over the second 2.5 hr until the end of the experiment.  

 Blood sample processing 

For plasma collection, 0.5ml of blood samples from three time points were collected in K2EDTA 

microtainers (Cat# 365974, BD, New Jersey, USA).  For the serum sample, the microcontainer (max 

volume 0.5ml) containing clot activator gel (Cat# 365978, BD, New Jersey, USA) was used. The blood 

samples were centrifuged at 1,000 x g for 10 min at 4°C. Then the supernatant was carefully transferred 

to Axygen Snaplock Microtubes (Cat #MCT150B, Axygen, California, USA), and the tubes were 

centrifuged again at 3,000 x g for 5 min at 4°C. The resultant supernatant was transferred to a fresh set 

of microtubes and stored at -80°C freezer until required for analysis.   

 Lymph sample processing 

Around 1 ml of Lymph sample was collected using Axygen Snaplock Microtubes (Cat# MCT150B, 

Axygen, California, USA). The tube was placed on the ice throughout the collection period. The sample 

was centrifuged at 1,000 x g for 10 min at 4°C. Then the supernatant was carefully transferred and 

pooled in two Falcon conical 15ml tubes (BD, New Jersey, USA) as either lymph0-150 or lymph150-300 

depending on the timing of collection as described previously. The two tubes were centrifuged at 3,000 

x g for 5 min at 4°C. The resultant supernatant was transferred to a fresh set of microtubes and stored 

at -80°C until required for analysis. 
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Figure 2.9: Timeline of the blood and mesenteric lymph samples collection 

 

 Organs   

At the end of each experiment, the organs were collected for histology and RNA analysis. For 

histopathology, the pancreas was collected. The organs were fixed with 10% neutral buffered formalin 

(NBF) for 3-6 months before being transferred to 70% ethanol for long term storage.  

For the RNA study, the right lower lobe of the lung was collected. The sample was washed with normal 

saline and then cut into smaller pieces of ~5 mm2 before being fixed in the RNAlater solution (Cat# 

AM7021, Invitrogen, California, USA) for 24 to 48hr at 4°C and then transferred to -80℃ until RNA 

extraction.    

 

2.8 Analysis of cytokines and DAMPs in plasma and lymph  

 Plasma and lymph cytokines assays  

The analysis was done on the Plasma300, Lymph0, Lymph0-150 and Lymph150-300 of the randomly selected 

rats (n=5) in each group. It was not performed on the Plasma0 and Plasma150 due to insufficient 

samples. Only 0.5 ml of blood (that gave ~ 0.25ml plasma) was collected for the Plasma0 and Plasma150  

and used for nucleic acid DAMPs detection. The assay was performed using MILLIPLEX MAP Rat 

Cytokine/Chemokine Magnetic Bead Panel - Immunology Multiplex Assay (Cat# 

MPRECYTMAG65K10, Merck KGaA, Darmstadt, Germany) in accordance with the manufacturer’s 

protocol by the experienced laboratory technician. The Plasma300, Lymph0-150 and Lymph150-300 samples 

were run in duplicate and averaged, whereas the Lymph0 sample was analysed as a single sample due 

to low sample volumes. The following cytokines were analysed - IL-1α, IL-1 β, IL-2, IL-6, IL-18, MCP-1, 

TNF-α, IL-4, IL-13 and IL-10.  
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 Detection of DAMPs in plasma and lymph 

 Isolation of free DNA from plasma and lymph  

2.8.2.1.1 Isolation of DNA from plasma  

The frozen plasma sample was slowly thawed over the ice. The fully thawed sample was centrifuged 

at 10,000 x g for 5 min at 4°C. Then, 200 µl of the resultant supernatant sample was carefully transferred 

to a new microtube. DNA extraction was performed on the plasma sample using Qiagen DNeasy Blood 

& Tissue Kit (Cat #69506/69504, Qiagen, California, USA) following the manufacture’s protocol. All the 

reagents used in the procedure were provided in the kit. Briefly, 200µl of the plasma sample was mixed 

with 20µl of proteinase K solution and 200µl of Buffer AL. The tube was vortexed to mix the sample 

thoroughly. The resultant sample mix was incubated at 56°C for 10 min. Then, the sample was gently 

spun down before opening the safety cap of the microtube to make sure there was no residual liquid on 

the cap. Then, 200µl of 100% ethanol was added to the sample and mixed thoroughly by vortexing. 

The sample was then transferred to DNeasy Mini spin column using a pipette and placed in a 2 ml 

collecting tube. The sample was centrifuged for 1 min at 6,000 x g for 1 min. The flow-through and 

collecting tubes were discarded. The mini spin column was then placed on the new 2 ml collecting tube. 

500 µl of wash buffer AW1 was then loaded on the mini spin column and centrifuged at 6,000 x g for 1 

min. The flow-through and collecting tubes were discarded. The mini spin column was then placed on 

the new 2 ml collecting tube. 500 µl of wash buffer AW2 was then loaded on the mini spin column and 

centrifuged for 3 min at 20,000 x g. The flow-through and collecting tubes were discarded. The mini 

spin column was then placed on the new 2 ml collecting tube and centrifuged for 1 min at 10,000 x g to 

remove all the residual liquid in the spin column. Then the mini spin column was transferred to the new 

1.5 ml microtube. 100ul of the buffer AE was added to the spin column and incubated at room 

temperature for 10 min. After that, the tube was centrifuged at 6,000 x g to elute the DNA in the buffer. 

The eluted DNA solution was aliquoted into four microtubes and stored at -80°C until the downstream 

analysis.  

2.8.2.1.2 Isolation of DNA from lymph  

The frozen lymph sample was slowly thawed over the ice. The fully thawed sample was centrifuged at 

10,000 x g for 5 min. 100 µl of the centrifuged lymph sample was carefully transferred to a new 

microtube. Qiagen DNeasy Blood & Tissue Kit (Cat #69506/69504, Qiagen, California, USA) was used 

for the extraction of DNA from the sample. All the reagents used in the procedure were provided in the 

kit. The sample was mixed with 100 µl of the dPBS solution (Cat #14190144, Thermo Fisher Scientific, 

Massachusetts, USA) to adjust the sample volume to 200 µl as recommended by the manufacturer. 

Then, DNA was extracted from the lymph following the manufacturer’s protocol in the same way as for 

plasma samples.  

 Quantification of circulatory free-DNA in plasma and lymph 

Qubit 2.0 Fluorometer (Invitrogen, California, USA) and Qubit dsDNA HS assay kit (Cat# Q32854, 

Invitrogen, California) was used for the analysis of free-DNA levels in the DNA isolated samples from 

plasma and lymph. The DNA isolated samples were thawed on the ice until they were ready to mix with 
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the Qubit dsDNA HS Reagent. First, prepare the Qubit dsDNA HS Reagent solution by diluting the 

concentrated reagent with dilution buffer to 1:200. A sufficient volume of the reagent solution was 

prepared to cover the entire experiment. The same reagent solution was used throughout the 

experiment to minimize the variation, and it was kept over the ice and covered with aluminum foil until 

ready to mix with DNA samples or standard. Two standard solutions 1 and 2 were prepared using the 

standard samples provided in the kit. Both the standard and sample solutions were prepared in the thin-

wall, clear, 0.5-mL PCR tubes - Qubit assay tubes (Cat# Q32856, Invitrogen, California, USA). The 

standard solution was prepared by mixing 10 µl of the standard sample (1 or 2) with 190 µl of the 

reagent in the assays tube. Similarly, the sample solution was prepared by mixing 2 µl of DNA sample 

with 198 µl of the reagent. The tubes were vortexed to assure the proper mixing of the samples (or the 

standards) with the reagent. Then, the tubes were briefly spun down using a centrifuge machine. The 

resultant mixtures were incubated at room temperature for 10 min before reading with Qubit 2.0 

Fluorometer (Figure 2.10). Initially, Qubit 2.0 Fluorometer was calibrated using the two standard 

solutions 1 and 2. Once it was calibrated and generated the standard curve, it did not require to re-

calibrate in subsequent reading unless a new reagent mixture was used. For the whole experiment, the 

same reagent solution was used, and the experiment was conducted within 12 hr timeframe. For each 

round, total of 16 DNA samples was prepared and read so that there would be no delay in analysing 

the samples. Each DNA sample tube was read in Fluorometer for three consecutive times. The average 

values were taken for further analysis. The machine can automatically calculate the DNA concentration 

in the original DNA sample by providing the actual volume of DNA solution mixed with the reagent. The 

actual quantity of DNA in the original plasma was calculated by multiplying the resultant concentration 

by 2 since the 200 µl of plasma was used to isolate the DNA, which was dissolved in 100 µl of the 

eluting agent. For the lymph sample, the actual DNA concentration was equivalent to the converted 

concentration given by the machine since 100 µl of lymph sample was used in isolation DNA which was 

dissolved in 100 µl of the eluting agents.  

Figure 2.10: Qubit 2.0 Fluorometer (Invitrogen, California, USA) 
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 Droplet digital PCR technique to measure the level of mitochondrial DNA and 

nuclear DNA in plasma and lymph  

Droplet Digital polymerase chain reaction (ddPCR) can accurately measure the specific quantity of DNA 

in copies number per µl of samples. QX 200 Droplet Digital PCR system (Bio-Rad Laboratories, 

California, USA) was used in the experiment. The following primer sets were used for the ddPCR 

reaction. Table 2.3 shows the base sequences of the primer used. Cyclooxygenase 3 (COX3), 

Cytochrome B (CytB) and Nicotinamide adenine dinucleotide dehydrogenase (ND) were used to 

quantify the mitochondrial DNA concentration and Glyceraldehyde 3-phosphate dehydrogenase 

(GADPH) & Beta-actin (ACTB) were used to quantify the nuclear DNA concentration. The primer 

sequences are adapted from the published literature [307, 439]. QX200 Eva Green ddPCPR Supermix 

(Cat #186-4034, Bio-Rad, California, USA) was used for the ddPCR reaction.  

Table 2.3: Primer sets showing forward primer (FP) and reverse primer (RP) sequences 

Primer set  Sequences Length Tm 

Cox 3 
FP ACATACCAAGGCCACCACA 19 58.84 

RP CAGAAAAATCCGGCAAAGAA 20 54.77 
 

CytB 
FP TCCACTTCATCCTCCCATTC 20 56.6 

RP CTGCGTCGGAGTTTAATCCT 20 57.7 
 

ND 
FP CAATACCCCACCCCCTTATC 20 57.03 

RP GAGGCTCATCCCGATCATAG 20 57.04 
 

GADPH 
FP GAAATCCCCTGGAGCTCTGT 20 59.08 

RP CTGGCACCAGATGAAATGTG 20 57.07 
 

ACTB 
FP GGAACAACCCAGCATCCAGA 20 59.96 

RP CGGACTCATCGTACTCCTGC 20 59.97 

FP = forward primer, RP = reverse primer, COX3 = Cyclooxygenase 3, CytB = Cytochrome B, ND = Nicotinamide 

adenine dinucleotide dehydrogenase, GADPH = Glyceraldehyde 3-phosphate dehydrogenase, ACTB = Beta-actin, 

Tm = melting temperature for primer.   

First of all, DNA sample tubes containing 10 µl of DNA solution were slowly thawed on the ice. At the 

same time, the ddPCR EvaGreen reaction mix was prepared according to the ratio provided in Table 

2.4.  The mixture was prepared to make sure it was enough for the entire reaction plate. A total of 16.8 

µl of the ddPCR EvaGreen reaction mix was transferred to each well in a 96 well PCR plate. Then, a 

7.2 µl DNA sample was added to the reaction mix to each well. The 96 well PCR plate was covered 

with an adhesive PCR plate seal. The plate was centrifuged briefly to ensure the PCR reaction mix was 

settled to the bottom of each well. After that, 20 µl of each PCR reaction mixture was loaded using the 

5-50 µl multi-channel pipette (Pipet-Lite L8-50XLS+, Rainin, California, USA) to the middle row of a 

DG8 cartridge (Cat #186-4007, Bio-Rad, California, USA). Then, 70 µl of droplet generation oil (Cat 

#186-4006, Bio-Rad, California, USA) was loaded using a 20-200 µl multi-channel pipette (Pipet-Lite 

Multi Pipette L8-200XLS+, Rainin, California, USA) to the bottom wells of the DG8 cartridge. A gasket 

(Cat #186-4007, Bio-Rad, California, USA) was attached to the top of the DG8 cartridge to cover the 
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wells. Then, the cartridge was inserted into the Qx200 droplet generator (Cat #186-4002, Bio-Rad, 

California, USA). It took around 2-3 min to complete the droplet generation process. Then, the droplet 

samples (~40 µl) were transferred to the new 96-well PCR plate by pipetting gently using the 5-50 µl 

multi-channel pipette. The droplet generation and samples loading process were continued until all the 

samples were loaded on the 96-well PCR plate. The PCR plate was then sealed using a pierceable foil 

heat seal (Cat# 1814040, Bio-Rad, California, USA) using Bio-Rad’s PX1 PCR plate sealer (Cat 

#1814000, Bio-Rad, California, USA). After that, the PCR plate was inserted into Biorad’s C1000 

thermal cycler (Cat#1851197, Bio-Rad, California, USA) using the following protocols depending on the 

primer set used. Generally, 40 cycles of PCR reactions were run with a ramp rate of 2°C. Different 

annealing/extension temperatures were used – 52.4°C for mtDNA primers and 61.3°C for nDNA 

primers. Table 2.5 illustrates the temperature, duration and number of cycles set for each reaction step 

in the thermal cycler. The optimal temperature setting was selected based on the result from the prior 

pilot study. Meanwhile, the new plate with a sample layout was designed in the QuantaSoft software 

which connected to the droplet reader. Once the PCR reaction cycle was completed, the PCR plate 

was transferred to the droplet reader (Cat#186-4003, Bio-Rad, California, USA) and clicked run on the 

QuantaSoft to begin the reading.  The software reported a number of DNA copies per µl of the final 

ddPCR reaction mix. Each 40 µl ddPCR reaction mix contains 6 µl of DNA sample. So, the reported 

DNA copies per µl were divided by 6 to obtain DNA copies per µl of the original DNA sample. For the 

lymph sample, it is also equivalent to the DNA copies per µl of lymph sample. For the plasma sample it 

was further divided by 2 to obtain the DNA copies per µl of plasma since 200 µl of plasma was used to 

obtain 100 µl of DNA sample.  

Table 2.4: Ratio of each solution for ddPCR EvaGreen reaction mix 

Solutions µl per each reaction 

EvaGreen Mix 10 

FP 0.2 

RP 0.2 

H20 3.6 

 

Table 2.5: Temperature, duration, and number of cycles settings in the PCR thermal cycler 

Cycling Step Temperature, °C Duration Number of cycles 

Enzyme activation 95 5 min 1 

Denaturation 95 30 sec 40 

Annealing/extension 52.4 or 61.3 1 min 40 

Signal stabilization 
4 5 min 1 

90 5 min 1 

Hold 10 Infinite 1 

 

 Detection of HMGB1  

HMGB1 detection was done in plasma and lymph samples using Chondrex HMGB1 Detection Kit (Cat# 

6010, Chondrex, Washington, USA). Manufacture protocol was followed. The assay was run duplicate. 
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100 µl of the capture antibody was diluted with 10 ml of the capture antibody dilution buffer to make the 

capture antibody solution. Each well on the ELISA plate was filled with 100 µl of the capture antibody 

solution and the plate was incubated at 4°C for 12 hr. The HMGB1 standard solution of 100ng/ml was 

prepared by mixing 50ul of provided HMGB1 standard with 950ml of the dilution buffer. Serial dilutions 

of the standard solution were performed to make the HMGB1 standard solution with different 

concentrations – 50, 25, 12.5, 6.25, 3.1, 1.6 and 0.8 ng/ml. Individual wells in a 96-well sample storage 

microplate were pre-loaded with 30 µl of the dilution buffer provided with the kit. 35 µl of plasma or 

lymph sample was transferred to a new microcentrifuge tube and was centrifuged at 10,000 x g for 5 

min at 4°C. 30 µl of the supernatant was transferred to each well in the 96-well sample storage 

microplate. The detection antibody vial came in lyophilized form, and it was reconstituted with 50 µl of 

distilled water and again mixed with 5 ml of detection antibody dilution buffer to make the detection 

antibody solution. Wash buffer solution was provided in concentrated form and was diluted with 20 

times distilled water. The capture antibody solution in the ELISA plate was emptied and was washed 

for three times with the wash buffer solution. 50 µl of the standard blank (only dilution buffer) or sample 

solution was added to each well (Figure 2.11), and then 50 µl of the detection antibody solution was 

added.  The plate was covered with a plate sealer and incubated at 37°C for 1 hr, then 4°C for 12 hr.  

50 µl of streptavidin peroxidase was diluted in 10ml of streptavidin peroxidase dilution buffer. The plate 

was emptied and washed three times with the wash buffer solution. 100 µl of the previously diluted 

streptavidin peroxidase solution was added to each well and the plate was incubated at room 

temperature for 30 min. The plate was washed with the wash buffer solution for three times. TMB 

solution was freshly prepared just prior to use by mixing 200 µl TMB with 10 ml of chromogen dilution 

buffer. 100 µl of TMB solution was added to each well on the plate, and the plate was incubated for 30 

min at room temperature. 50 µl of stop solution was added to each well immediately before the plate 

was read using the plate reader at 450nm.  

Figure 2.11: Location of samples and standards in an HMGB1 ELISA plate 
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 Detection of S100A8/A9  

The Rat S100A8/A9 ELISA kit (Cat# MBS2516083, MyBiosource.com, California, USA) was used for 

the analysis. The assay was run duplicate. The manufacturer’s protocol was followed. 20 µl of plasma 

or lymph sample was transferred to a new microcentrifuge tube and was centrifuged at 10,000 x g for 

5 min at 4°C. Since the S100A8/A9 could be abundant in both plasma and lymph, the sample was 

diluted ten times for analysis. 12 µl of the supernatant was transferred to each well in the 96-well sample 

storage microplate which was preloaded with 108 µl of the standard & sample diluent provided in the 

kit. The kit also provided the standard solution at the concentration of 400 ng/ml, which was serially 

diluted with the standard & sample dilute to make 200, 100, 50, 25, 12.5 and 6.25 ng/ml standard 

solution. 100 µl of the standard, blank or sample which were prepared in earlier steps were added to 

each well in the ELISA plate, as shown in Figure 2.12. Then, the plate was sealed with a plastic cover 

and incubated at 37℃ for 90 min on the shaker. The plate was emptied, and immediately added 100 µl 

of Biotinylated Detection Ab to each well. It was covered with the plastic cover and again incubated at 

37℃ for 60 min on the shaker. After that, the solution in each well was aspirated, and the wells were 

washed with the wash buffer for three times. 100 µl of HRP conjugate working solution was added to 

each well, and the plate was covered with a plate sealer and incubated at 37℃ for 30 min on the shaker. 

Each well was aspirated and cleaned with wash buffer five times. 90 µl of substrate solution was added 

to each well, and the plate was covered with a plate sealer and incubated at 37℃ for 15 min on the 

shaker. 50 µl of the stop solution was added to each well simultaneously, and the plate was immediately 

read using the plate reader at 450 nm.  

Figure 2.12: Location of samples and standards in an S100A8/A9 ELISA plate 

 

 Serum Biochemistry assays  

Serum biochemistry was analysed using a Roche-Hitachi Modular™ analytical system (Roche 

Diagnostics GmbH, Mannheim, Germany) in accordance with the manufacturer’s instructions by the 

experienced laboratory technician. The following biochemistry panels were analysed - glucose, urea, 

total bilirubin, total protein, triglyceride, alkaline phosphatase (ALP), alanine transferase (ALT), 
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aspartate transferase (AST), creatinine, cholesterol, creatinine kinase, calcium, albumin, sodium, 

potassium, chloride and lipase. 

2.9 Transcriptome analysis of the lung  

This involved multiple steps – 1. Isolation of RNA from the lung sample 2. Analysis of the RNA quality 

and quantity, 3. Transcriptome analysis of the sample. The RNA samples from three randomly selected 

rats in each group (n=3) were analysed, and total 30 RNA samples were analysed.  

 Isolation of RNA from lung sample 

The right lower lobe of the lung was harvested from the rat immediately after euthanising the animal. 

The right lower lobe was chosen as it is a relatively small lobe and easy to identify, and the same lobe 

was used to minimise the variability. It was rinsed with normal saline before transferring to a RNAse 

free snaplock microtube (Cat# MCT150B, Axygen, California, USA), containing 1ml of RNAlater solution 

(Cat# AM7021, Invitrogen, California, USA)) and stored at 4℃ for 24 hours. Then, it was stored at -20℃ 

until it was ready for RNA isolation.  

RNA was extracted from a piece of the lung (~ 30 mg) using Qiagen RNeasy Fibrous Tissue Mini Kit 

(Cat No./ID: 74704).  First, the piece of lung tissue was rinsed with DNase/RNase free distilled water 

(Cat # 10977015, Invitrogen, California, USA). Then, the lung tissue piece was transferred to a new 2ml 

microtube (Cat# 14-222-18, Axygen, California, USA) preloaded with a stainless-steel bead 5mm (Cat# 

69989, Qiagen, California, USA) and 600 µl of RLT buffer solution (Cat# 79216, Qiagen, California, 

USA). The microtube was kept under room temperature and placed in a TissueLyser adapter, and the 

lung tissue was disrupted using Qiagen TissueLyser II for 2 min at 20Hz.  The microtube was centrifuged 

for 3 min at 20,000g, and the supernatant was carefully transferred to a new 1.5 ml microcentrifuge 

tube containing 300 µl of 70% ethanol. The resultant mixed sample was transferred to an RNeasy spin 

column (supplied with the kit) and placed in a 2ml collecting tube (supplied with the kit). The lid was 

closed gently, and the tube was centrifuged at 10,000g for 15 seconds. The RNeasy spin column was 

removed from the collecting tube, and flow-through in the tube was aspirated using a micropipette. 

Then, the RNeasy spin column was placed back on the collecting tube. After that, 700 µl of buffer RW1 

(supplied with the kit) was added to the RNeasy spin column and centrifuged at 10,000g for 15 seconds 

to wash the spin column membrane. The flow tube in the tube was aspirated using a micropipette. Then, 

the RNeasy spin column was placed back on the collecting tube, and 500 µl of buffer RPE was added 

to the spin column. The tube was centrifuged at 10,000g for 15 seconds to wash the spin column 

membrane, and the flow-through was removed using a micropipette. The procedure was repeated for 

two times to clean the spin column membrane. Then RNeasy spin column was placed in the new 2 ml 

collecting tube and centrifuged at 20,000g for 1 min to remove any residual buffer in the spin column 

membrane. Then, the RNeasy spin column was transferred to the new 1.5 mg collecting tube (provided 

in the kit). The RNeasy spin column was loaded with 50 µl of RNase-free water (provided in the kit) and 

centrifuged at 10,000g for 1 min to elute the RNA.  Then, the mini spin column was removed, and the 

microtube with ~50 µl RNA sample was stored at -80℃ until ready for further analysis. Before archiving 



58 

 

the sample in the freezer, about 5 µl of the sample was extracted to check the purity and quantity of the 

RNA samples.  

 Analysis of the RNA quality and quantity 

The RNA sample was initially analysed using Nanodrop, and the absorbances at 260 nm (A260) and 

at 280nm (A280) were calculated to generate the A260/A280 ratio. The ratio of more than 2.0 is 

considered acceptable for the pure RNA sample. The nanodrop also gave the concentration of RNA 

solution in ng/µl. The RNA sample was also analysed using Bioanalyzer (Agilent 2100 Bioanalyzer 

G2939A) to assess RNA integrity using a RIN value. In general, a RIN value of greater than six is 

considered suitable for gene array analysis [320]. For this experiment, only the samples with a RIN 

value of 6.9 or higher were selected for further analysis.   

 Transcriptome analysis of the sample 

The qualified RNA samples were diluted with RNase-free water (provided in the RNeasy kit) to obtain 

the 20µl of 1µg/µl RNA solution for gene array analysis. The samples were submitted to the Genomics 

Facility, School of Biological Sciences, the University of Auckland for the rat transcriptome arrays 

analysis (Project code NZGL01800). 

2.10 Statistical methods 

The statistical analysis was performed using GraphPad Prism 9.  

For the age, body weight, total intravenous fluid infused, and serum biochemistry data, one-way ANOVA 

analysis with Tukey’s multiple comparisons test to compare the values between groups.  

For the total volume of ML collected, the unpaired t-test with Welch’s correction was used to compare 

the value between the two relevant drainage groups. For example - SAPD vs APD.  

For HR and MAP, two-way ANOVA analysis with Tukey’s multiple comparisons test was used to 

compare changes over time within a group and then between groups at different times.  

For cfDNA, ddPCR, cytokines, HMGB1 and S100A8A9 assays, since most of the data did not pass the 

D'Agostino & Pearson normality test, the initial data was transformed (Y=log(Y)) before performing the 

two-way ANOVA analysis). For cfDNA and ddPCR, the two-way ANOVA analysis was run to compare 

changes over time within the groups and then between groups at different times with either the Tukey’s 

or Sidaks multiple comparison adjustment. For plasma and ML cytokines, HMGB1 and S100A8A9, one-

way or two-way ANOVA analysis with Tukey’s or Sidak’s multiple comparisons was performed to 

compare the values between the study groups.  

In all tables, the like letters within the same parameter represent a significant difference (p<0.05) 

between the groups.  
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Chapter 3 : Profiles of Cytokines and DAMPs in 

plasma and mesenteric lymph during AP 

3.1 Introduction  

Acute pancreatitis (AP) is one of the common causes of critical illness (CI), and the incidence has been 

increasing worldwide in recent years [440]. Most AP cases are secondary to biliary stones [441] or 

excess alcohol consumption [442]. It has been widely accepted that AP is initiated by an injury or 

disruption of the pancreatic acini, which permits the leakage of pancreatic enzymes (trypsin, 

chymotrypsin, and elastase) into pancreatic tissue. The leaked enzymes become activated in the tissue, 

initiating auto-digestion, local inflammation and necrosis of the pancreatic tissue [443]. Regardless of 

the aetiology, AP starts with the local pancreatic inflammation, which often leads to systemic 

inflammatory response syndrome (SIRS) and sometimes further develops multiple organs dysfunction 

syndrome (MODS) and death [444]. Most of the AP (about 85%) are mild and self-limiting [445]. The 

remaining 15% of the patients develop a severe form of AP [445]. About half of the severe AP patients 

usually die within the first week due to acute severe SIRS and MODS [440]. Although the intra-acinar 

event at the initiation of AP is well described, the exact mechanism of local pancreatic injury leading to 

the systemic inflammatory response is not fully understood. It was proposed that the activation of NF-

B pathway in an acinar cell during AP could be responsible for widespread systemic inflammation by 

the release of cytokines/chemokines from damaged local tissues and stimulate recruitment and 

activation of inflammatory cells [446]. Regardless, the exact mechanism or pathway that leads to the 

development of the SIRS and MODS after the initial onset of AP is still poorly understood, and specific 

and effective treatments to prevent the development of the systemic complications in AP is still not 

available. 

Several lines of published evidence suggest that the drainage or diversion of thoracic duct lymph, which 

mainly carries mesenteric lymph (ML), can improve the outcome of CI [103, 104, 106]. The ML is 

lymphatic fluid from the intestine and mesentery, which drains directly into the systemic circulation 

through the thoracic duct, bypassing the liver. Several mechanisms in gut injury during AP have been 

identified, and this allows the translocation of harmful or toxic substances from the gut lumen, 

epithelium, and wall into the ML [447, 448]. AP-conditioned ML has toxic biological effects both in vitro 

and in vivo experiments [107, 449]. Mole et al. showed that the tryptophan catabolites in ML of AP 

increased cytotoxicity of endothelial cells and may contribute to the development of MODS [107]. Some 

changes in the composition of ML during CI, including AP, have also been identified [108, 109]. Mittal 

et al. demonstrated that there was a substantial increase in pancreatic catabolic enzymes in AP 

conditioned ML [108]. There is increasing evidence showing the association between the Damage-

Associated Molecular Pattern (DAMP) molecules and the pathogenesis of AP [450, 451]. DAMPs are 

the group of endogenous molecules that are mainly released from dead or damaged cells and can 

stimulate immune responses [452]. The elevation of DAMP molecules in the systemic circulation was 

seen in AP patients [259, 368]; and the higher levels of circulatory DAMP molecules are associated 

with the development of SIRS and MODS [259, 368]. In addition to the DAMP molecules, cytokines 



60 

 

such as TNF-α, IL-1, and IL-6 [202, 235] also play an important role in the development of SIRS and 

MODS during AP, and their levels in systemic circulation are correlated with clinical outcomes [202, 

235].     

Here, I hypothesized that ML in AP carries the DAMP molecules and cytokines released from 

damaged/inflamed pancreas and intestine and directly drains into the systemic circulation. The drainage 

of ML would then divert the DAMP molecules and cytokines away from the systemic circulation and 

would alter their level in the circulation.  

 

The aims of the research were:  

1) To detect the changes in the concentration of DAMPs (cell-free DNA, mitochondrial DNA, nuclear 

DNA, HMGB1 and S100A8/A9) and cytokines in plasma and ML during AP.  

2) To measure the effect of ML drainage on the level of DAMPs and cytokines in plasma during AP.  

 

3.2 Methodology 

The specific details of the experimental set-up were described in the Methods (Chapter 2). Briefly, thirty-

two Sprague Dawley rats were randomly divided into four groups (n=8 per group):  

(1) taurocholate induced AP with ML drainage (termed AP drainage: APD)  

(2) taurocholate induced AP without ML drainage (termed AP non-drainage: APND) 

(3) sham with ML drainage (termed Sham AP Drainage: SAPD) 

(4) sham without ML drainage (termed Sham AP non-drainage: SAPND).  

 

Group Description 
Acute Pancreatitis 

Disease state 

Mesenteric drainage 

APND 
Acute Pancreatitis with no ML 

drainage 
✓  

x 

APD 
Acute Pancreatitis with ML 

drainage 
✓  

✓  

SAPND 
Sham with no ML drainage x x 

SAPD 
Sham with ML drainage x ✓  

 

Animal model 

The animal models of AP and ML drainage are explained previously (Sections 2.2, 2.3.1 and 2.2.9).  

Samples 

Plasma samples were collected at three time intervals:  

(1) pre-induction of disease (Plasma0),  

(2) at 150 min (Plasma150) and  

(3) 300 min (Plasma300) after induction of AP.  
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Note that only ~ 0.5ml of blood was collected for Plasma0 and Plasma150 as explained in section 2.7.1 

to avoid unwanted physiological derangement.  

ML was collected without adding any anticoagulant throughout the experiment in three collection 

phases: 

(1) pre-AP (Lymph0),  

(2) first 150 min (Lymph0-150) and  

(3) second 150 min (Lymph150-300) after the induction of AP.  

Sample collection durations for Sham control groups were matched to the AP groups.  

Data collection 

The basic features of the rats, including age and weight, total intravenous fluid volume (IVF) infused, 

and total ML drained, were recorded on pro forma for each animal. Intraoperative physiological data, 

including mean arterial pressure (MAP) and heart rate (HR), were continuously monitored using the 

LabChart as mentioned in section 2.2.6.  

Sample analysis 

The plasma, ML and end-point serum samples were processed as outlined in sections 2.7.2 and 2.7.3. 

The levels of total cell-free DNA (cfDNA), circulatory mitochondrial DNA (mtDNA) and nuclear DNA 

(nDNA), HMGB1, S100A8/A9, and cytokines were measured in plasma and ML samples as stated in 

sections 2.8.2.2, 2.8.2.3, 2.8.2.4 and 2.8.2.5. Serum chemistry panels were also measured, as stated 

in section 2.8.2.6. Table 3.1 summarises the type of assays, type of body fluid analysed and the sample 

size for each assay.  Note that only a limited number of samples were examined for HMGB1, S100A8/A9 

and cytokines assays due to the low volume of samples available from these experiments.  

Statistical method 

The method used for statistical analysis was described in section 2.10. 
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Table 3.1: Type of assays and their sample group size 

Type of 
assays 

Plasma0 Plasma150 Plasma300 Lymph0 
Lymph0-

150 
Lymph150-

300 
Serum300 

cfDNA 8 8 8 8 8 8 - 

mtDNA  
(3 primers)* 

8 8 8 8 8 8 - 

nDNA  
(2 primers)** 

8 8 8 8 8 8 - 

HMGB1# - - 5 5 5 5 - 

S100A8/A9# - - 5 5 5 5 - 

Cytokines# - - 5 5 5 5 - 

Serum 
biochemistry# 

- - - - - - 5 

*mtDNA primers – CytB, COX3, ND; **nDNA primers – GAPDH, ACTB; #Same set of animals were used in all 

these experiments 

Abbreviation: cfDNA - cell free DNA; mtDNA - mitochondrial DNA; nDNA - nuclear DNA.  

 

3.3 Results 

 Baseline characteristics and intraoperative physiological data  

In Table 3.2, there is a summary of the baseline characteristics and the measurements from key 

intraoperative physiological parameters for each rat group.  

Baseline characteristics and fluid balance: There was no significant difference in age and weight 

between the four groups. Additional fluid boluses were given to APD rats to sustain them over the 5 

hours of the experiment by keeping MAP above 30 mmHg, and this resulted a higher volume of IVF in 

comparison to APND (p<0.05). The amount of ML collected from the APD was about 50% lower 

(p<0.05) than that of SAPD.  

Mean arterial pressure: In AP groups, MAP declined over the five hour period (about 42% in APD, 

p<0.001 and 15% in APND, p<0.01), whereas the sham groups had a stable MAP throughout the 

experiment. The APD rats were more hypotensive compared to the APND rats at the 4th hour (~20% 

lower, p<0.05) and 5th hour (~28% lower, p<0.005).  

Heart rate: The HR increased in AP rats over the five hours period (about 20-23%,p<0.001), while the 

HR remained unchanged in the sham rats. At the 5th hour of AP, the HR of AP rats (both APD and 

APND) were about 25% faster (p<0.01) than their corresponding sham controls (SAPD and SAPND). 

However, there was no significant difference in HR between the two AP groups with or without ML 

drainage.  
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Table 3.2: Baseline characteristics and intraoperative physiological data 

  SAPND APND SAPD APD 

Number of rats (n) 8 8 8 8 

Age(weeks) 96 ± 3 93 ± 3 98 ± 3 92 ± 2 

Weight (g) 510 ± 15 494 ± 11 512 ± 11 490 ± 12 

Total IVF infused (ml) 17.0 ± 0.3b 18.0 ± 0.7a 18.8 ± 0.8 22.7 ± 1.8a,b 

Total ML collected (ml) - - 5.3 ± 1.0a 2.6 ± 0.5a 

MAP (mmHg) 

1st hr 72 ± 4g 75 ± 2 76 ± 4 78 ± 4j,k 

2nd hr 87 ± 6g,z 80 ± 2h 78 ± 4 75 ± 4l,m,z 

3rd hr 85 ± 5a,y 79 ± 4i 71 ± 3a 70 ± 4n,y 

4th hr 83 ± 4p 77 ± 3c 81 ± 4b 61 ± 3b,c,j,l,op 

5th hr 81 ± 3d,q 64 ± 6d,f,h,I,w 77 ± 4e,w 46 ± 6e,f,k,m,n,o,q 

Heart rate (beats per minute) 

1st hr 316 ± 12 340 ± 10a,b,c 322 ± 6 324 ± 14e,f 

2nd hr 331 ± 15q 368 ± 8d,q,z 329 ± 5z 340 ± 14g,h 

3rd hr 320 ± 9j,x 379 ± 11a,,j,y 341 ± 11r,y 356 ± 18i,r,x 

4th hr 326 ± 9k,v 386 ± 16b,k,w 327 ± 9l,w 378 ± 15e,g,l,v 

5th hr 319 ± 9m,t 407 ± 17c,d,m,u 333 ± 6n,u 400 ± 20f,h,i,n,t 

 

 

 

Summary:  

• There was no difference in the basic characteristics – age & weight between the study groups.  

• A higher volume of intravascular fluid was required in APD than the APND to maintain the MAP 

above 30 mmHg.  

• The volume of ML obtained was lower in APD than SAPD.  

• Hypotension and tachycardia were observed in both AP groups in the later part of the study – 

after 3 hours of AP. 

• The degree of hypotension was greater in APD compared to the APND only in the 5th hour of AP. 

 Histology 

Pancreas samples were collected for histological assessment. The degree of inflammation was scored 

based on the five separate parameters – interstitial oedema, acinar necrosis, haemorrhage, fat necrosis 

and inflammation. Each parameter has a score ranging from 0 to 4, with the higher the score represents, 

the higher severity of pancreatitis, based on a previously published method used in the experimental 

model of AP [453]. They were scored by the same pathologist, blinded to experimental groups. There 

was no significant difference between the APD and APND histology scores (7.5±2.3 and 6.9±3.4, 
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respectively), which confirmed the development of the AP. These were significantly higher than the 

corresponding sham groups (mean score was 1.5±1.8).  

 Serum biochemistry 

The serum data obtained at the end of the experiment before euthanasia of the animals were measured, 

and the results are shown in Table 3.3. 

Glucose and electrolytes: In APD, there was a significant elevation of potassium, almost 2-fold higher 

(p<0.05) compared to the SAPD. However, there was no difference in serum potassium level between 

APND and SAPND. In contrast, the glucose was significantly lower (3-fold, p<0.05) in APD compared 

to the SAPD and there was no difference in serum glucose level between APND and SAPND. There 

was no significant difference in electrolytes or glucose levels between APD and APND. 

Kidney function: The derangement in kidney function, represented by elevation of urea and or 

creatinine, was seen in both APD and APND compared to their respective sham controls. The urea 

level in APND was 27% higher than SAPND (p<0.05). There was an about 2.5 times higher level of 

serum creatinine in both APD and APND compared to their respective shams (p<0.001). There was no 

significant difference in urea and creatinine levels between APD and APND. 

Liver function: There were higher levels of liver enzymes ALT in both APND and APD compared to 

their shams, indicating the presence of acute liver injury during AP. Whereas APD had 7-fold higher 

ALT (p<0.01) and APND had 6-fold higher ALT (p<0.05) than their respective shams. Although there 

was no significant difference in total bilirubin level between APD and SAPD, APND had a 3-fold higher 

level of total bilirubin (p<0.05) than SAPND. However, there was no statistically significant difference in 

ALT and total bilirubin between APD and APND. It was noted that the standard error value of the liver 

enzymes levels – ALT, AST, and ALP in both APD and APND were high that indicated a huge variation 

in disease rats. There was no significant difference in albumin and total protein levels between the four 

study groups.  

Lipid panel: There was no overt difference in total cholesterol and triglyceride levels between the AP 

groups and their respective shams or between the two AP groups – APD and APND.  

Others: There was no statistically significant difference in creatinine kinase level between the four 

groups. Serum lipase levels, the sensitive and specific marker of AP, were markedly elevated in both 

APD and APND – 47 times and 42 times, respectively (both p<0.001) compared to the corresponding 

shams. However, there was no difference between APD and APND or SAPD and SAPND.   
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Table 3.3: Serum biochemistry data of the study group 

  SAPND APND SAPD APD 

Glucose and Electrolytes 

Sodium (mmol/L) 153 ± 4 149 ± 1 153 ± 3 160 ± 5 

Potassium (mmol/L) 5.4 ± 0.3b 9.5 ± 1.8 6.6 ± 0.3a 13.5 ± 1.5a,b 

Chloride (mmol/L) 113 ± 2 108 ± 1 115 ± 4 116 ± 6 

Calcium (mmol/L) 2.7 ± 0.1 2.9 ± 0.2 2.6 ± 0.1 2.8 ± 0.2 

Glucose (mmol/L) 13.6 ± 1.2b 9.8 ± 1.7 13.4 ± 1.0a 3.9 ± 0.9a,b 

Kidney function 

Urea (mmol/L) 12.5 ± 1.1a 17.3 ± 0.7a 16.5 ± 0.9 17.0 ± 1.4 

Creatinine (µmol/L) 50 ± 5b,c 128 ± 10b,d 67 ± 5a,d 166 ± 21a,c 

Liver function 

ALT (U/L) 46 ± 5d 295 ± 75c 96 ± 22a 859 ± 287a,c,d 

AST (U/L) 122 ± 16 664 ± 329 197 ± 35 1010 ± 345 

ALP (U/L) 125 ± 13 178 ± 17 121 ± 13 148 ± 26 

Total Protein (g/dl) 4.7 ± 0.1 5.2 ± 0.2 4.5 ± 0.3 4.6 ± 0.7 

Albumin (g/dl) 3.2 ± 0.1 3.2 ± 0.1 2.9 ± 0.2 2.9 ± 0.4 

Total Bilirubin (µmol/L) 1.1 ± 0.1a 4.5 ± 2.1a,b 0.9 ± 0.2b 3.0 ± 0.4 

Lipids 

Cholesterol (mmol/L) 1.4 ± 0.1 1.6 ± 0.2 1.2 ± 0.1 1.1 ± 0.3 

Triglyceride (mmol/L) 2.3 ± 0.4a 1.1 ± 0.6 1.2 ± 0.2 0.5 ± 0.2a 

Others 

Creatine kinase (U/L) 762 ± 254 2854 ± 1040 920 ± 173 3124 ± 822 

Lipase (U/L) 9 ± 1b,c 459 ± 149b,d 13 ± 1a,d 715 ± 182a,c 

 

 

 

Summary:  

• Histological scores and blood lipase levels were elevated in both AP groups compared to the 

shams, which confirmed the development of AP. 

• AP caused hyperkalaemia and low glucose compared to shams.   

• Elevation of creatinine occurred in both AP groups compared to shams  

• For liver profile, only ALT was significantly elevated in AP compared to their respective shams  

• The lipid profile and CK levels were not elevated in AP compared to the shams.  

• Overall, there was no difference in serum biochemistry between APD and APND apart from 

ALT. 
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 Cytokines in plasma and mesenteric lymph 

The changes in the concentration of ten cytokines (seven pro-inflammatory cytokines: IL-1α, IL-1β, IL-

2, IL-6, IL-18, MCP-1 and TNF-α and three anti-inflammatory cytokines – IL-4, IL-10 and IL-13) were 

analysed in the plasma sample collected at 300 min of AP (Plasma300) and ML samples collected at 

pre-disease (Lymph0), 0-150 min (Lymph0-150) and 150-300 min of established AP (Lymph150-300).  

 Plasma cytokines profile 

Comparisons of plasma cytokines levels between different disease models are summarised in Table 

3.4. Overall, most of the cytokines measured (both pro and anti-inflammatory cytokines) were elevated 

in AP compared to the shams. The exceptions were IL-1β and IL-13 that did not change significantly 

between any of the studied groups. The graphs that compare the changes in plasma cytokines levels 

between the studied groups are shown in Figure 3.1.  

Effect of AP without ML drainage 

First, APND and SAPND were compared to identify the changes in plasma cytokines during the AP 

disease itself. It was found that 8 out of 10 cytokines (IL-1α, IL-2, IL-6, IL-18, MCP-1, TNF-α, IL-4 and 

IL-10) measured were elevated in AP, with the most striking elevations were seen in IL-18, IL-6 and IL-

1α where APND group had 46, 43 and 25-fold higher level than SAPND.  

Effect of AP with ML drainage 

The plasma cytokines levels between APD and SAPD were compared to understand whether ML 

drainage causes any difference in the profile of differences induced by AP to its matched Sham group 

had changed to that of the non-drained state. Only three proinflammatory cytokines – IL-6, IL-18 and 

MCP-1 were elevated in APD compared to SAPD (compared to 8/10 changes for APND vs its matched 

control SAPND – see above). The magnitude of the pro-inflammatory cytokine changes induced in the 

drainage groups was substantively less than in the non-drainage groups.  However, there was no 

significant difference in plasma cytokines levels between the two AP groups – APND and APD.  

Effect of ML drainage without AP 

The two shams models – SAPND and SAPD were also compared. This comparison is of less interest 

than the AP comparison but is reported here for completeness. It was used to investigate the effect of 

surgical drainage on normal sham controls. Except for IL-4, which was nine times higher in SAPND, the 

rest of the cytokine profiles were not different between the two Shams.  
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Figure 3.1: Plasma cytokine profile in acute pancreatitis 
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Table 3.4: Plasma300 Cytokines data summary tables 

 

Pro-inflammatory cytokines Anti-inflammatory cytokines 

IL-1α IL-1β IL-2 IL-6 IL-18 MCP-1 TNF-α IL-4 IL-13 IL-10 

APND vs 
SAPND 

 25x ****  NS ↑ 23x** ↑ 43x**** ↑ 46x*** ↑ 5x** ↑ 11x* ↑ 19x** NS ↑ 7x* 

APD vs 
SAPD  

NS NS NS ↑ 13x*** ↑ 37x*** ↑ 4X* NS NS NS NS 

APND vs 
APD 

NS NS NS NS NS NS NS NS NS NS 

SAPND vs 
SAPD 

NS NS NS NS NS NS NS ↑ 9x* NS NS 

 

 

Summary   

• AP is associated with marked elevation of 8/10 plasma cytokines in the absence of ML drainage (APND vs SAPND), 

• AP is associated with a lesser elevation of 3/10 plasma cytokines in the presence of ML drainage (APD vs SAPD).   

• There was no difference in the cytokine profiles with AP and ML drainage compared with non-drainage (APD vs APND). 

• There was no difference in plasma cytokines levels (except for IL-4) between shams (SAPD vs SAPND) 
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 Mesenteric lymph cytokines profile 

The ML cytokine levels were measured at three different time intervals – 0 min, 0-150 min and 150-300 

min to detect any changes over time in both sham and AP groups.   

In sham groups, only IL-1β and IL-10 increased (2-fold) over the baseline samples. The cytokines IL-

1α, IL-2, IL-6, TNF-α and IL-13 were in undetectable ranges in sham samples at all the three time points. 

The upward trend of IL-18 and MCP-1 was observed in subsequent ML samples, but there was no 

significant increase in their levels from the baseline. The IL-4 levels were detectable in some of the pre-

disease lymph – Lymph0 and barely detectable in the subsequent ML samples.   

In AP, several cytokines (IL-1β, IL-6, MCP-1 and IL-10) were elevated in Lymph0-150 and or Lymph150-

300 compared to baseline Lymph0. IL-2 was lower in both Lymph0-150 and Lymph150-300, compared to 

Lymph0. There was an upward, but not statistically significant, trend of IL-18 in Lymph0-150 and Lymph150-

300. TNF-α and IL-13 were undetectable in AP samples at all the three time points. IL-1α and IL-4 levels 

were detectable in some of the pre-disease lymph samples (Lymph0) and undetectable in the 

subsequent ML samples.  

Between sham and AP, the most prominent alteration was in IL-6, where the Lymph150-300 carried 66-

fold higher than baseline Lymph0 in AP, whereas there was no difference over time in sham. Similarly, 

MCP-1 levels were elevated in AP over time, while the levels did not alter significantly in sham. Other 

cytokines were followed similar trends in both sham and AP. The changes in ML cytokines profile over 

time were presented in Figure 3.2 and Table 3.5.  

The cytokines levels between AP and sham were also compared at the three different time points. There 

was no difference in cytokine profiles between AP and sham in almost all groups except IL-6 and MCP-

1. It was found that Lymph150-300 of AP carried 34-fold and 2-fold higher IL-6 and MCP-1 than that of the 

sham. There were trends toward higher levels of ML IL-1β, IL-10 and IL-18 in APD at all time points 

than in the respective sham samples. The comparison between AP and sham ML cytokines profiles at 

the different collection time points is shown in Figure 3.3 and Table 3.6.  
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Figure 3.2: Changes in mesenteric lymph cytokine levels by time in AP and Sham 
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Table 3.5: Mesenteric lymph cytokine profile by time 

 
IL-1α IL-1β IL-2 IL-6 IL-18 

SAPD APD SAPD APD SAPD APD SAPD APD SAPD APD 

Lymph0-150 vs 
Lymph0 

NS ↓3x** ↑8x** ↑12x** NS NS NS ↑x7* NS NS 

Lymph150-300 vs 
Lymph0 

NS ↓2x * ↑8x** ↑14x** NS NS NS ↑x66**** NS NS 

Lymph150-300 vs 
Lymph0-150 

NS NS NS NS NS NS NS ↑9x** NS NS 

 

 
MCP-1 TNF-α IL-4 IL-13 IL-10 

SAPD APD SAPD APD SAPD APD SAPD APD SAPD APD 

Lymph0-150 vs 
Lymph0 

NS NS NS NS ↓4x** ↓4x** NS NS ↑2x** ↑2x* 

Lymph150-300 vs 
Lymph0 

NS ↑3x**** NS NS ↓4x** ↓4x** NS NS ↑2x** ↑4x**** 

Lymph150-300 vs 
Lymph0-150 

NS ↑2x** NS NS NS NS NS NS NS ↑2x** 
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Figure 3.3: Mesenteric lymph cytokines in AP and Sham at the three time points 
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Table 3.6: Comparison of mesenteric lymph cytokine profile between AP and Sham at the three 
collection time points 

 Lymph0 Lymph0-150 Lymph150-300 

IL-1α  3x * NS NS 

IL-6 NS NS ↑34x*** 

MCP-1 NS NS ↑2x** 

IL-1β, IL-2, IL-18,  
TNF-α, IL-4, IL-10, IL-13  

All NS All NS All NS 

 

 

Summary:  

• Both pro-inflammatory and anti-inflammatory cytokines were detected in ML.  

• Overtime: In AP, the levels of IL-1β, IL-6, MCP-1 and IL-10 were elevated during the disease 

process, whereas only IL-1β and IL-10 were elevated over time in sham.  

• There was no significant difference in ML cytokines levels between sham and AP at each time 

point except IL-6 and MCP-1 levels at Lymph150-300 of AP which were higher than the 

corresponding samples of the sham.  

• Between AP and Sham: There was an overwhelmingly significant elevation of IL-6 in ML of AP 

collected between 150-300 min which was 34-fold higher than that of the sham and 66-fold higher 

than its baseline sample. 

• Although it was not statistically significant, there were higher levels of IL-1β, IL-10 and IL-18 in 

APD at Lymph0-150 and Lymph150-300 compared to sham samples (see Figure 3.3). 

 

 Nucleic acid DAMPs 

DAMPs of nucleic acid origin – cfDNA, mtDNA and nDNA levels were measured in plasma and ML at 

all three time points (0, 150, 300 min after AP). For cfDNA analysis, Qubit dsDNA assay was used, and 

ddPCR assay was used for mtDNA and nDNA detection. Cyclooxygenase 3 (COX3), Cytochrome B 

(CytB) and Nicotinamide adenine dinucleotide dehydrogenase (ND) genes were used as representative 

targets to quantify the mtDNA concentration. Glyceraldehyde 3-phosphate dehydrogenase (GADPH) 

and Beta-actin (ACTB) were used as representative control genes to quantify the nDNA concentration. 

The sequences of the DNA primers are stated in Table 2.3. Two-way ANOVA analysis was performed 

for each set of data to compare the changes in plasma or ML DAMPs over time in each group (was 

presented in  Figure 3.4 and Table 3.7) and also to detect the difference between AP and Sham at each 

time point (refer to Figure 3.5 and Table 3.8).  
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 Plasma nucleic acid DAMPs profiles 

Data for this profile can be found in Figure 3.4, Figure 3.5, Table 3.7 and Table 3.8. 

cfDNA: For both sham groups with or without ML drainage, there was no change in plasma cfDNA over 

time. In AP groups (with or without ML drainage), cfDNA levels in Plasma150 and Plasma300 were higher 

than baseline (Plasma0). For APND, there was an 8-fold elevation (both p<0.005) in Plasma150 and 

Plasma300 compared to Plasma0, and for APD, there was a 13-fold and 19-fold elevation (both 

p<0.0001) in Plasma150 and Plasma300 respectively. (Figure 3.4A) 

Between the groups, there was no difference in plasma cfDNA at baseline (Plasma0). Both at 150 

minand 300 min, the AP groups had higher plasma cfDNA than respective shams, regardless of ML 

drainage or not. Plasma150 and Plasma300 of APND carried 9.5-fold and 17.6-fold higher cfDNA (both 

p<0.001) than those of SAPND whereas APD carried 6.1-fold and 8.2-fold higher plasma cfDNA (both 

p<0.01) than SAPD. The extent of the differences from their shams was less in the APD groups, 

although there was no significant difference between absolute measurements for the APD and APND 

or SAPD and SAPND groups at any time point. (Figure 3.5A). 

nDNA: ACTB and GAPDH were used as markers for nDNA and they both followed a similar pattern. 

Like cfDNA, the plasma nDNA levels did not change over time in both sham groups with or without ML 

drainage. However, in both AP groups, there were elevations of plasma nDNA at both 150 min and 300 

min compared to their own respective baseline samples. The concentrations of plasma nDNA at 300 

min were higher than the samples collected at 150 min in both AP groups. (Figure 3.4 B & C)  

There was no difference in plasma nDNA levels between the groups at the baseline – Plasma0. The 

plasma nDNA concentration was higher in both AP groups compared to the respective shams with or 

without drainage at both 150 min and 300 min. Plasma150 and Plasma300 of APND carried 4-6-fold and 

16-17-fold higher plasma nDNA than those of SAPND whereas APD carried 3-4-fold and 10-14-fold 

higher plasma nDNA than SAPD. There was no difference in plasma nDNA levels between sham 

groups or AP groups. (Figure 3.5 B&C) 

mtDNA: For mtDNA, CytB, COX3 and ND were used as representative target genes. They all followed 

a similar pattern. In SAPND, the changes in mtDNA levels over time were subtle. In SAPD, there was 

an elevation of mtDNA in Plasma300 with 3-fold and 9 to 11-fold higher than Plasma0 and Plasma150. For 

AP groups, at 150 min, only the APND had higher plasma mtDNA concentration compared to the 

baseline sample, while there was no elevation in APD. However, at 300 min, the plasma mtDNA 

elevated in both AP groups with or without ML drainage. (Figure 3.4 D, E & F)  

APND had higher plasma mtDNA (around 2 to 3-fold) than SAPND at both 150 and 300 min of AP. 

Compared to APD, APND had higher plasma mtDNA at 150 min only (6 to 8- fold), but there was no 

difference between the two groups at 300 min. Compared to SAPD, the APD had slightly higher plasma 

mtDNA at 150 min (3-fold), but not at 300 min. (Figure 3.5 D, E & F) 
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Figure 3.4: Changes in plasma nucleic acid DAMPs levels by time in AP and Sham groups 
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Table 3.7: Plasma nucleic acid DAMPs levels between the different collection time points in each group 

 
cfDNA 

nDNA 

ACTB GAPDH 

SAPND APND SAPD APD SAPND APND SAPD APD SAPND APND SAPD APD 

Plasma150 vs 
Plasma0 

NS ↑8x*** NS ↑13x**** NS ↑6x*** NS ↑5x*** NS ↑4x** NS ↑4x** 

Plasma300 vs 
Plasma0 

NS ↑8x*** NS ↑19x**** NS ↑9x**** NS ↑15x**** NS ↑8x**** NS ↑20x**** 

Plasma300 vs 
Plasma150 

NS NS NS NS NS NS NS ↑3x* NS NS NS ↑5x** 

 

 

mtDNA 

CytB COX3 ND 

SAPND APND SAPD APD SAPND APND SAPD APD SAPND APND SAPD APD 

Plasma150 vs 
Plasma0 

NS ↑7x**** ↓3x** NS ↑2x* ↑9x**** ↓3x*** NS ↑2x* ↑8x**** ↓4x*** NS 

Plasma300 vs 
Plasma0 

↑2x* ↑24x**** ↑3x** ↑7x**** NS ↑8x**** ↑3x** ↑6x**** NS ↑8x**** ↑3x** ↑6x**** 

Plasma300 vs 
Plasma150 

NS NS ↑9x**** ↑6x**** NS NS ↑9x**** ↑5x**** NS NS ↑11x**** ↑7x**** 
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Figure 3.5:Comparison of plasma nucleic acid DAMPs level between AP and Sham groups at three time points 
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Table 3.8: Plasma nucleic acid DAMPs comparisons between disease groups 

 
cfDNA 

nDNA 

ACTB GAPDH 

Plasma0 Plasma150 Plasma300 Plasma0 Plasma150 Plasma300 Plasma0 Plasma150 Plasma300 

APND vs SAPND NS ↑9x** ↑18x**** NS ↑6x** ↑16x**** NS ↑4x** ↑17x**** 

APD vs SAPD NS ↑6x** ↑8x** NS ↑3x* ↑10x**** NS ↑4x** ↑14x**** 

APND vs APD NS NS NS NS NS NS NS NS NS 

SAPND vs SAPD NS NS NS NS NS NS NS NS NS 

 

 mtDNA 

CytB COX3 ND 

Plasma0 Plasma150 Plasma300 Plasma0 Plasma150 Plasma300 Plasma0 Plasma150 Plasma300 

APND vs SAPND NS ↑3x** ↑3x** NS ↑3x* ↑3x** NS ↑2x* ↑3x** 

APD vs SAPD NS ↑3x** NS NS ↑3x** NS NS ↑3x** NS 

APND vs APD NS ↑6x**** NS NS ↑7x**** NS NS ↑8x**** NS 

SAPND vs SAPD NS ↑6x**** NS NS ↑8x**** NS NS ↑9x**** NS 
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Summary:  

• Plasma: all nucleic acid DAMPs increased over time in AP groups (with or without ML drainage), 

but they did not change over time in shams.  

• cfDNA and nDNA DAMPs levels followed a similar pattern, whereas mtDNA exhibited a different 

pattern 

• Generally, there were higher plasma cfDNA and nDNA levels at both 150 and 300 min in AP 

groups with or without ML drainage compared to their respective shams.  

• The mtDNA levels of AP groups were higher than the respective shams at 150 min in both 

drainage and non-drainage groups but it was only elevated in APND compared to SAPND at 300 

min (i.e., no difference in mtDNA level between APD and SAPD at 300 min).  

• Although there was no difference in plasma cfDNA and nDNA levels between APND and APD, 

there were higher plasma mtDNA levels in APND than APD at 150 min. The similar trends were 

seen between SAPND and SAPD.  

 

 Nucleic acid DAMPs profile in mesenteric lymph 

The data for this section was presented in Figure 3.6, Figure 3.7, Table 3.9 and Table 3.10.  

cfDNA: In AP, cfDNA of the ML collected between 150-300 min was 2-fold higher compared to the 

baseline and 150 min samples, whereas in SAPD, the cfDNA levels were 2-fold lower in both samples 

collected at 0-150 min and 150-300 min compared to the baseline sample (Figure 3.6 A). Between 

sham and AP, the only difference in ML cfDNA was seen at the sample collected between 150-300 min 

of AP, with four times elevation in the AP group compared to the sham (Figure 3.7 A).   

nDNA: ACTB and GAPDH showed slightly different results. In APD, there was a 2-fold elevation of 

GAPDH gene copies in Lymph150-300 than Lymph0 and Lymph0-150, while there was no difference in ACTB 

level between these three samples. In sham, there were 2-fold lower ACTB gene copies in Lymph150-

300 than Lymph0 and 2-fold lower GAPDH gene copies in Lymph0-150 than Lymph0 (Figure 3.6 B&C). Like 

cfDNA, there was a 4-fold elevation of nDNA in the AP at 150-300 min compared to the respective 

sham’s sample (Figure 3.7 B&C).  

mtDNA: All the genes marker CytB, COX3 and ND followed a similar pattern in both AP and Sham. In 

AP, there was a 2-fold elevation of mtDNA at Lymph150-300 compared to the Lymph0-150. Conversely, the 

mtDNA level declined with 3-fold lower at both samples collected at 0-150 min and 150-300 min 

compared to the baseline sample (Figure 3.6 D,E&F). Like cfDNA and nDNA, there was a 4-fold 

elevation of mtDNA in the AP at 150-300 min compared to the respective sham’s sample (Figure 3.7 

D,E&F).  
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Figure 3.6: Changes in mesenteric lymph nucleic acid DAMPs levels by time in AP and Sham 
groups 
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Table 3.9: Mesenteric lymph nucleic acid DAMPs profile by time summary 

 
cfDNA 

nDNA mtDNA 

ACTB GAPDH CytB COX3 ND 

SAPD APD SAPD APD SAPD APD SAPD APD SAPD APD SAPD APD 

Lymph0-150 vs 
Lymph0 

↓2x* NS NS NS ↓2x* NS ↓3x** NS ↓4x*** NS ↓3x** NS 

Lymph150-300 vs 
Lymph0 

↓2x** ↑2x** ↓2x* NS NS ↑2x* ↓3x* NS ↓4x*** NS ↓3x* NS 

Lymph150-300 vs 
Lymph0-150 

NS ↑2x** NS NS NS ↑2x* NS ↑2x* NS ↑2x* NS ↑2x* 
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Figure 3.7: Comparison of mesenteric lymph nucleic acid DAMPs level between AP and Sham 
groups at three time points 
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Table 3.10: Mesenteric lymph nucleic acid DAMPs comparisons between disease groups 

 
Lymph0 Lymph0-150 Lymph150-300 

cfDNA NS NS ↑4x** 

nDNA 

ACTB NS NS ↑4x* 

GAPDH NS NS ↑4x* 

mtDNA 

CytB NS NS ↑4x* 

COX3 NS NS ↑4x* 

ND NS NS ↑4x* 

 

 

Summary:  

• The nucleic acid DAMPs levels can be detected in the ML, and they all followed a similar trend.  

• Generally, the DAMPs elevated in AP at the last 150 min of AP for about 2-folds compared to the 

respective baseline samples whereas their levels were about 2-4 folds lower in the Lymph0-150 

samples compared to the baseline Lymph0. 

• Between AP and sham, there was no difference between them at Lymph0 and Lymph0-150. 

• For Lymph150-300, AP had 4-fold higher nucleic acid DAMPs than the respective sham.  

 

 Protein DAMPs 

 Plasma profiles of protein DAMPs in AP 

The protein DAMPs concentration in plasma was only measured at Plasma300 which is the sample 

collected at the end of the experiment. The comparisons of the protein DAMPs levels between the 

groups are shown in Table 3.11 and Figure 3.8.  

HMGB1: Plasma HMGB1 elevated in both AP groups with or without ML drainage when compared to 

their respective shams (21-fold elevation in the drainage model and 17-fold elevation in the non-

drainage model). However, there was no direct difference between the two AP groups – APND and 

APD or between the two sham groups – SAPND and SAPD (Figure 3.8A). 

S100A8/A9: There was no significant difference in plasma S100A8/A9 concentration between AP and 

shams. The drainage of ML also did not influence the plasma S100A8/A9 level (Figure 3.8B).  



88 

 

Figure 3.8:Plasma protein DAMPs profiles in acute pancreatitis 
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Table 3.11: Protein DAMPs levels comparisons between different disease groups 

 HMGB1 S100A8/A9 

APND vs SAPND ↑17x** NS 

APND vs APD NS NS 

APD vs SAPD  ↑21x** NS 

SAPND vs SAPD NS NS 

APD vs SAPND ↑39x*** NS 

 

 

 Protein DAMPs profile in AP-conditioned mesenteric lymph 

The protein DAMPs – HMGB1 and S100A8/A9 levels were measured in all three ML samples collected 

at different time points. The detailed profile of the protein DAMPs are in Figure 3.9, Figure 3.10, Table 

3.12 and Table 3.13. 
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HMGB1: ML HMGB1 concentrations were decreased from baseline in both sham and AP groups 

(Lymph150-300 of SAPD and APD had 3-fold lower than respective baseline samples, Lymph0; p<0.01) 

(Figure 3.9A). There was no significant difference in ML HMGB1 concentration between APD and SAPD 

at all three time points (Figure 3.10A). 

S100A8/A9: There was no change in S100A8/A9 concentration over time in SAPD whereas the 

concentration was 3-fold lower in Lymph0-150 and Lymph150-300 of AP compared to its baseline sample – 

Lymph0 (p<0.05) (Figure 3.9B). Like HMGB1, across three time points, there was no significant 

difference in ML S100A8/A9 levels between AP and Sham (Figure 3.10B).  

Figure 3.9: Changes in mesenteric lymph protein DAMPs levels by time in AP and Sham 
groups 
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Table 3.12: Mesenteric lymph protein DAMPs profile by time summary 

 
HMGB1 S100A8/A9 

SAPD APD SAPD APD 

Lymph0-150vs Lymph0 ↓2x* ↓2x* NS ↓3x* 

Lymph150-300vs Lymph0 ↓3x** ↓3x** NS ↓3x* 

Lymph150-300vs Lymph0-150 NS NS NS NS 
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Figure 3.10: Comparison of mesenteric lymph protein DAMPs level between AP and Sham 
groups at three time points 
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Table 3.13: Mesenteric lymph protein DAMPs comparisons between AP and Sham 

APD vs SAPD Lymph0 Lymph0-150 Lymph150-300 

HMGB1 NS NS NS 

S100A8/A9 NS NS NS 

 

 

 

Summary:  

• The two protein DAMPs – HMGB1 and S100A8/A9 behaved differently. 

• Plasma HMGB1 was elevated in AP, but ML drainage had no effect.  

• The plasma S100A8/A9 level was not altered by either AP or ML drainage. 

• HMGB1 and S100A8/A9 concentrations did not increase over time in ML of either sham or AP 

groups.  
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3.4 Discussion 

In this experiment, I investigated the changes in plasma and ML cytokines and DAMPs during 5 hours 

of moderate to severe AP. The purpose was to understand whether (i) the circulatory cytokines and 

DAMPs were elevated in AP, (ii) the drainage of ML could reduce their level in the circulation and (iii) 

whether the cytokines and or DAMPS were carried in ML. The experiment used the taurocholate-

induced rodent AP model, which is well established, validated and causes moderate to severe AP [454] 

with a high likelihood of SIRS and MODS [455].  

The animals in both AP groups, APD and APND, showed significant changes in their physiological 

signs, including decreased MAP and increased HR, especially during the final 2 hours of the experiment 

compared to the respective sham. The elevation of serum lipase was seen in both APD and APND, 

which confirms the development of AP. There was an elevation of serum creatinine in both AP groups 

compared to the sham. Taken together, these changes indicated the development of shock and early 

organ dysfunction in AP rats.  

Compared to APND, APD rats had slightly lower MAP in the last 2 hours of the experiment compared 

to APND. The drainage of ML affected the blood pressure in the AP rats, indicating the sensitivity to 

volume depletion in the rodent model of AP. APD also needed a higher volume of IVF resuscitation 

than APND. Compared to the SAPD, there was a lower volume of ML collected in APD rats. That is 

likely to be due to the hypotension in the second half of the experiment and the intravascular volume 

depletion in the AP rats. That supports the findings in a clinical setting where most AP patients need 

intravenous fluid resuscitation [456]. Due to the unavoidable changes in intravascular fluid volume due 

to ML drainage (SAPD and APD), the results were interpreted by a direct comparison of plasma 

cytokines and DAMPs levels between APD and SAPD or APND and SAPND, respectively in this 

experiment (i.e., compares the fold-changes between SAPD and APD to the fold-changes between 

SAPND and APND).  Then, the fold changes between the two sets of comparisons were then compared.  

 Plasma and mesenteric lymph cytokines profile in acute pancreatitis 

Cytokines are a group of small proteins or peptides that are released by broad ranges of cells including 

both immune cells such as macrophages, lymphocytes and non-immune cells such as endothelial cells, 

fibroblasts [457]. The cytokines include chemokines, interferons, interleukins, lymphokines and tumour 

necrosis factors. They are the signalling molecules that act through the cell surface receptor and 

regulate the inflammatory and anti-inflammatory conditions.  

It is already known that several cytokines rise in the systemic circulation during AP, and they are 

believed to be responsible for the systemic manifestation of AP and distant organs dysfunctions [458, 

459]. The blockage of these mediators was shown to have positive outcomes in animal models of AP 

[115].  

I chose to measure seven pro-inflammatory cytokines IL-1α, IL-1β, IL-2, IL-6, IL-18, MCP-1 and TNF-α 

and three anti-inflammatory cytokines IL-4, IL-10 and IL-13. These are important cytokines that have 
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already been shown to be associated with AP. For example, IL-1β, IL-6 and TNF-α were elevated in 

the serum of animals with AP [459], and the animal pre-treated with IL-10 had less severe AP [460]. 

 Circulating plasma cytokines elevate in acute pancreatitis  

The majority of circulatory cytokines measured (8/10) were elevated in APND compared to SAPND 

except for IL-1β and IL-13. The findings were consistent with the past findings on the important roles of 

cytokines in AP induced SIRS and MODS in clinical settings [115, 458].  

In this study, it was found that IL-6 and IL-18 rose more than 40-fold in APND compared to the SAPND. 

These two cytokines are regarded as the key cytokines in AP, and their levels are reported to be 

correlated with the severity of the disease in patients [461, 462] and significantly associated with MODS 

in AP patients [463]. Several clinical studies have done whether IL-6 and IL-18 could be an early 

predictor of the severity of AP [464, 465]. The IL-6 receptor antibody Tocilizumab has been studied in 

the animal model of AP and found to be safe and effective in reducing the severity of AP and associated 

lung injury [466]. Their significant elevations, among other cytokines in this experiment, support the 

need for a future clinical study on the validation of these two markers and possible translation to the 

clinical setting.  

In addition, the study demonstrated the elevations of MCP-1 and TNF-α in AP, which are consistent 

with the findings in the literature [147, 467]. Unexpectedly, there was no difference in IL-1β level 

between Sham and AP in this experiment. IL-1β has been recognised as an important inflammatory 

mediator and is elevated in multiple SIRS conditions, including AP. One explanation might be the timing 

of the experiment, as the plasma level was measured at the 5th hr of induction of AP. It may not be long 

enough to induce the significant elevation of IL-1β in the rodent model of AP. One can notice the slight 

elevation of IL-1β in APND compared to SAPND, although it was not statistically significant.  

In addition to proinflammatory cytokines, anti-inflammatory cytokines are known to increase in AP. In 

this experiment, IL-4 and IL-10 were higher in APND than SAPND. IL-10 is a well-known anti-

inflammatory cytokine that was elevated in AP patients, and its plasma levels were correlated with the 

severity of AP [468]. The persistent elevation of IL-10 is associated with less severe pancreatitis in 

clinical subjects [242]. An increase in plasma IL-10 relative to IL-6 or IL-8 is associated with improved 

survivors in acute pancreatitis patients [469]. In animal studies, the injection of IL-10 into systemic 

circulation decreased the severity of AP [459]. Like IL-10, IL-4 is also a potent anti-inflammatory 

cytokine. An animal study showed the injection of IL-4 could reduce the severe AP aggravation by 

increased expression of decay-accelerating factor and CD59 in the pancreas [236]. So, the current 

experiment confirmed the current understanding of elevation of both pro and anti-inflammatory 

cytokines in AP, and it also showed this occurred in the first 5 hours of the animal model of AP. These 

findings show that cytokines can be highly but also selectively elevated in systemic circulation during 

AP. 
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 Mesenteric lymph drainage prevented the elevation of plasma cytokines levels 

in acute pancreatitis.  

To understand the effect of ML drainage on circulatory cytokines during AP, the differences in plasma 

cytokines levels between APD and SAPD were studied. It was found that 3/10 cytokines measured (IL-

6, MCP-1 and IL-18) were elevated significantly in APD compared to SAPD. These three were also 

elevated in the APND group (see above). In addition, the fold elevations of these cytokines were lower 

between the ML drainage groups (i.e., APD vs SAPD) than the non-ML drainage group (i.e., APND vs 

SAPND). The findings indicate that the drainage of ML caused an attenuated response for cytokines.  

Both pro and anti-inflammatory cytokines were elevated in AP. Pro-inflammatory cytokines such as IL-

1, IL-6 and TNF-α initiate and propagate systemic inflammation. In contrast, anti-inflammatory cytokines 

suppress the immune system and increase the risk of infection. The changes in cytokines levels play 

an important role in the progression of simple organ inflammation – pancreatitis to systemic disease. 

The lesser number and lower-fold cytokines elevation with the ML drainage in AP may influence the 

changes in the disease course of AP.  

It has been demonstrated that the drainage of ML might help to reduce the systemic inflammation in CI, 

including AP [96, 105]. However, the findings in this experiment indicated that the protective effects of 

ML drainage in AP are not as dramatic as might have been expected. The major inflammatory cytokines 

IL-6, MCP-1 and IL-18, which showed the most significant elevation in APND remained elevated after 

lymph drainage (i.e., in APD). However, overall, it is clear that the increase in cytokines (fold changes) 

was lower in APD than APND.  Elevation of all these three cytokines, IL-6, MCP-1 and IL-18, was known 

to be associated with the severity of AP. For example, a higher level of IL-6 is associated with a more 

severe prognosis in AP patients [151]. IL-18 was noted to be the earliest marker of severe AP in patients 

[465]. The animal model study showed the correlation between MCP-1 expression and severity of AP; 

the blockage of the MCP-1 activity reduced the severity of the disease [226]. So, one can argue that 

the drainage of the ML may influence the systemic manifestation of AP by reducing the fold elevation 

of these important cytokines.  

This observation of changes in plasma cytokines with ML drainage, therefore, raises the question of 

whether ML fluid could be the important carrier of cytokines and contribute to the circulating plasma 

profile during AP. 

 Mesenteric lymph carried cytokines  

In order to examine whether the ML could be the important source of cytokines to the systemic 

circulation during AP, ML cytokines levels were analysed at the three time points - before induction 

(Lymph0), between 0 to 150 min (Lymph0-150) and between 150 to 300 min of AP (Lymph150-300). Most 

of the cytokines were undetectable at the baseline, and the levels of some cytokines rose in the 

subsequent samples in both sham and AP (which included IL-1β and IL-10 in both and IL-6 and MCP-

1 in AP).  There were significant elevations of IL-6 and MCP-1 in APD compared to SAPD but only after 

150 min of AP.  
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Changes in ML cytokines have been studied in other critical diseases. Sakashita et al. demonstrated 

the elevation of ML TNF-α and IL-6 in 2hr and 4 hr after intraperitoneal injection of zymosan in rats 

which induced sterile inflammation [470]. Marson et al. showed that TNF-α and IL1-β were detectable 

and elevated in ML of trauma-haemorrhage shock [471]. The ML cytokines changes in the AP have not 

been widely studied, although it has been widely accepted that circulatory cytokines play a vital role in 

the pathogenesis of systemic manifestation of AP [235]. The findings in this experiment support that at 

least one source of the circulating cytokines in AP comes from the ML.  

In this experiment, we measured ten different cytokines at the three different collection time points of 

AP. The study demonstrated the elevation of ML IL-6 and MCP-1 in AP, both of which were elevated in 

the plasma of AP in both drainage and non-drainage models compared to the respective sham. 

Although plasma IL-18 was elevated in APD, it did not increase in the ML of APD compared to the 

sham.  In addition, the drainage of ML prevented the elevation of other five plasma cytokines in APD, 

which were elevated in APND compared to SAPND namely, IL-1α, IL-2, TNF-α, IL-4, and IL-10. These 

cytokines were not elevated in the ML of APD.  These findings do not provide definitive evidence that 

ML is the major source of plasma cytokines, that ML mediated cytokines are responsible for 

SIRS/MODS or that ML drainage resulted in a reduction in all cytokines that were elevated in AP. There 

are multiple possibilities why the drainage of ML prevented the elevation of multiple plasma cytokines 

in AP. One possibility was that the ML carried the stimulus for the systemic release of cytokines 

(especially in the case of IL-18, IL-1α, IL-2, TNF-α, IL-4 and IL-10). The drainage of ML removed the 

stimulation and prevented their elevation in APD. Another possibility was that the drainage of ML could 

improve other aspects of the disease severity state and so that there was less stimulus for an elevation 

of these cytokines in APD. In addition, the ML was noted to be a source of some cytokines (IL-6 and 

MCP-1), and the diversion removed them from the circulation. It could also be a combination of all these 

different pathologies.  

 Summary 

Overall, this study has shown that multiple cytokines were elevated in the systemic circulation during 

AP and IL-6 and MCP-1 were the same major cytokines carried in the highest concentration in the ML 

during AP.  There is evidence that ML drainage can attenuate the plasma cytokine levels.  

 Plasma and mesenteric lymph DAMPs profile in acute pancreatitis  

 Nucleic acid DAMPs 

The nucleic acid DNA stores the vitally important information of the organisms and it is normally located 

in the nucleus (nDNA) or mitochondria (mtDNA). Once they release outside the cells, they could acquire 

immune activity and severe as DAMPs. The important role of these nucleic acid DAMPs in CI was 

discussed in sections 1.7.1 and 1.7.2. Although the elevation of nucleic acid DAMPs in systemic 

circulation has been seen in different forms of CI – including AP [472], the source of these nucleic acid 

DAMPs was not clear. ML is known to be an important extracellular fluid during CI and can induce direct 

end-organ dysfunction [473]. In this study, I studied the changes in cfDNA, nDNA and mtDNA in both 

systemic circulation and ML. It was unique as the levels were studied at the three different time points 
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in both plasma and ML with the aim of explaining where the drainage of ML affects on the plasma 

concentration.  

My study has again confirmed the elevation of these nucleic acid DAMPs in systemic circulation and 

can be detected at 150 min of disease induction. The drainage of ML affects the circulatory nucleic 

DAMP levels, and generally, it made less elevation of plasma nucleic acid DAMPs in AP.  

3.4.2.1.1 Plasma Nucleic acid DAMPs in acute pancreatitis 

The plasma nucleic acid DAMPs cfDNA, nDNA and mtDNA were found to be elevated at 150 min of AP 

compared to shams. These findings confirm a previous report on the association between the elevated 

cfDNA and the severity of AP in a clinical setting [368]. In that study, although they did not break down 

the type of nucleic acid DAMP, they reported the higher levels of serum cfDNA on admission were 

correlated with the extent of pancreatic necrosis and probably the severity of AP. The same findings 

were noted with mtDNA where there was significant elevation of mtDNA in severe AP patients, 

especially in those with necrotizing pancreatitis [472]. The study noted that the levels were not 

significantly elevated in the patient with moderately severe or mild AP compared to the health control. 

However, there was no study done specifically on the correlation between nDNA level and severity of 

AP. One possible reason is that the majority of cfDNA could be from nDNA as it has the largest base 

pairs. For example, human nDNA carry about 3 billion base pair while mtDNA carries 16,596 base pairs 

[474]. In our study, the similar trends between cfDNA and nDNA were observed which indicated that 

the majority of cfDNA were from nDNA source.   

The findings in my experiment also showed that the nucleic acid DAMPs (all three cfDNA, nDNA and 

mtDNA) could elevate as early as 150 min after the induction of AP in the taurocholate-induced rodent 

model. These changes in the plasma nucleic acid DAMPs were earlier than the derangement in vital 

signs, which occurred mainly during the 4th and 5th hours of AP in my experiment. This novel finding in 

my experiment supports the hypothesis that DAMPs could be an early mediator of SIRS and MODS in 

AP. It has now been widely accepted that the initial damage and death of pancreatic cell release the 

endogenous DAMPs in the systemic circulation and activate the innate immune system and induce 

systemic inflammation [450, 451]. The strategy to control the circulatory DAMPs, especially nucleic acid 

DAMPs, will be the potential therapeutic strategy to control systemic inflammation in AP.  

3.4.2.1.2 Effect of mesenteric lymph drainage on plasma nucleic acid DAMPs level 

There was a less elevation of plasma cfDNA and nDNA at both 150 and 300 min in AP with ML drainage 

than without drainage, compared to their respective shams. For the mtDNA, there was no difference in 

circulating plasma mtDNA levels between APD and SAPD at 300 min. These findings indicated that the 

drainage of ML could attenuate the elevation of certain circulating plasma nucleic acid DAMPs.  

Not only was the final time-point difference between AP and sham plasma nucleic acid DAMPs 

attenuated, but also it altered the time course of the rise. I found that the plasma mtDNA did not elevate 

at 150 min (compared to the baseline time zero) in APD. Whereas in APND, the plasma mtDNA was 

already elevated at 150 min compared to its baseline. Thus, the drainage of ML slowed the elevation 
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of plasma mtDNA in AP. However, it did not slow down the elevation of plasma cfDNA and nDNA in 

AP. The specific effect on the mtDNA is interesting as circulatory mtDNA could play an important role 

in systemic inflammation. As explained before, mtDNA has a similar structure as bacterial DNA and can 

activate the innate immune system directly through TLR9 [280]. It also had direct cytotoxicity [475] and 

can cause organ dysfunction, which is the not case for nDNA. So, it could be considered as a potent 

mediator of SIRS/MODS. These novel finding of ML drainage preventing the early elevation of plasma 

mtDNA indicated that it may be an effective strategy to control systemic inflammation in AP.  

The underlying mechanism of how the ML drainage could prevent or delay the release of mtDNA, but 

not other nucleic acid DAMPs in the systemic circulation, is unclear. One possible explanation is that 

the drainage of ML could have prevented or delayed mitochondrial dysfunction. As a result, it slows 

down the release of mitochondrial DAMPs, including mtDNA, into the circulation. The previous study 

done by our group had shown that the ML from AP rats caused mitochondrial dysfunction of the cardiac 

fibres from normal rats [476]. So, the drainage of the ML may help to delay the mitochondrial damages 

in AP, which not only prevents end-organ dysfunction (like cardiac dysfunction), but also reduces the 

release of inflammatory mediators from the mitochondria itself.  Alternatively, could ML be a source or 

important channel that carries mtDNA into the systemic circulation during AP? In order to answer that 

question, the level of cfDNA, nDNA and mtDNA were measured in ML.  

3.4.2.1.3 Mesenteric lymph as a source of nucleic acid DAMPs during acute pancreatitis  

I found that ML was rich in cfDNA, nDNA and mtDNA, and their concentrations were generally higher 

by 2 to 20-fold than in plasma. Overall, their levels increased over time in AP while they decreased in 

SAPD. The difference in ML nucleic acid DAMPs levels between SAPD and APD was seen only in the 

ML collected after 150-300 min of AP, i.e., it was a late phenomenon. In contrast, in the plasma samples, 

I found the elevation of nucleic acid DAMPs could be seen as early as only 150 min of AP, much earlier 

than in the ML. This time course evidence indicates that the ML was not the initial source of nucleic acid 

DAMPs as the AP developed. This is not surprising in my model as the initial insult was the induction 

of localised tissue damage in the pancreas, so most initial DNA DAMP will have come from this source. 

Later DNA rises will likely come from a combination of the pancreas damage and secondary damage 

to other organs as the disease starts to manifest systemic effects. 

The nucleic acid DAMPs in ML itself were however significantly elevated in AP at 300 min and might 

contribute to the toxicity of the AP conditioned ML as stated in the previous in-vitro and in-vivo 

experiments [106, 477]. The interesting observation was that drainage of ML reduced or slowed the 

elevation of plasma nucleic DAMPs - mtDNA as described above. It could be possible that the ML could 

carry substances that could mediate the release of nucleic DAMPs in the systemic circulation, probably 

cytokines or other DAMPs. So, the diversion of ML may reduce the concentration of cfDNA, mtDNA and 

nDNA in systemic circulation and hence it may help to reduce the severity of AP.  

3.4.2.1.4 Summary 

The study showed that the plasma nucleic acid DAMPs – cfDNA, nDNA and mtDNA levels elevated 

during AP and the drainage of ML reduced the degree of their elevations in plasma compared to the 
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respective sham models at both time points. ML was found to be a rich source of DNA, and their levels 

elevated in the ML collected between 150-300 min of AP. In plasma, the elevation was observed at 150 

min of AP, and hence, the ML could not be the initial source of nucleic acid DAMPs in AP. However, it 

may potentially carry substances that could stimulate the release of nucleic acid DAMPs in the systemic 

circulation since the drainage of ML could not only reduce the degree of nucleic acid DAMPs elevation 

in plasma, but also prevent the early elevation of plasma mtDNA in AP.  

 Protein DAMPs  

In this study, I also measured HMGB1 and S100A8/A9 concentrations in the plasma and ML during 

acute pancreatitis. HMGB1 is an intra-nuclear protein and is regarded as an important DAMP molecule 

in AP [478] and AP induced MODS [479]. S100A8/A9 complex which is also known as “calprotectin”, is 

an inflammatory molecule and is elevated in acute inflammatory conditions, including AP [423]. 

3.4.2.2.1 Plasma protein DAMPs in acute pancreatitis  

In this experiment, the plasma HMGB1 levels in sham were below 10 ng/ml, which is similar to the 

reference value of 11.7 ± 2.5 ng/ml in the literature [480]. The sham models used in this experiment did 

not induce the elevation of plasma HMGB1.  

Plasma HMGB1 was however elevated in both APD and APND groups compared to their respective 

shams. The findings were consistent with the previous reports of increased circulatory HMBG1 in 

patients with severe AP that correlated with disease severity [259]. The intraperitoneal administration 

of anti-HMGB1 before induction of AP in mice attenuated the development of severe AP and associated 

organ dysfunctions [393]. Therefore, HMBG1 is reported to play a potential role in the pathogenesis of 

AP [479], and our findings again confirmed its important role in the systemic manifestation of AP.  

On the other hand, there was no elevation of circulatory S100A8/A9 (calprotectin) levels in AP. While 

there is no data on plasma calprotectin levels in animal models of AP, these findings were contrary to 

the findings in the clinical literature. The study done by Antonio et al. demonstrated that there was an 

elevated level of plasma calprotectin in all AP patients within the first 24hours after hospitalization, 

although the levels were not directly correlated with the severity of AP [423]. The baseline plasma 

calprotectin level in rodents (rats and mice) is around 100ng/ml [481, 482]. In this experiment, the values 

were below 100ng/ml in both AP and sham. The findings of this study suggest that calprotectin is not 

an inflammatory molecule that is elevated in the first five hours of the rodent model of AP used in this 

experiment. On the other hand, it may be related to the experiment technique itself, as the level of 

calprotectin in the sham was below the normal range. Further study should be done over a longer time 

frame and with other experimental models of AP. 

3.4.2.2.2 Effect of ML drainage on circulatory protein DAMPs and their concentration in 
ML 

There was no difference in plasma HMGB1 level between APD and APND. However, they both were 

elevated compared to the respective shams, and the higher-fold elevation was noted between the ML 

drainage models (APD and SAPD) compared to the non-drainage models (APND and SAPND). There 
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was no previous study done on alteration of plasma HMGB1 level with ML drainage in AP. However, 

there were studies done in other models of CI and showed that ML drainage could reduce the circulatory 

HMGB1. For example, a study on the rats’ intestinal ischemia-reperfusion injury showed that the 

drainage of ML reduced the circulatory HMGB1 compared to the non-drainage models [391]. My 

experiment showed the opposite pattern. The possible explanation is the ML did not carry the HMGB1 

or the mediator that stimulated the release of HMGB1 in the AP model. 

The ML HMGB1 were lower in both shams and AP at Lymph0-150 and Lymph150-300 compared to the 

baseline Lymph0. There was no difference in the ML HMGB1 level between sham and AP at all time 

points. Thus, indicated that the ML could not be a primary source of HMGB1 in the first 5 hours of AP.  

The concentration of calprotectin did not change in plasma as well as ML during AP, and the drainage 

of ML did not affect the plasma calprotectin concentration. It indicated that the calprotectin may not 

contribute to the disease process in the first five hours of the rodent model of AP used in this experiment.  

3.4.2.2.3 Summary 

The study showed elevation of circulatory HMGB1 in AP as early as the first five hours of disease 

induction and that the drainage of ML did not affect its level and it is not elevated in ML of AP. On the 

other hand, the calprotectin level did not change in both plasma and ML of AP in the first five hours of 

the disease.    

 Difference in profiles between nucleic acid DAMPS and Protein DAMPS 

Another novel aspect of the study was both nucleic acid DAMPs and protein DAMPs were measured in 

both plasma and ML in AP and compared with Shams. Their plasma levels were elevated in AP (except 

S100A8/A9). However, only nucleic acid DAMPs were elevated in ML. This suggests possible 

differences in the mechanism of DAMPs release and distribution between these two groups. They both 

are intracellular and could be released upon cell death. ML is rich in protein, and changes in proteomic 

composition were identified by our group in the past [108]. It is unexpected to have no elevation of 

protein DAMPs in ML during AP. There is no previous data that could explain whether one of them 

could be easier to release from the cells or vice versa. One possible explanation is the limitation of the 

assays method, as the ELISA technique used for protein DAMPs is not verified in ML samples.  

3.5 Novelty of the study  

The study compared the changes in cytokines and DAMPs in plasma and ML at different time points 

during AP. It revealed that the ML could be a source of certain circulatory cytokines, IL-6 and MCP-1, 

during AP. It is also the first study that demonstrates the early elevation of plasma nucleic acid DAMPs, 

cfDNA, nDNA and mtDNA as early as 150 min after induction of AP. There is no current study that has 

measured the changes in nucleic acid and protein DAMPs in ML during AP. In this study, the elevation 

of all three nucleic acid DAMPs was noted in Lymph150-300 compared to the sham. However, both protein 

DAMPs – HMGB1 and S100A8/A9 were not elevated in ML of AP.   
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3.6 Limitations of the study design 

One limitation of the study is that it was based on an anaesthetised animal model of AP. The disease 

is developed within a short time frame of only 5 hours, compared to the clinical setting, where the 

disease process can take days to a week. The aggressive nature of the model means significant 

pancreatic necrosis first occurs and then subsequent rapid deterioration of physiology. So, this is 

exploring an accelerated version of the early phase of the clinical disease process. Nonetheless, key 

information for generating hypotheses for clinical studies can be generated from animal studies, and 

the taurocholic acid-induced AP in rodents are a well-accepted model for AP [433, 483].  

3.7 Conclusion 

This is a novel study of AP that analysed and compared the changes in cytokines and DAMPs in two 

different body compartments: ML and plasma. Multiple cytokines, cfDNA, mtDNA, nDNA and HMGB1 

were elevated in the systemic circulation during AP. However, only some major cytokines (IL6 and 

MCP-1) and nucleic acid derived DAMPs (cfDNA, mtDNA and nDNA) were elevated in ML during AP, 

and the drainage of ML reduced their levels in the systemic circulation during AP. Although HMGB1 

level was elevated in the systemic circulation, its level was not altered in ML, and the drainage of ML 

did not alter its concentration in the systemic circulation. The S100A8/A9 level in the plasma and ML 

did not change significantly in AP. The study showed that the concentration of cytokines and DAMPs 

altered in ML of AP, and the drainage of ML could change the concentration of those cytokines and 

DAMPs in the systemic circulation. This study supports the need for further investigation on the 

composition of ML in AP to identify the potential therapeutic target to improve survival in AP. 
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Chapter 4 : Profiles of Cytokines and DAMPs in 

plasma and mesenteric lymph during Sepsis  

4.1 Introduction  

Sepsis is a life-threatening condition caused by a dysregulated host response to infection [5]. Sepsis is 

a major public health concern; there are nearly 20 million sepsis cases per year worldwide, with a 

mortality of around 35% [484]. MODS could be a consequence of severe sepsis, resulting from an 

uncontrolled inflammatory process. Although there are no definitive diagnostic criteria for MODS, there 

is a consensus that MODS should be diagnosed when dysfunction of at least two organs or systems is 

simultaneously observed [485]. The development of MODS is associated with a higher mortality rate in 

sepsis. Although the immune process plays a vital role in the development of MODS, there is no 

effective strategy to prevent it. It was thought that the ML carries the toxic substances from the intestine 

during septic shock and drains directly into the systemic circulation without bypassing the hepatic 

detoxification system [102]. The toxic substances in the ML could contribute to the development of 

MODS [486]. It has been repeatedly proved that the drainage of ML could attenuate lung inflammation 

and injury in septic rats [487, 488]. The proteomic study showed that there were composition changes 

in the ML during sepsis which further supports the important role of the ML in sepsis-induced MODS 

[489]. However, the major important factors in the ML that are mainly responsible for the development 

of MODS are yet to be identified. There has been an increasing number of evidence which shows the 

important role of DAMP molecules in the pathogenesis of sepsis [490]. DAMPs are the group of 

endogenous intracellular molecules that are released mainly from damaged or dead cells. Various 

DAMPs are shown to be elevated in systemic circulation during sepsis [491]. In addition to DAMPs, 

cytokines play an important role in the pathogenesis of sepsis and sepsis-induced MODS [136]. 

Here, I hypothesised that ML in sepsis carries the DAMP molecules and cytokines from 

damaged/inflamed intraabdominal organs, including intestines and directly drains into the systemic 

circulation. If so, the drainage of ML would divert the DAMP molecules and cytokines away from the 

systemic circulation and alter their level in the circulation.  

 

The aims of the research were  

1) To detect the changes in the concentration of DAMPs (cfDNA, mtDNA, nDNA, HMGB1 and 

S100A8/A9) and cytokines in plasma and the ML during severe sepsis, and  

2) To measure the effect of ML drainage on the levels of DAMPs and cytokines in plasma during the 

rodent model of severe sepsis.  

4.2 Methodology 

The detail of the experimental set-up is explained in the Methodology chapter (See Chapter 2). Briefly, 

thirty-two Sprague Dawley rats were randomly divided into four groups (n=8 per group):  

(1) sepsis with ML drainage (SD)  

(2) sepsis without ML drainage (SND) 
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(3) sham with ML drainage (SSD)  

(4) sham without ML non-drainage (SSND).  

Group Description Sepsis Mesenteric drainage 

SND Sepsis with no ML drainage ✓  
x 

SD Sepsis with ML drainage ✓  
✓  

SSND 
Sham with no ML drainage x x 

SSD 
Sham with ML drainage x ✓  

Animal model 

The animal model of sepsis and ML drainage was explained in sections 2.2 and 2.3.2.   

Samples 

Plasma samples were collected at three time intervals:  

(1) pre-induction of sepsis (Plasma0),  

(2) at 150 min (Plasma150) and  

(3) 300 min (Plasma300) after induction of sepsis.  

Note that only ~ 0.5ml of blood was collected for Plasma0 and Plasma150 as explained in section 2.7.1 

to avoid unwanted physiological derangement.  

ML was collected without adding any anticoagulant throughout the experiment in three collection 

phases: 

(1) pre-sepsis (Lymph0),  

(2) first 150 min (Lymph0-150) and  

(3) second 150 min (Lymph150-300) after the induction of sepsis.  

Sample collection durations for sham control groups were matched to the sepsis groups.  

Data collection/sample analysis/statistical method 

The same method was applied as stated in section 3.2 

 

4.3 Results 

 Baseline characteristics and intraoperative physiological data  

In Table 4.1, there is a summary of the baseline characteristics and the measurements from key 

intraoperative physiological parameters for each rat group.  

Baseline characteristics and fluid balance:  There was no significant difference in age and weights 

between the animals used in the study. The total volume of IVF infused is significantly higher in SD, 

compared to SSND (p<0.01) and SND (p<0.01), as the rats in SD groups needed additional IVF bolus 
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to sustain the MAP. However, there was no difference in the total amount of IVF infused between the 

two drainage groups (SSD and SD). There was no significant difference in the volume of ML yielded 

between SSD and SD.    

Mean Arterial Pressure: The MAP of both shams, SSND and SSD were stable over the five hours 

period. In contrast, the MAP in both sepsis groups declined over time. It was more noticeable and earlier 

in SD groups. Compared to their respective shams, the sepsis groups had a lower MAP from the 3rd 

and 4th hour of the experiment onwards in SD (p<0.05) and SND (p<0.05), respectively. Between the 

two sepsis groups, the SD had a lower MAP at the 5th hour (p<0.001) than the SND.   

Heart rate: Similar to MAP, the HR of both shams, SSND and SD were stable over the five hour period. 

In contrast, the HR in both sepsis groups increased over time. It was more pronounced and earlier in 

SD groups than SND. Compared to the respective shams, the sepsis groups had a higher HR from the 

3rd and 4th hour of the experiment onwards in SD (p<0.01) and SND (p<0.001), respectively. Between 

the two sepsis groups, SD had a higher HR at the 5th hour of the experiment (p<0.05).  

Table 4.1: Baseline characteristics and intraoperative physiological data 

  SSND SND SSD SD 

Number 8 8 8 8 

Age(days) 93 ± 2 97 ± 2 94 ± 3 94 ± 2 

Weight (g) 514 ± 14 490 ± 12 496 ± 13 516 ± 10 

Total IVF infused (ml) 31.9 ± 0.5a 31.7 ± 1.1b 33.7 ± 1.3 38.4 ± 1.9a,b 

Total ML collected (ml) - - 6.0 ± 0.3 7.9 ± 1.2 

MAP (mmHg) 

1st hr 85 ± 6 80 ± 3h 75 ± 4 76 ± 4k,m 

2nd hr 93 ± 6zy 83 ± 3a,i 76 ± 5z 70 ± 4a,n,y 

3rd hr 90 ± 5x 80 ± 3j 82 ± 3b 70 ± 4b,o,x 

4th hr 89 ± 7c,w 75 ± 4c 81 ± 4d 62 ± 3d,k,p,w 

5th hr 91 ± 6e,f,t 63 ± 6e,h,I,j,s 77 ± 5f,g,s 41 ± 2g,l,m,n,o,p,t 

Heart rate (beats per minute) 

1st hr 332 ± 5 332 ± 11g,h 326 ± 8 311 ± 9m,n,o 

2nd hr 332 ± 5 346 ± 15i,j 330 ± 7 336 ± 13p,q,r 

3rd hr 326 ± 8z 358 ±14k,l 344 ± 6a 392 ± 20a,m,p,s,t,z 

4th hr 324 ± 7b,y 404 ±16b,g,I,k,x 333 ± 12c,x 433 ± 17c,n,q,s,y 

5th hr 312 ± 11d,v 416 ± 17d,f,h,j,l,w 325 ± 11e,w 457 ± 11e,f,o,r,t,v 
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Summary:  

• There was no difference in the basic characteristics – age & weight between the study groups.  

• A higher volume of intravascular fluid was required in SD than SND to maintain the MAP above 

30 mmHg.  

• There was no difference in the volume of ML obtained between SD and SSD.  

• Hypotension and tachycardia were observed in both sepsis groups at the later part of the study 

compared to the respective shams – starting 3rd hour for SD and 4th hour for SND.  

• The degree of hypotension was greater in SD compared to the SND only in the 5th hour of sepsis. 

 Serum Biochemistry 

The serum data obtained at the end of the experiment before euthanasia of the animals were measured 

and the results were shown in Table 4.2. 

Glucose and electrolytes: There were no significant difference in glucose and electrolyte levels 

between the four groups except for the potassium level, which was about 2.2-fold higher (p<0.05) in 

SND than SSND. Although it was not statistically different, the sepsis groups generally had lower 

glucose levels.  

Kidney function: Both urea and creatinine levels were overall higher in sepsis groups compared to 

their respective shams. Urea level was almost 2-fold higher (p<0.001) in SND compared to SSND, 

whereas there was no significant difference between SD and SSD. Creatinine levels were 

approximately 3-fold higher (p<0.005) in both sepsis groups than in the respective shams.  

Liver function: There was no significant difference in liver enzymes, total protein, albumin and total 

bilirubin levels between the four groups.  

Lipid panel: There was no significant difference in lipid panel between the four groups.  

Others: The creatinine kinase (CK) level was significantly elevated in SND compared to its sham – 

SSND (9-fold, p<0.05), but there was no significant difference between the ML drainage groups of SSD 

vs. SD. The lipase levels were elevated in both sepsis groups compared to their respective shams. A 

higher elevation of lipase was noted in non-ML drainage groups (SSND vs. SND, 6-fold, p<0.001) 

compared to the ML drainage groups (SSD vs. SD, 3-fold, p<0.05).  
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Table 4.2: Serum biochemistry data of the study group 

  SSND SND SSD SD 

Glucose and Electrolytes 

Sodium (mmol/L) 145 ± 2 152 ± 4 148 ± 2 153 ± 2 

Potassium (mmol/L) 4.9 ± 0.1a 11.2 ± 1.5a 6.4 ± 1.4 12.3 ± 1.4 

Chloride (mmol/L) 110 ± 1 116 ± 4 110 ± 0 116 ± 2 

Calcium (mmol/L) 2.5 ± 0.0 2.8 ± 0.0 2.5 ± 0.2 2.8 ± 0.2 

Glucose (mmol/L) 13.0 ± 2.2 6.1 ± 1.6 11.9 ± 0.9 4.3 ± 1.7 

Kidney function 

Urea (mmol/L) 9.2 ± 0.8a 17.2 ± 0.9a 11.6 ± 1.2 15.8±0.9 

Creatinine (µmol/L) 36 ± 3a 120 ± 12a 50 ± 14b 147±10b 

Liver function 

ALT (U/L) 38 ± 5 147 ± 33 55 ± 11 252 ± 158 

AST (U/L) 104 ± 13 491 ± 109 135 ± 11 708 ± 357 

ALP (U/L) 99 ± 9 169 ± 16 100 ± 11 147 ± 19 

Total Protein (g/dl) 4.1 ± 0.1 4.3 ± 0.2 4.0 ± 0.1 4 ± 0.2 

Albumin (g/dl) 2.7 ± 0.1 2.7 ± 0.1 2.6 ± 0.1 2.6 ± 0.2 

Total Bilirubin (µmol/L) 0.9 ± 0.1 1.7 ± 0.3 0.9 ± 0.1 1.2 ± 0.2 

Lipids 

Cholesterol (mmol/L) 1.2 ± 0.1 0.9 ± 0.1 1.2 ± 0.1 0.9 ± 0.2 

Triglyceride (mmol/L) 1.8 ± 0.3 0.7 ± 0.2 1.5 ± 0.6 0.7 ± 0.2 

Others 

Creatine kinase (U/L) 597 ± 83a 5620 ± 1364a 725 ± 71 3460 ± 1963 

Lipase (U/L) 6.4 ± 0.5a 49.4 ± 14.4a 9.3 ± 1.0b 32.8 ± 7.7b 

 

 
 

Summary:  

• Generally, there was wide variation in the biochemistry responses within the sepsis groups, 

consistent with an evolving range of severities. 

• Hyperkalaemia was noted in both sepsis groups, but it was only statistically significant in the 

undrained model: SND vs SSND.  

• Elevation of creatinine occurred in both sepsis groups compared to shams. However, only SND 

had a higher urea level than SSND.  

• No difference in liver function and lipids between sepsis and sham groups  

• Only SND had elevated CK compared to SSND.  

• Lipase levels were significantly elevated in both sepsis groups compared to the respective shams.  

• There was no statistical difference in serum biochemistry between the sepsis drainage and no 

drainage groups (SND and SD). 
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 Plasma and mesenteric lymph cytokines concentration in sepsis  

The changes in the concentration of the ten cytokines were analysed in the plasma sample collected at 

300 min of sepsis (Plasma300) and mesenteric lymph sample collected at pre-disease (Lymph0), 0-150 

min (Lymph0-150) and 150-300 min of sepsis (Lymph150-300).  

 Plasma cytokine profile 

Comparisons of plasma cytokine levels between different groups were summarised in Table 4.3. 

Overall, almost all cytokines measured (both pro and anti-inflammatory cytokines) were elevated in 

sepsis compared to the shams. IL-1β did not change significantly between all studied groups. The 

graphs that compare the changes in plasma cytokines levels between the studied groups are shown in 

Figure 4.1.  

Effect of sepsis without ML drainage  

First, SND and SSND were compared to identify the changes in plasma cytokines during the sepsis 

itself. It was found that 9 out of 10 cytokines (IL-1α, IL-2, IL-6, IL-18, MCP-1, TNF-α, IL-4, IL-13 and IL-

10) measured were elevated significantly in sepsis, ranging from 23 to 953-fold elevation in sepsis. The 

most striking elevations were seen in IL-6, IL-1α and IL-18, where SND had 953, 120 and 73-fold higher 

levels than SSND.   

Effect of sepsis with ML drainage  

The plasma cytokines levels between SD and SSD were compared to understand whether in the 

presence of ML drainage, the profile of plasma cytokine induced by sepsis to its matched sham group 

had changed to that of the sepsis vs sham in the non-drainage state. A smaller number, 7/10 measured 

cytokines (IL-1α, IL-6, IL-18, MCP-1, IL-4, IL-13 and IL-10), were elevated in SD compared to SSD 

(Compared to 9/10 cytokines elevation in the non-drained model (SND vs SSND)). The most striking 

elevation was observed in IL-6, IL-1α and IL-10, with 208, 24 and 20-fold elevations in SD compared to 

SSD. It was, however, evident that the magnitude of the elevations induced by sepsis within the 

drainage groups (ranges from 6 to 208-fold) was substantially lower than in the non-drainage groups 

(22 to 953-fold). However, there was no difference in plasma cytokines levels between the two sepsis 

groups (SND vs SD).  

Effect of ML drainage without sepsis 

There was no difference in plasma cytokine profiles between the two sham groups.  
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Figure 4.1: Plasma cytokines profile in sepsis 
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Table 4.3: Plasma cytokines data summary table  

 

Pro-inflammatory cytokines Anti-inflammatory cytokines 

IL-1α IL-1β IL-2 IL-6 IL-18 MCP-1 TNF-α IL-4 IL-13 IL-10 

SND vs SSND 120x**** NS 34x** 953x**** 73x*** 22x**** 31x*** 38x*** 23x**** 25x**** 

SD vs SSD 24x*** NS NS 208x**** ↑14x* 6x**** NS 8x* 6x** 20x**** 

SND vs SD NS NS NS NS NS NS NS NS NS NS 

SSND vs SSD NS NS NS NS NS NS NS NS NS NS 
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Summary:  

• In the ML non-drainage states, 9/10 plasma cytokines levels increased in SND compared to 

SSND.  

• In the ML drainage states, 7/10 plasma cytokines levels were elevated in SD compared to SSD 

and the magnitudes of the elevation were lower compared to the fold changes between SND and 

SSND.   

• There was no difference in plasma cytokines level between the two sepsis groups or between the 

two sham groups.  

 Mesenteric lymph cytokine profile 

The levels of ML cytokine were measured at three different time intervals – 0 min, 0-150 min and 150-

300 min to detect the changes over time in both sham and sepsis groups.   

In sham, only four cytokinesIL-6, MCP-1, TNF-α and IL-10 were elevated in subsequent lymph sample 

time points compared to the baseline sample. The magnitude of the elevation was much lower 

compared to sepsis. The cytokine IL-1α was in undetectable ranges in sham samples at all the three 

time points.  

In sepsis, 9/10 measured cytokines (an exception was IL-18) were elevated in Lymph0-150 and or 

Lymph150-300, compared to the baseline sample (Lymph0). Among all the cytokines measured, the most 

significant elevation was seen in IL-6, where there was a 1585-fold increase in ML concentration at 150-

300 min from the baseline. Most of the elevations happened at the 150-300 min after induction of sepsis 

except for the four cytokines – IL-6, MCP-1, TNF-α, IL-10 also elevated in ML collected at 0-150 min of 

sepsis. The changes in ML cytokines profile of sham and sepsis over time are shown in Figure 4.2 and 

Table 4.4.   

The cytokines level between sepsis and sham were also compared at the three different time points. 

There was no difference in ML cytokine levels between the two groups at the baseline. The three 

cytokines – IL-6, MCP-1 and TNF-α elevated in Lymph0-150 of sepsis compared to the sham counterpart. 

A higher number of cytokines – seven out of ten (IL-1α, IL-2, IL-6, MCP-1, TNF-α, IL-13 and IL10) were 

elevated in the lymph sample collected at 150-300 min of sepsis compared to the respective sham 

samples. The most significant difference was again observed in IL-6, where there was a 13-fold 

elevation (p<0.01) in lymph0-150 and 132-fold elevation (p<0.001) in lymph150-300. The summary of the 

comparison between sepsis and sham ML cytokines profiles at the different collection time points are 

shown in Figure 4.3 and Table 4.5.  
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Figure 4.2: Changes in mesenteric lymph cytokines levels by time in sham and sepsis 
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Table 4.4: Mesenteric lymph cytokine profile by time summary 

 
IL-1α IL-1β IL-2 IL-6 IL-18 

SD SSD SD SSD SD SSD SD SSD SD SSD 

Lymph0-150 vs 
Lymph0 

NS NS NS NS NS NS 38x** NS NS NS 

Lymph150-300 vs 
Lymph0 

5x** NS NS NS NS NS 1585x**** 12x* NS NS 

Lymph150-300 vs 
Lymph0-150 

5x** NS 4x* NS 6x* NS 41x** NS NS NS 

 

 
MCP-1 TNF-α IL-4 IL-13 IL-10 

SD SSD SD SSD SD SSD SD SSD SD SSD 

Lymph0-150 vs 
Lymph0 

7x**** 2x* 17x**** 3x* NS NS NS NS 10x**** 4x*** 

Lymph150-300 vs 
Lymph0 

31x**** 3x** 24x**** NS 6x* NS 8x*** NS 21x**** 4x*** 

Lymph150-300 vs 
Lymph0-150 

5x**** NS NS NS NS NS 8x*** NS NS NS 
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Figure 4.3: Mesenteric lymph cytokine levels in sepsis and sham at the three timethree time 
points 
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Table 4.5: Comparison of mesenteric lymph cytokine profile between sepsis and sham at the 
three collection time points 

 Lymph0 Lymph0-150 Lymph150-300 

IL-1α NS NS 4x** 

IL-1β NS NS NS 

IL-2 NS NS 8x* 

IL-6 NS 13x* 132x**** 

IL-18 NS NS NS 

MCP-1 NS 3x*** 13x**** 

TNF-α NS 7x**** 15x**** 

IL-4 NS NS NS 

IL-13 NS NS 4x* 

IL-10 NS NS 4x* 

 

 

Summary:  

• Both pro-inflammatory and anti-inflammatory cytokines were detected in ML and their levels 

elevated in sepsis.  

• Over time: all ML cytokines (except IL-18) elevated and the levels of ML IL-6, IL-10, MCP-1 and 

TNF-α elevated since the first 150 min of sepsis. The level of ML IL-6, MCP-1, TNF-α and IL-10 

also elevated in sham (lesser degree than in sepsis).  

• Between sepsis and sham: 7/10 cytokines (IL-1α, IL-2, IL-6, MCP-1, TNF-α, IL-13 and IL-10) 

elevated in the Lymph150-300. Among them, IL-6, MCP-1 and TNF-α also elevated in Lymph0-150.  

• There was an overwhelming significant elevation of IL-6 in ML of sepsis collected between 150-

300 min which was 132-fold higher than that of the sham and 1585-fold higher than its baseline 

sample. 
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 Nucleic acid DAMPs 

DAMPs of nucleic acid origin – cfDNA, nDNA and mtDNA levels were measured and analysed in all 

three plasma and ML samples for each animal as stated in section 3.3.5 .  

 Plasma nucleic acid DAMP profile 

The detailed comparison of plasma nucleic acid DAMPs levels between three time points within each 

group is shown in Table 4.6 and Figure 4.4. The comparison of plasma nucleic acid DAMP levels 

between groups at the three time points is shown in Table 4.7 and Figure 4.5.  

cfDNA: For both sham groups, there was no change in plasma cfDNA over time. In the sepsis groups 

(with or without ML drainage), plasma cfDNA was elevated only at 300 min. For SND, it was increased 

by 8-fold (p<0.005) and 5-fold (p<0.05) from Plasma0 and Plasma150, respectively. For SD, it was 9-fold 

(p<0.005) and 5-fold (p<0.05) elevated from plasma0 and plasma150, respectively (Figure 4.4A).  

The comparison between the groups at each time point showed that there was no difference in plasma 

cfDNA level at either Plasma0 or Plasma150. At 300 min, both sepsis groups had 35-fold (p<0.001) and 

15-fold (p<0.005) higher plasma cfDNA than the respective sham groups. There was no difference 

between the two sepsis groups and between the two sham groups (Figure 4.5A).  

nDNA: ACTB and GAPDH were used as a marker of nDNA, and they both followed the same pattern 

as to cfDNA. In sepsis with or without drainage, both markers for nDNA were elevated at 300 min 

compared to the respective plasma samples at 0 and 150 min (Figure 4.4B&C).  

There was no difference in plasma nDNA levels between the studied groups at both 0 and 150 min. 

The plasma nDNA at 300 min was higher in both sepsis groups compared to their respective sham. 

However, the degree of elevation was higher between the non-drainage groups (26-fold and 32-fold 

elevation, p<0.001) than in the drainage groups (12-fold, p<0.01 and 17-fold, p<0.005). There was no 

difference in plasma nDNA between the two sepsis groups or the two sham groups (Figure 4.5B&C).  

mtDNA: For mtDNA, CytB, COX3 and ND were used as target genes. They all followed a similar pattern 

as to the cfDNA and nDNA. There was no change in the plasma mtDNA level over time in both sham 

groups (SSND and SSD). In the SND group, plasma mtDNA was elevated only at 300 min and it was 

4-6-fold higher than Plasma0 and Plasma150. In SD, plasma mtDNA elevated 2-fold at 150 min and 4-

fold at 300 min, compared to the baseline sample (Figure 4.4 D,E&F). 

In turn, for the comparison between groups, there was no difference in plasma mtDNA between groups 

at both Plasma0 and Plasma150. At 300 min, only the non-drainage groups showed the difference with 

a 3-4-fold elevation in SND compared to SSND. There was no difference in plasma mtDNA level 

between SD and SSD. Similarly, no difference in plasma mtDNA level was noted between the two 

sepsis groups (SD vs SND) or the two sham groups (SSD vs SSND) (Figure 4.5D,E&F).
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Figure 4.4: Plasma nucleic acid DAMPs level between sepsis and sham groups at three time points 
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Table 4.6: Plasma nucleic acid DAMPs profile by time summary 

 
cfDNA 

nDNA 

ACTB GAPDH 

SSND SND SSD SD SSND SND SSD SD SSND SND SSD SD 

Plasma150 vs 
Plasma0 

NS NS NS NS NS NS NS NS NS NS NS NS 

Plasma300 vs 
Plasma0 

NS 8x*** NS 9x*** NS 6x** NS 10x*** NS 10x**** NS 15x**** 

Plasma300 vs 
Plasma150 

NS 5x* NS 5x* NS 5x* NS 5x* NS 7x*** NS 10x**** 

 

 

mtDNA 

CytB COX3 ND 

SSND SND SSD SD SSND SND SSD SD SSND SND SSD SD 

Plasma150 vs 
Plasma0 

NS NS NS 2x* NS NS NS NS NS NS NS 2x* 

Plasma300 vs 
Plasma0 

NS 6x**** NS 4x**** NS 4x*** NS 4x*** NS 5x**** NS 4x**** 

Plasma300 vs 
Plasma150 

NS 4x**** NS 2x* NS 4x*** NS NS NS 4x**** NS 2x* 
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Figure 4.5: Changes in plasma nucleic acid DMAPs level by time in sepsis and sham groups 
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Table 4.7: Plasma nucleic acid DAMPs comparisons between disease groups 

 
cfDNA 

nDNA 

ACTB GAPDH 

Plasma0 Plasma150 Plasma300 Plasma0 Plasma150 Plasma300 Plasma0 Plasma150 Plasma300 

SND vs SSND NS NS 35x**** NS NS 26x**** NS NS 32x**** 

SD vs SSD  NS NS 15x*** NS NS 12x** NS NS 17x*** 

SND vs SD NS NS NS NS NS NS NS NS NS 

SSND vs SSD NS NS NS NS NS NS NS NS NS 

 

 mtDNA 

CytB COX3 ND 

Plasma0 Plasma150 Plasma300 Plasma0 Plasma150 Plasma300 Plasma0 Plasma150 Plasma300 

SND vs SSND NS NS 4x*** NS NS 3x* NS NS 4x** 

SD vs SSD  NS NS NS NS NS NS NS NS NS 

SND vs SD NS NS NS NS NS NS NS NS NS 

SSND vs SSD NS NS NS NS NS NS NS NS NS 
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Summary:  

• Over time: all the plasma nucleic acid DAMPs increased over time in sepsis groups (with or 

without ML drainage), but they did not change over time in shams. The elevations were late and 

only significant in the plasma300 samples (except the two-fold elevation of CytB and ND in 

Plasma150 of SD compared to Plasma0). 

• Generally, there were higher plasma cfDNA and nDNA levels at 300 min in sepsis with or without 

ML drainage compared to their respective shams (however, the folds elevations between non-ML 

drainage groups were higher than that of the drainage group). 

• Whereas mtDNA levels were only elevated in the SND compared to SSND at 300 min and there 

was no difference in plasma mtDNA between SD and SSD.  

• There was no difference in plasma nucleic acid DAMP levels between the two sepsis groups or 

between the two sham groups.   

 

 Nucleic acid DAMP profile in mesenteric lymph 

The differences in ML nucleic acid DAMP levels between the different collection periods for each group 

are presented in Table 4.8 and Figure 4.6. The comparison of ML nucleic acid DAMPs levels between 

sepsis and sham groups at three time points is shown in Table 4.9 and Figure 4.7. 

cfDNA: In both sepsis and sham, ML cfDNA levels declined over the course of the experiment. They 

decreased to the same degree, 3-fold lower in both lymph0-150 and lymph150-300 from the baseline lymph 

sample – Lymph0 (Figure 4.6A). There was no significant difference in ML cfDNA level between SD and 

SSD at all the three lymph samples collected at the different time points (Figure 4.7A).  

nDNA: Like cfDNA, the nDNA levels (ACTB and GAPDH) declined over time in the ML of both sepsis 

and sham compared to the baseline. The degree of change was similar between both groups. They 

were 3-5-fold lower in Lymph0-150 and Lymph150-300 from the baseline Lymph0 (Figure 4.6 B&C).  There 

was no difference in ML nDNA level between sepsis and sham at all the three time points (Figure 4.7 

B&C).  

mtDNA: Similar to cfDNA and nDNA, the ML mtDNA decreased in both Lymph0-150 and Lymph150-300 

compared to the baseline samples in both sepsis and sham. They were about 6-fold lower in Lymph0-

150 and 3-6-fold lower in Lymph150-300 from the baseline (Figure 4.6 D,E&F).  There was no difference in 

ML mtDNA level between sepsis and sham at all the three time-points (Figure 4.7 D,E&F).  
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Figure 4.6: Changes in mesenteric lymph nucleic acid DAMPs levels by time in sepsis and 
sham groups 
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Table 4.8: Mesenteric lymph nucleic acid DAMPs profile by time summary 

 
cfDNA 

nDNA mtDNA 

ACTB GAPDH CytB COX3 ND 

SD SSD SD SSD SD SSD SD SSD SD SSD SD SSD 

Lymph0-150 vs 
Lymph0 

↓3x** ↓3x** ↓4x** ↓3x** ↓4x*** ↓4x** ↓6x*** ↓6x*** ↓6x*** ↓6x*** ↓6x** ↓6x*** 

Lymph150-300 vs 
Lymph0 

↓3x** ↓3x** ↓3x** ↓4x*** ↓3x** ↓5x*** ↓4x* ↓5x** ↓4x* ↓6x** ↓3x* ↓5x** 

Lymph150-300 vs 
Lymph0-150 

NS NS NS NS NS NS NS NS NS NS NS NS 
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Figure 4.7: Comparison of mesenteric lymph nucleic acid DAMP levels between sepsis and 
sham groups at three time points 

Lymph0 Lymph0-150 Lymph150-300

1

10

100

1000

10000

100000

1000000

c
fD

N
A

 D
N

A
 n

g
/m

l

(L
o

g
1
0
 s

c
a
le

)

Lymph0 Lymph0-150 Lymph150-300

1

10

100

1000

10000

100000

1000000

A
C

T
B

 D
N

A
 c

o
p

ie
s
/u

l

(L
o

g
1
0
 s

c
a
le

)

Lymph0 Lymph0-150 Lymph150-300

1

10

100

1000

10000

100000

1000000

G
A

P
D

H
 D

N
A

 c
o

p
ie

s
/u

l

(L
o

g
1
0
 s

c
a
le

)

Lymph0 Lymph0-150 Lymph150-300

1

10

100

1000

10000

100000

1000000

C
y
tB

 D
N

A
 c

o
p

ie
s
/u

l

(L
o

g
1
0
 s

c
a
le

)

Lymph0 Lymph0-150 Lymph150-300

1

10

100

1000

10000

100000

1000000

C
O

X
3
 D

N
A

 c
o

p
ie

s
/u

l

(L
o

g
1
0
 s

c
a
le

)

Lymph0 Lymph0-150 Lymph150-300

1

10

100

1000

10000

100000

1000000

N
D

 D
N

A
 c

o
p

ie
s
/u

l

(L
o

g
1
0
 s

c
a
le

)

SSD SD

A B

C D

E F

 

 

 

 

 

 



127 

 

Table 4.9: Mesenteric lymph nucleic acid DAMPs comparison between SD and SSD groups 

 Lymph0 Lymph0-150 Lymph150-300 

cfDNA NS NS NS 

nDNA 

ACTB NS NS NS 

GAPDH NS NS NS 

mtDNA 

CytB NS NS NS 

COX3 NS NS NS 

ND NS NS NS 

 

 

Summary:  

• The nucleic acid DAMP levels could be detected in the ML and they all followed a similar trend.  

• Over time: ML nucleic acid DAMPs levels declined over time in subsequent samples compared to 

their respective baseline samples in both sepsis and sham.  

• Between sepsis and sham groups: There was no difference in ML nucleic acid DAMPs levels 

between sepsis and sham at all the three different collection time points.   

 Protein DAMPs 

 Plasma profiles of protein DAMP in sepsis  

The protein DAMP concentrations in plasma were only measured at Plasma300, which is the sample 

collected at the end of the experiment. The comparison of plasma protein DAMP levels between sepsis 

and sham was shown in Table 4.10 and Figure 4.8.  

HMGB1: There was no difference in plasma HMGB1 level between sepsis and sham. The drainage of 

ML did not influence their plasma level (Figure 4.8 A).  

S100A8/A9: Like HMGB1, there was no difference in plasma S100A8/A9 level between sepsis and 

sham and the drainage of ML did not alter its plasma level (Figure 4.8 B).   
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Figure 4.8: Plasma protein DAMP profile in sepsis 
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Table 4.10: Comparison of plasma protein DAMP levels between different disease groups 

 HMGB1 S100A8/A9 

SND vs SSND NS NS 

SND vs SD NS NS 

SD vs SSD  NS NS 

SSND vs SSD NS NS 

 

 

 Mesenteric lymph profiles of protein DAMPs in sepsis  

The levels of HMGB1 and S100A8/A9 were measured in ML samples collected at the three different 

time points. The summary data are shown in Table 4.11, Figure 4.9 Table 4.12 and Figure 4.10. 

HMGB1: There was no elevation of ML HMGB1 in both sepsis and sham. Its level went down 

significantly in sham over the course of the experiment (Figure 4.9 A). There was no difference in ML 

HMGB1 level between sepsis and sham at all three time points (Figure 4.10 B).  

S100A8/A9: There was no change in ML S100A8/A9 level over the course of the experiment in both 

sepsis and sham (Figure 4.9 B). There was no difference in ML S100A8/A9 levels at all three time points 

between sepsis and sham (Figure 4.10 B).  
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Figure 4.9: Changes in mesenteric lymph protein DAMP levels by time in sepsis and sham 
groups 
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Table 4.11: Mesenteric lymph protein DAMP profile by time summary 

 
HMGB1 S100A8/A9 

SD SSD SD SSD 

Lymph0-150vs Lymph0 NS ↓5x* NS NS 

Lymph150-300vs Lymph0 NS ↓14x*** NS NS 

Lymph150-300vs Lymph0-150 NS NS NS NS 
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Figure 4.10: Comparison of mesenteric lymph protein DAMP level between sepsis and sham 
groups at three time points 
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Table 4.12: Mesenteric lymph protein DAMP comparisons between disease groups 

SD vs SSD Lymph0 Lymph0-150 Lymph150-300 

HMGB1 NS NS NS 

S100A8/A9 NS NS NS 

 

 

 

Summary:  

• The two protein DAMPs – HMGB1 and S100A8/A9 followed a similar trend. 

• Both plasma HMGB1 and S100A8/A9 did not elevate in sepsis or sham and ML drainage had no 

effect.  

• They both were not elevated in ML during sepsis and there was no difference in their ML 

concentration between sepsis and sham at all the three time points.  
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4.4 Discussion 

In this experiment, I investigated the changes in plasma and ML cytokines and DAMPs during 5 hours 

of sepsis. The purpose was to understand whether (i) the circulatory cytokines and DAMPs were 

elevated in sepsis, (ii) the drainage of ML could reduce their level in the circulation and (iii) whether the 

cytokines and or DAMPS were carried in ML. For this experiment, I used a modification to a well-

recognised cecal ligation and puncture (CLP) model for inducing polymicrobial sepsis [492]. In the 

published CLP model, it uses a needle to puncture the cecum, whereas I performed a 1 cm incision on 

the cecum and spread the faecal material manually to facilitate the rapid progression of the disease.  

The animals in both sepsis groups – SND and SD compared to their shams showed significant changes 

in physiological parameters consistent with the early development of underlying SIRS – namely a 

decrease in MAP and increase in HR, especially in the final 2 hours of the experiment. Sepsis rats also 

displayed a sign of acute renal failure with significantly elevated serum urea, creatinine, and potassium 

levels. There were elevations of serum CK and lipase in sepsis compared to sham. All these changes 

indicated the development of septic shock with end-organ dysfunction in the sepsis rats. 

Compared to SND, SD rats had lower MAP in the last hour of the experiment. The additional drainage 

of ML volume clearly affected the blood pressure in the sepsis rats, consistent with sensitivity to volume 

depletion in the rodent model of sepsis. The International Guidelines for Management of Sepsis and 

Septic Shock 2016 recommended to give at least 30ml/kg of crystalloid fluid within the first 3 hours of 

sepsis-induced hypotension [493]. , A retrospective review of paediatric patients with septic shock 

showed that the patients who received less than a 20 ml/kg fluid resuscitation in the first hour of 

treatment had a mortality rate of 73%, whereas it was 33% for those who received more than a 40 ml/kg 

[494]. In my experiment, the drainage groups needed more fluid than the non-drainage groups. SD 

needed a higher volume of IVF normal saline infusion to maintain MAP compared to the SND, as the 

drainage of ML further reduced circulatory volume in sepsis rats. In the study design, it was necessary 

to undertake significant ML drainage sampling for the composition analysis. The analysis of the results, 

therefore, included, where appropriate, a direct comparison between matched intervention controls (SD 

with SSD, or SND with SSND, respectively) and then the subsequent comparison of their final fold 

changes to assess the impact of the interventions. 

 Plasma and mesenteric lymph cytokines profile in sepsis 

Cytokines production is the normal response to an infection and helps to resolve it [495]. However, the 

excessive, inappropriate host response to the systemic infection leads to the pathogenesis of SIRS, 

sepsis, and MODS [496]. The proinflammatory cytokines activate systemic inflammatory response 

causing fever, tachycardia, hypotension, and shock, while the anti-inflammatory cytokines induce 

immunosuppression and worsen the infection process [497]. The understanding of the cytokines 

dynamic in the systemic circulation will help us understand the pathogenesis of sepsis and septic shock. 

The elevation of cytokines in systemic circulation during sepsis is well established in the literature [498]. 

In addition, blockage of various cytokines can alter the outcomes of sepsis in pre-clinical studies [499, 

500].  
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In my study, I chose to measure a range of cytokines - seven pro-inflammatory cytokines, IL-1α, IL-1β, 

IL-2, IL-6, IL-18, MCP-1 and TNF-α and three anti-inflammatory cytokines, IL-4, IL-10 and IL-13. These 

are important cytokines that have already been shown to be associated with sepsis [501]. In this 

experiment, I measured the level of ten different cytokines in systemic circulation during sepsis 

compared to sham. I also measured the level of cytokines in ML itself to detect whether it could be a 

channel that carried the cytokines to the systemic circulation. Then, I also examined whether the 

drainage of ML changed the circulating cytokines levels since a change in cytokine profile by lymph 

drainage or diversion of inflammatory cytokines away from the body might be a way to treat patients in 

the future. 

 Circulatory plasma cytokines elevated in sepsis  

All cytokines measured except IL-1β were elevated in the SND compared to the SSND. These are 

consistent with the previous findings on the important roles of cytokines in sepsis, septic shock, and 

MODS [502].  

The most striking elevations were seen in IL-6, IL-1α and IL-18 where SND had 953, 120 and 73-fold 

higher levels than SSND. They all are pro-inflammatory cytokines, mainly produced by 

macrophages/monocytes and have already shown to be increased in patients with sepsis [154, 503, 

504]. The level of IL-6 in sepsis has been extensively studied, and it is considered as a good marker of 

severity [154]. It is also proposed as a marker to differentiate between infection and non-infection related 

SIRS as the high plasma level is specific for the underlying infection process [505]. The elevation of 

these cytokines in the current animal model of sepsis confirms the development of severe sepsis.  

Like pro-inflammatory cytokines, all the three anti-inflammatory cytokines IL-4, IL-10 and IL-13 were 

also elevated in the sepsis group.  Surprisingly, the elevation of anti-inflammatory cytokines is also 

associated with poor clinical outcomes in sepsis patients. For example, the serum IL-10 was 

significantly higher in the sepsis patients who did not survive compared to the patients with better clinical 

outcomes at both admission and 48hours after admission [159]. However, the cytokines are known to 

be a double-edge sword in sepsis, and the outcome can be influenced by the timing of cytokine 

changes. For example, the suppression of inflammation by administration of IL-10 prior to CLP 

decreased mortality in mice [237]. On the other hand, reducing the serum IL-10 in CLP rats using an 

immuno-modulator (ammonium trichloro tellurate) showed increased bacterial clearance in the 

peritoneum and decreased MODS (lower fold elevation of liver enzymes, BUN and Cr) and improved 

survival of septic rats [506].Measuring inflammatory and anti-inflammatory cytokines and controlling 

their level and activity will be the future of sepsis management, beside the antibiotics.    

 Mesenteric lymph drainage reduced the elevation of plasma cytokines in sepsis 

It was found that only 5/10 plasma cytokines measured IL-1α, IL-6, MCP-1, IL-10, and IL-13 were 

elevated significantly in the sepsis model with drainage (SD) compared to the sham drained animal 

(SSD), whereas 9/10 cytokines were increased in the non-drainage model. Interestingly, the fold 

elevations were also lower in the drainage model compared to the difference between non-drainage 

models. The findings indicate that the drainage of the ML could be a potential route to minimise the 
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elevation of the multiple circulatory cytokines in sepsis. Such changes using drainage or diversion of 

the ML may ultimately help to reduce the risk of MODS developing in critical illness settings [391, 507].   

In this experiment, the cytokines in ML were measured to check whether the ML could be an important 

source of cytokines to the systemic circulation during sepsis. I found lymph can be rich in cytokines. 

The mechanism of how the drainage of ML could reduce the circulatory cytokines has not been 

explained but could be both primary or secondary. In the case of primary, the diversion removes an 

important source of cytokines themselves from the disease process. In my study, I found that ML was 

high in multiple cytokines (see next section). So, diversion would reduce their contribution to the 

inflammatory process.  In the case of secondary effects, the diversion of lymph induces a reduction or 

change in cytokine production in remote tissues. I did not measure cytokine production in end organs, 

but a study done on sepsis rats showed a decrease in expression of TNF-α, IL-1β, and IL-6 mRNA in 

the lung in sepsis with ML drainage compared to the non-drainage group [487]. So, the ML would be a 

carrier of cytokines and also would modify the expression of cytokines from other parts of the body.  

 Mesenteric lymph cytokines elevated in sepsis  

In my experiment, there were elevations of ML IL-1α, IL-2, IL-6, MCP-1, TNF-α, IL-10 and IL-13 in 

sepsis compared to the sham in Lymph150-300. It is possible that the multiple cytokines were produced 

by the damaged gut and carried to the systemic circulation through the ML to promote the disease 

process. The multiple elevated cytokines in ML could be responsible for the toxicity of the ML during 

sepsis. A study done on rats showed that the injection of sepsis conditioned ML induced lung injury and 

it also reduced the viability of human pulmonary microvascular endothelial cells in vitro [508]. That study 

did not measure ML cytokines, but this lung observation coupled with our measurements of cytokine 

content in the ML increases support for interventions that target the composition or delivery of ML in 

critical disease states.   

It was also noted that there was an early elevation of certain cytokines in the first 150 min of sepsis. 

The levels of IL-6, MCP-1, and TNF-α started to elevate in ML collected between 0-150 min of sepsis. 

These were mainly pro-inflammatory cytokines strongly associated with sepsis severity. In my 

experiment, the deterioration of vital signs – hypotension and tachycardia were started in 3rd - 4th hour 

of sepsis. So, the ML cytokines elevated prior to the development of septic shock, and the diversion of 

these cytokines away from the systemic circulation in early sepsis may prevent the further progression 

of the disease. 

4.4.1.3.1 Summary 

To summarise, the cytokines were elevated in systemic circulation during sepsis, and the drainage of 

the ML reduced the extent of the elevation. This was presumably a combination outcome related to 

diversion of the multiple important cytokines carried in the ML to the systemic circulation as well as 

other cytotoxic factors that may stimulate cytokine release from other tissues.   
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 Plasma and mesenteric lymph DAMPs profile in sepsis  

 Nucleic acid DAMPs 

As mentioned in the previous chapters, nucleic acid components of the cells - cfDNA, nDNA and mtDNA 

are important DAMPs and possess both direct and indirect cytotoxicity through immunomodulation [278, 

350]. Their levels were elevated in systemic circulation in various forms of critical illness, including 

sepsis [279]. However, the source of these circulatory nucleic acid DAMPs is not fully characterised in 

sepsis. ML is known to be an important extracellular fluid during critical illness and can induce direct 

end-organ dysfunction [473, 476]. In this study, I studied the changes in cfDNA, nDNA and mtDNA in 

both systemic circulation and ML during sepsis. My approach was unique as the levels were studied at 

the three different time points in both plasma and ML with the aim to investigate their different profiles.  

My study demonstrated that the nucleic acid DAMPs were elevated in sepsis plasma in the sample 

collected at 300 min after disease induction. The drainage of ML changed the plasma profile of nucleic 

acid DAMPs, but the sepsis did not induce changes in ML nucleic acid DAMPs levels.  

4.4.2.1.1 Plasma nucleic acid DAMPs in sepsis  

All plasma nucleic acid DAMPs, cfDNA, nDNA and mtDNA were elevated over time in sepsis compared 

to the baseline sample, whereas the level did not change in sham groups. There was an elevation of 

all these nucleic acid DAMPs in SND compared to SSND at 300 min (3 to 35-fold) which is consistent 

with previously reported findings of elevation of these nucleic acid plasma DAMPs in sepsis. For 

example, the level of circulatory cfDNA was found to be associated with the severity of sepsis in a 

clinical setting [372].  

4.4.2.1.2 Effect of mesenteric lymph drainage on plasma nucleic acid DAMPs level 

There was a less elevation (about 50-60%) of plasma cfDNA and nDNA at 300 min in sepsis with ML 

drainage than without drainage when compared to their respective shams. There was no difference in 

plasma mtDNA between SD and SSD. The findings indicated that the ML  was responsible for some of 

the increase in circulating plasma nucleic acid DAMPs (either directly or by inducing its release 

remotely). This is a notable finding and may partly explain the reason why the drainage of ML could 

improve sepsis outcome by limiting the elevation of the circulatory nucleic acid DAMPs. For example, 

the drainage of ML during sepsis reduced the degree of lung inflammatory injury in an animal model of 

sepsis [487]. The findings in this experiment support the further investigation on the role of ML drainage 

in the management of sepsis.  

It is already established the elevation of circulatory nucleic acid DAMPs was associated with poor 

clinical outcomes in critical illnesses, including sepsis [372]. The strategy to reduce its level in animals 

studied showed better outcomes. As an example, the study done using nucleic acid binding particles to 

reduce circulatory cfDNA in sepsis rats reduced the degree of pro-inflammatory cytokines levels and 

organs injury by attenuating the activation of TLR9-MyD88-Nf-kB signalling pathway [509]. In my study, 

the circulatory nucleic acid DAMPs levels were reduced effectively with ML drainage and that could be 

a potential strategy to prevent organs injury in sepsis.  
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The nucleic acid DAMPs are known to have both direct and indirect cytotoxicity by stimulating 

inflammatory responses. For example, mtDNA binds to TLR-9 and activates the MyD88/Nf-kB pathway, 

which stimulates the release of cytokines and activates the innate immune system [320]. The mtDNA 

also increased the permeability of cultured endothelial cells directly [475] and may play a role in the 

volume depletion from third space losses during sepsis. This raises the question as to whether ML is a 

source or an important channel that carries nucleic acid DAMPs into the systemic circulation during 

sepsis. In order to answer that question, the level of cfDNA, nDNA and mtDNA were measured in ML. 

4.4.2.1.3 Mesenteric lymph as a source of nucleic acid DAMPs during sepsis  

The nucleic acid DAMPs could be detected in the ML, and their concentration declined over time in both 

sepsis and sham. This could be partly due to the dilution of the ML from the continuous IVF infusion. 

Since the same IVF infusion rate was applied to both sepsis and sham, this effect should not interfere 

with the comparison between the two groups. Surprisingly, there was no difference in ML nucleic acid 

DAMPs levels between sepsis and sham. This indicated that ML is not the source of circulatory nucleic 

acid DAMPs and the nucleic acid DAMPs are not responsible for the toxicity of ML in sepsis. The role 

of sepsis conditioned ML in the induction of cell death and expression of inflammatory mediators was 

proven. For example, exposure of sepsis conditioned lymph to pulmonary microvascular endothelial 

cell induced increased gene expression of TNF-α, IL-1β, IL-6 and apoptotic rate [487]. It is possible that 

the ML carried other mediators that promote cellular injury and release of the nucleic acid DAMPs to 

the systemic circulation. 

4.4.2.1.4 Summary 

The study showed that the plasma nucleic acid DAMPs elevated during sepsis and the drainage of ML 

prevented or reduced the degree of their elevation in plasma compared to the respective sham models 

at both time points. There was no difference in ML nucleic DAMPs between sepsis and sham, which 

indicated ML was not the primary source of the nucleic acid DAMPs in the plasma.  

 Protein DAMP 

In this study, I also measured HMGB1 and S100A8/A9 concentrations in the plasma and ML during 

acute pancreatitis. HMGB1 is an intra-nuclear protein and is regarded as an important DAMP molecule 

in sepsis [395]. S100A8/A9 complex, which is also known as “calprotectin”, is an inflammatory molecule 

and is elevated in acute inflammatory conditions, including sepsis [510].   

4.4.2.2.1 Plasma protein DAMPs in sepsis 

In this experiment, both circulatory protein DAMPs - HMGB-1 and S100A8/A9 did not change in the 

sepsis compared to the sham. It is an unexpected finding as these protein DAMPs are known to be 

elevated in severe sepsis in clinical studies. For example, there was a significant elevation of HMGB-1 

in sepsis patients and the levels were higher in the non-survivor [395]. Similarly, another study done in 

sepsis patients demonstrated the elevation of circulating S100A8/A9 levels on both day 0 and 3 [511]. 

One possible explanation for the failure to elevate these protein DAMPs could be from the relative 

shorter duration to develop sepsis in my experiment. The animals in my experiment developed 

sepsis/septic shock signs within 4-5 hours of the experiment compared to the typical clinical course of 
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days to a week. The protein DAMPs may be the late mediator in sepsis and may not contribute to the 

early changes in sepsis. In the rodent model of CLP induced sepsis, the circulatory HMGB-1 started to 

elevate 18 hours after the induction of sepsis in the CLP model of sepsis [380]. Similarly, the 

components of calprotectin – S100A8 and S100A9 were noted to be elevated in plasma at 12 hours 

after induction of sepsis in neonatal rats [512]. Both these animal models, however, induced a more 

gradual onset of sepsis/septic shock.  

4.4.2.2.2 Effect of ML drainage on circulatory protein DAMPs and their concentration in 
ML 

Next, I investigated whether the drainage of ML could reduce the circulatory protein DAMPs, but no 

effect was noted on their plasma levels. There was also no elevation of protein DAMPs in ML during 

sepsis and there was no difference in ML protein DAMPs levels between sepsis and sham.  

There are no known previous studies that investigated alteration of plasma HMGB1 or S100A8/A9 level 

with ML drainage in sepsis. However, there was a study done in another model of CI and showed that 

the ML drainage could reduce the circulatory HMGB1. In this example, the study performed on the rats’ 

intestinal ischemia/reperfusion injury showed that the drainage of ML reduced the circulatory HMGB1 

compared to the non-drainage models. In that study, the circulatory HMGB1 elevated after 180 min of 

gut ischemia and perfusion and the degree of the elevation was lower in the group with ML drainage 

[391]. In my study, the elevation of plasma HMGB1 was not noticed at the 300 min of sepsis and may 

not provide an appropriate setting to investigate its levels with ML drainage.   

Similarly, the study on circulatory and ML S100A8/A9 should be done on the longer duration of sepsis 

as there was no change in their levels at the 300 min of sepsis in this study. The study done on rats 

using CLP model of sepsis showed the elevation of plasma S100A8/A9 at 12 hours after induction of 

sepsis [512]. It is possible that these protein DAMPs – HMGB1 and S100A8/A9 are not the early 

mediator of sepsis and do not contribute to the toxicity of ML during early sepsis.  

4.4.2.2.3 Summary 

The study showed the limited role of protein DAMPs – HMGB-1 and S100A8/A9 in the first 300 min of 

CLP induced sepsis. They may not be the early mediator of sepsis and they were not elevated in both 

plasma and ML. The longer duration of sepsis will be required to study the effect of ML drainage on the 

protein DAMPs level.  

 Difference in profiles between nucleic acid DAMPS and protein DAMPS 

In this experiment, both nucleic acid DAMPs and protein DAMPs were measured in both plasma and 

ML in sepsis and compared with sham. Only plasma nucleic acid DAMPs were elevated in sepsis and 

the drainage of ML prevented or reduced the degree of elevation in plasma. There was no elevation of 

either protein or nucleic acid DAMPs in ML with sepsis. Thus, indicating the ML did not carry significant 

protein and nucleic acid DAMPs during sepsis, or at least in the early disease stage explored by this 

model.  
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4.5 Novelty of the study  

This is a unique study that investigated the changes in cytokine and DAMPs in the two different body 

fluid compartments – plasma and ML during CLP induced sepsis. This is the first study revealed the 

early elevation of ML cytokines at the first 150 min after disease induction. The study also revealed that 

the multiple cytokines were elevated in sepsis conditioned ML compared to sham. The characterisation 

of DAMPs in ML has not been widely studied before. In this study, plasma nucleic acid DAMPs, cfDNA, 

nDNA and mtDNA were elevated in sepsis, but there was no elevation in ML nucleic acid DAMPs. The 

protein DAMPs – HMGB1 and S100A8/A9 were not elevated in both plasma and ML during sepsis.  

4.6 Limitations of the study design 

As with all animal model studies, there are limitations on translational significance. The study used a 

modified form of cecal ligation and puncture (CLP), where a large incision was made on the cecum, and 

the faecal content was manually spread all over the abdominal cavity. The model is accelerated over 

the clinical scenario as it produced signs and symptoms of septic shock within 4-5 hours, compared to 

the clinical setting where the disease process usually takes days to a week. Nevertheless, CLP is a 

well-accepted animal model of sepsis and has been applied to study the pathophysiology of sepsis 

[492, 513, 514].  

4.7 Conclusion 

This novel study analysed and compared the changes in cytokines and DAMPs in two separate body 

compartments, the ML and the plasma, during sepsis. Multiple cytokines (IL-1α, IL-2, IL-6, IL-18, MCP-

1, TNF-α, IL-4, IL-10 & IL-13), cfDNA, mtDNA, and nDNA were elevated in systemic circulation during 

sepsis. Multiple cytokines - IL-1α, IL-2, IL-6, MCP-1, TNF-α, IL-10, and IL-13 were elevated in the ML 

during sepsis, and the drainage of the ML prevented or reduced the elevation of certain cytokines in the 

systemic circulation, including TNF-α. The drainage of the ML also reduced or prevented the elevation 

of cfDNA, mtDNA, and nDNA, although their levels in the ML were not significantly different compared 

to the sham. The HMGB1 and S100A8/A9 were not elevated in both the plasma and the ML during 

sepsis. The study showed that the ML plays an important role in sepsis by affecting the levels of multiple 

cytokines and some DAMPs (cfDNA, mtDNA, and nDNA) in the circulation, although it is not the major 

carrier of the DAMPs. The findings support the important contribution of the ML in the pathophysiology 

of sepsis by its possible association with the levels of circulatory cytokines and DAMPs. This study 

supports the need for further investigation on the composition of ML in sepsis to identify the potential 

therapeutic target to improve survival.  
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Chapter 5 : Profiles of Cytokines and DAMPs in 

plasma and mesenteric lymph during Intestinal 

ischemia-reperfusion injury 

5.1 Introduction  

Intestinal ischemia-reperfusion injury (IRI) can be seen in wide range of clinical conditions. This includes 

after gastrointestinal and vascular surgery, cardio-pulmonary bypass, or as part of the clinical course 

for strangulated hernias, necrotizing enterocolitis, and various states of shock hypovolemia, 

haemorrhagic and septic [515]. The intestine is believed to be the most vulnerable organ to ischemia-

reperfusion injury during severe trauma or shock [516]. The systemic hypotension from shock leads to 

hypoperfusion of the intestine and induces cell injury and necrosis from hypoxia, depletion of cellular 

energy and accumulation of metabolic and intraluminal toxins [517]. Following ischemic injury, the 

restoration of tissue perfusion leads to additional cell damage and inflammation through the formation 

of reactive oxygen species (ROS) [518]. The cell injury and death leads to mucosal barrier dysfunction 

and translocation of bacteria and other pathogens into the systemic circulation [519]. Local tissue 

damage can also induce the production of multiple cytokines and inflammatory mediators from the 

damaged intestine [520]. As a result, it could give rise to the SIRS/ MODS [521]. The intestine has 

therefore been referred to as the “motor” of MODS in critical illness [522]. The process of IRI is therefore 

considered a main contributor of systemic inflammation and multiple organ dysfunction in critically ill 

patients with sepsis, major surgery/ trauma and shock [87, 523, 524]. 

Mesenteric lymph (ML) has been regarded as the primary route for the transportation of the gut-derived 

toxic substance during IRI [525-527] and the toxic substances in ML could contribute to the development 

of MODS [102, 486]. Flint et al. demonstrated that the toxicity of ML from IRI. The intravenous infusion 

of IRI conditioned ML into rats with mild to moderate AP caused an increased severity of AP with 

worsening of pancreatic oedema index and histologic injury score [528]. He et al. found that the 

drainage of ML during IRI reduced the serum TNF-α and HMGB1 compared to the non-drainage model 

and also reduced the organ injury caused by IRI [391]. These findings demonstrated the important 

contribution of ML during IRI, but the factors responsible for the toxicity of ML remain undefined.  

It has been increasing evidence showing the important role of damage-associated molecular pattern 

(DAMP) molecules in the pathogenesis of MODS. Various DAMPs are shown to be elevated in systemic 

circulation during critical illness, including IRI [529] [391]. In addition to the DAMP molecules, cytokines 

such as TNF-α, IL-6, IL-10 also play an important role in the development of SIRS and MODS during 

IRI [530], and their levels in systemic circulation could influence the clinical outcome [531, 532].   

Here, I hypothesized that ML in IRI carries multiple DAMP molecules and cytokines released from the 

damaged intestine and directly drains into the systemic circulation. The drainage of ML would divert the 

DAMP molecules and cytokines away from the systemic circulation and would alter their level in the 

circulation.  
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The aims of the research presented in this chapter were: 

1) To detect the changes in the concentration of DAMPs (cell-free DNA, mitochondrial DNA, nuclear 

DNA, HMGB1 and S100A8/A9) and cytokines in plasma and mesenteric lymph during IRI; 

2) To measure the effect of ML drainage on the levels of DAMPs and cytokines level in plasma during 

IRI.  

 

5.2 Methodology 

The specific details of the experimental set-up were explained in the Methodology Chapter (See 

Chapter 2). Briefly, thirty-two Sprague Dawley rats were divided into four groups (n=8 per group):  

(1) IRI with ML drainage (IRD) 

(2) IRI without ML drainage (IRND) 

(3) sham with ML drainage (SSD) 

(4)  sham without ML drainage (SSND).  

 

Group Description 
Ischemic reperfusion 

Disease state 

Mesenteric drainage 

IRND 
Intestinal ischemia-reperfusion with no 

ML drainage 
✓  

x 

IRD 
Intestinal ischemia-reperfusion with 

ML drainage 
✓  

✓  

SSND 
Sham with no ML drainage X x 

SSD 
Sham with ML drainage X ✓  

 

 

Animal model 

The animal model of IRI and ML drainage is explained in sections 2.2 and 2.3.3. Briefly, animals were 

anaesthetised, and intestine ischemia-reperfusion injury was induced by clamping the superior 

mesenteric artery for 30 minutes, followed by reperfusion for 270 minutes.  

Samples 

Plasma samples were collected at three different time intervals:  

(1) pre-induction of disease (Plasma0), 

(2) at 150 min (Plasma150) and  

(3) at 300 min (Plasma300) after induction of IRI.  

Note that only ~ 0.5ml of blood was collected for Plasma0 and Plasma150 as explained in section 2.7.1 

to avoid unwanted physiological derangement.  

ML was collected without adding any anticoagulant throughout the experiment in three collection 

phases: 
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(1) pre-IRI (Lymph0),  

(2) first 150 min (Lymph0-150) and  

(3) second 150 min (Lymph150-300) after the induction of IRI.  

Sample collection durations for sham control groups were matched to IRI groups.  

Data collection/sample analysis/statistical method 

The same method was applied as stated in section 3.2 

 

 

5.3 Results 

 Intraoperative physiological data  

In Table 5.1, there is a summary of baseline characteristics and the measurements from key 

intraoperative physiological parameters for each rat group.  

Baseline characteristics and fluid balance:  There was no significant difference in the baseline 

characteristics of the animals involved in the study. There is no significant difference in the total 

intravascular fluid (IVF) infused between the groups. The total volume of ML collected in both disease 

and sham rats was similar.   

Mean Arterial Pressure (MAP): The MAP was reduced from the 3rd hour in both IR disease groups 

compared to the undrained sham animals. There was a decline in MAP over the course of the disease 

in IRD, which declined since 3rd hour after disease induction, whereas the two sham groups had stable 

MAP throughout the experiment. For IRND, the MAP had not changed significantly over time, but it 

trended down gradually. Between the sham and disease group, the MAP of IRND was significnatly 

lower than its sham SSND at the 2nd, 3rd and 5th hour of the disease, whereas the MAP of IRD was 

lower than its sham SSD starting from the 3rd hour of the disease. At the 5th hour of disease, both IRI 

groups had about 25% lower MAP (p<0.05) than the respective shams. Between the two IRI groups, 

IRD had lower MAP at the 4th and 5th hour of the disease compared to IRND by about 18-20%.   

Heart rate: In both IRI groups, i.e., IRND and IRD, the HR increased significantly from the 3rd hour of 

the disease onward, while the HR remained unchanged in the sham groups. At the 5th hour of disease, 

the HR of IRI rats (both IRND and IRD) was about 15-20% faster (p<0.05) than the respective control 

group. There was no significant difference in HR between the two IRI groups. Both shams with or without 

ML drainage had stable HR over the course of the experiment.   
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Table 5.1: Baseline characteristics and intraoperative physiological data of the study groups. 

  SSND IRND SSD IRD 

Number 8 8 8 8 

Age(days) 93 ± 2 90 ± 2 94 ± 3 90 ± 2 

Weight (g) 514 ± 14 484 ± 15 496 ± 13 491 ± 11 

Total IVF infused (ml) 31.9 ± 0.5 32 ± 2 33.7 ± 1.3 36 ± 4 

Total ML collected (ml) - - 6.0 ± 0.3 6.2 ± 0.5 

MAP (mmHg) 

1st hr 85 ± 6 83 ± 4 75 ± 4a 91 ± 4a,j,k,l 

2nd hr 93 ± 6b,p,q 78 ± 4b 76 ± 5p 80 ± 5m,n,q 

3rd hr 90 ± 5c,r 79 ± 4c 82 ± 3d 69 ± 4d,j,r 

4th hr 89 ± 7s 82 ± 6f 81 ± 4e 68 ± 5e,f,k,m,s 

5th hr 91 ± 6g,t,u 72 ± 6g,h 77 ± 5i,t 61 ± 7h,i,l,n,u 

Heart rate (beats per minute) 

1st hr 332 ± 5 306 ± 11d,e,f 326 ± 8 303 ± 9h,I,j 

2nd hr 332 ± 5 330 ± 11g 330 ± 7 337 ± 8 

3rd hr 326 ± 8 349 ± 12d 344 ± 6 365 ± 14h 

4th hr 324 ± 7k 355 ± 19e 333 ± 12a 376 ± 19a,I,k 

5th hr 312 ± 11b,l 384 ± 22b,f,g,m 325 ± 11c,m 372 ± 17c,j,l 

 

 

Summary:  

• There was no difference in the basic characteristics – age & weight, and volume of IVF infused 

between the study groups.  

• There was no difference in the volume of ML obtained between IRD and SSD.  

• Hypotension and tachycardia were observed in both IRI groups at the later part of the study 

compared to the respective shams.  

• The degree of hypotension was slightly greater (10mmHg) in IRD compared to the IRND in the 4th 

and 5th hours of disease, although there was no difference in HR between them.  

 Serum Biochemistry 

The serum obtained at the end of the experiment before euthanasia of the animals was measured, and 

the results are shown in Table 5.2. 

Glucose and electrolytes: There were no significant difference in glucose and electrolytes levels 

between the disease and sham groups.  

Kidney function: There was a significant elevation of urea level in both IRI groups with or without ML 

drainage compared to their respective shams. Serum creatinine (Cr) level was significantly increased 
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in IRD compared to its sham - SSD. There was no significant elevation of serum Cr in the IRND 

compared to its sham.  There was no difference between IRD and IRND. 

Liver function: Liver enzymes (AST, ALT and ALP), total protein, albumin and total bilirubin levels did 

not differ significantly between disease and sham groups.  

Lipid panel: There was no significant change in serum cholesterol and triglyceride levels between the 

disease and sham groups.  

Others: There was no significant change in serum lipase and creatine kinase (CK) level between the 

disease and sham groups. 

Table 5.2: Serum biochemistry data of the study group 

  SSND IRND SSD IRD 

Glucose and Electrolytes 

Sodium (mmol/L) 145 ± 2 147 ± 2 148 ± 2 151 ± 2 

Potassium (mmol/L) 4.9 ± 0.1 7.7 ± 1.4 6.4 ± 1.4 9.7 ± 1.5 

Chloride (mmol/L) 110 ± 1 113 ± 2 110 ± 0 117 ± 2 

Calcium (mmol/L) 2.5 ± 0.0 2.5 ± 0.1 2.5 ± 0.2 2.5 ± 0.2 

Glucose (mmol/L) 13.0 ± 2.2 15.0 ± 4.0 11.9 ± 0.9 9.2 ± 2.0 

Kidney function 

Urea (mmol/L) 9.2 ± 0.8a,d 15.7 ± 0.8a 11.6 ± 1.2b 18.3 ± 0.7b,d 

Creatinine (µmol/L) 36 ± 3e 63 ± 13 50 ± 14c 111 ± 16c,e 

Liver function 

ALT (U/L) 38 ± 5 157 ± 38 55 ± 11 274 ± 74 

AST (U/L) 104 ± 13 332 ± 130 135 ± 11 662 ± 182 

ALP (U/L) 99 ± 9 126 ± 15 100 ± 11 111 ± 12 

Total Protein (g/dl) 4.1 ± 0.1 3.8 ± 0.1 4.0 ± 0.1 3.5 ± 0.4 

Albumin (g/dl) 2.7 ± 0.1 2.4 ± 0.1 2.6 ± 0.1 2.1 ± 0.2 

Total Bilirubin (µmol/L) 0.9 ± 0.1 1.3 ± 0.2 0.9 ± 0.1 0.9 ± 0.1 

Lipids 

Cholesterol (mmol/L) 1.2 ± 0.1 1.0 ± 0.1 1.2 ± 0.1 0.9 ± 0.1 

Triglyceride (mmol/L) 1.8 ± 0.3 1.0 ± 0.3 1.5 ± 0.6 0.6 ± 0.1 

Others 

Creatine kinase (U/L) 597 ± 83 2263 ± 860 725 ± 71 3336 ± 1587 

Lipase (U/L) 6.4 ± 0.5 10.7 ± 1.8 9.3 ± 1.0 22.8 ± 3.2 

 

 
 
 
 



143 

 

Summary:  

• There was no significant difference in electrolytes levels between the four groups.  

• Elevation of urea occurred in both IRI groups compared to Shams. However, only IRD had a 

higher creatinine level (~twice) than its corresponding sham (SSD).  

• No difference in liver function, lipids, CK and lipase between the four groups.  

 Plasma and mesenteric lymph cytokines concentration in intestine ischemia-

reperfusion injury 

The changes in the concentration of ten cytokines (seven pro-inflammatory cytokines: IL-1α, IL-1β, IL-

2, IL-6, IL-18, MCP-1 and TNF-α and three anti-inflammatory cytokines – IL-4, IL-10 and IL-13) were 

analysed in the plasma sample collected at 300 min of IRI (Plasma300) and ML samples collected at 

pre-disease (Lymph0), 0-150 min (Lymph0-150) and 150-300 min of IRI (Lymph150-300).  

 Plasma cytokine profile 

Comparisons of plasma cytokine levels between different disease states are shown in Table 5.3. 

Overall, there were elevations of 3-4 cytokines in IRI groups compared to the respective shams. The 

graphs that compared the changes in plasma cytokines level between the studied group are shown in 

Figure 5.1. 

Effect of IRI without ML Drainage 

First, IRND and SSND were compared to detect the changes in plasma cytokines during IRI disease 

itself. There were elevations of the four cytokines – IL-6, TNF-α, IL4 and IL-13 in IRND by 14, 7, 21 and 

15-fold, respectively, compared to SSND.  

Effect of IRI with ML drainage 

Next, the plasma cytokines levels between IRD and SSD were compared to understand whether in the 

presence of ML drainage, the profile of differences induced by IRI to its matched sham group had 

changed to that of the non-drained state.  IRD had higher plasma IL-6, IL-13 and IL-10 than SSD by 8, 

6 and 5-fold, respectively. The increases in plasma IL-6 and IL-13 were, however, less significant in 

magnitude (ranging from 50% to 100% lower) in the IRD treated animals to those seen in the IRND 

group compared to their respective control (Table 5.3). However, there was no difference in plasma 

cytokines levels between these two groups.  

Effect of ML drainage without IRI 

The two shams models – SSND and SSD were also compared to investigate the effect of ML drainage 

on sham controls. There was no difference in plasma cytokine profiles between the two sham groups.  
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Figure 5.1: Plasma cytokines profile in intestinal ischemia-reperfusion injury 
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Table 5.3: Plasma cytokine data summary table 

 Pro-inflammatory cytokines Anti-inflammatory cytokines 

 IL-1α IL-1β IL-2 IL-6 IL-18 MCP-1 TNF-α IL-4 IL-13 IL-10 

IRND vs SSND NS NS NS ↑14x** NS NS ↑7x** ↑21x** ↑15x**** NS 

IRD vs SSD  NS NS NS ↑8x* NS NS NS NS ↑6x** ↑5x* 

IRND vs IRD NS NS NS NS NS NS NS NS NS NS 

SSND vs SSD NS NS NS NS NS NS NS NS NS NS 
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Summary:  

• In the ML non-drainage states, 4/10 measured plasma cytokines – IL-6, TNF-α, IL-4, IL-13 

increased in IRND compared to the SSND.  These are changes due to the disease state. 

• In the ML drainage states, 3/10 plasma cytokines IL-6, IL-13 and IL-10 were elevated in IRD 

compared to its SSD controls, but the magnitude of IL-6 and IL-13 elevations were reduced 

compared to the fold changes observed between the non-drained state groups.  

• There was no significant difference in plasma cytokines level between IRND and IRD or SSND 

and SSD.  

 

 

 Mesenteric lymph cytokines profiles 

The ML cytokines were measured at the three different collection intervals – 0 min, 0-150 min and 150-

300 min to detect the changes over time in both sham and IRI groups.  

In the sham, only four cytokines – IL-6, MCP-1, TNF-α and IL-10 – were elevated in subsequent lymph 

samples compared to the baseline sample. The magnitude of the elevation was much lower compared 

to IRI animals. The cytokine IL-1α was in undetectable ranges in sham samples at all the three time 

points.  

In IRD, seven cytokines – IL-1α, IL-1β, IL-6, IL-18, MCP-1, TNF-α, IL-4 and IL-10 were elevated in 

Lymph0-150 and or Lymph150-300 compared to the baseline sample. Among them, the highest degree of 

elevation was seen in IL-6, where there was a 265-fold elevation in the ML IL-6 concentration between 

Lymph0 and Lymph150-300. The changes in ML cytokines profile over time were summarized in Table 5.4 

and displayed in Figure 5.2.  

The cytokines levels between IRD and sham were also compared at the three different time points. 

There was no difference in cytokine profiles between IRD and sham in almost all groups except IL-6 

and IL-18 at Lymph150-300. It was found that Lymph150-300 of IRD carried 22-fold and 3-fold higher IL-6 

and IL-18 than that of the sham. Although it was not statistically significant, there were trends toward 

higher levels of ML IL-1α, MCP-1, TNF-α and IL-10 in IRD at Lymph150-300 compared to the sham. The 

summary of the comparison between IRD and sham ML cytokines profiles at the different collection 

time points is shown in Table 5.5 and Figure 5.3.   
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Figure 5.2: Comparison of mesenteric lymph cytokines levels of SSD and IRD at the three 
different collection time points 
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Table 5.4: Mesenteric lymph cytokines profile by time summary 

 
IL-1α IL-1β IL-2 IL-6 IL-18 

IRD SSD IRD SSD IRD SSD IRD SSD IRD SSD 

Lymph0-150 vs 
Lymph0 

NS NS NS NS NS NS 11x* NS 3x** NS 

Lymph150-300 vs 
Lymph0 

4x* NS 3x* NS NS NS 265x**** 12x* NS NS 

Lymph150-300 vs 
Lymph0-150 

4x* NS NS NS NS NS 23x** NS NS NS 

 

 
MCP-1 TNF-α IL-4 IL-13 IL-10 

IRD SSD IRD SSD IRD SSD IRD SSD IRD SSD 

Lymph0-150 vs 
Lymph0 

2x* 2x* 5x*** 3x* NS NS NS NS 6x**** 4x*** 

Lymph150-300 vs 
Lymph0 

4x**** 3x** 5x*** NS NS NS NS NS 11x**** 4x*** 

Lymph150-300 vs 
Lymph0-150 

NS NS NS NS NS NS NS NS NS NS 
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Figure 5.3: Comparison of mesenteric lymph cytokines levels between sham and IRD at the 
different collection time points 
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Table 5.5: Comparison of mesenteric lymph cytokines between IRD and sham at the three 
collection time points 

 Lymph0 Lymph0-150 Lymph150-300 

IL-1α, IL-1β, IL-2, MCP-1, TNF-, IL-4, IL-13, IL-10 NS NS NS 

IL-6 NS NS 22x** 

IL-18 NS NS 3x* 

 

 

Summary:  

• Both inflammatory and anti-inflammatory cytokines were detected in ML.  

• Overtime: In IRD, the levels of IL-1α, IL-1β, IL-6, IL-18, MCP-1, TNF-α, IL-4 and IL-10 were 

elevated during the disease process, whereas only IL-6, MCP-1, TNF-α and IL-10 were elevated 

over time in sham.  

• Between IRI and Sham: There was no significant difference in ML cytokines levels between sham 

and IRD at each time point except IL-6 and IL-18 levels at Lymph150-300 of IRI, which were higher 

than the corresponding samples of the sham.  

• Although it was not statistically significant, there were higher levels of ML IL-1α, MCP-1, TNF-α 

and IL-10 at Lymph150-300 in IRD compared to sham samples (Figure 5.3). 

• IL-6 elevated in both Plasma300 and Lymph150-300 in IRD compared to SSD, but the fold elevation 

was almost 3 times higher in ML.  

 

 Nucleic acid DAMP  

DAMPs of nucleic acid origin – cfDNA, mtDNA and nDNA levels were measured in plasma and ML at 

all three time points (0, 150, 300 min after IRI). Refer to section 3.3.5 for a brief description of the sample 

analysis.  

 Plasma nucleic acid DAMPs profiles 

Data for this analysis can be found in Table 5.6, Table 5.7, Figure 5.4 and Figure 5.5.  

cfDNA: For both sham groups with or without ML drainage, there was no change in plasma cfDNA over 

time. In IRI groups with or without ML drainage, cfDNA elevated at Plasma300 (3-fold,p<0.05) compared 

to Plasma0 (Figure 5.4A).  

Between IRI and shams, there was no difference in plasma cfDNA at baseline (Plasma0) and Plasma150. 

At 300 min, both IRND and IRD had higher cfDNA levels than the respective shams (11-folds, p<0.001 
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and 5-folds, p<0.05, respectively). There was no difference between the two IRI groups and also 

between the two sham groups (Figure 5.5A).  

nDNA: ACTB and GAPDH were used as a marker of nDNA. They both followed a similar trend. There 

was no change in plasma nDNA levels over time in all groups except IRD. There were 7-fold and 6-fold 

higher levels (p<0.01) of ACTB in Plasma300 than in Plasma0 and Plasma150, respectively and there was 

4-fold (p<0.05) elevation of GAPDH in Plasma300 compared to the Plasma0. (Figure 5.4B&C) 

Between the studied groups, there was no difference in plasma nDNA at both 0 min and 150 min. At 

300 min, both IRND and IRD had higher ACTB levels of 10-fold (p<0.05) and 11-fold (p<0.01) than the 

respective sham. However, for GAPDH, only IRND had 10-fold (p<0.05) higher level than SSND and 

there was no difference between IRD and SSD. There was no difference in plasma nDNA levels 

between IRND and IRD or SSND and SSD (Figure 5.5B&C).   

mtDNA: For mtDNA, CytB, COX3 and ND were used as markers. They followed a similar pattern. Over 

time, there was no difference in plasma mtDNA levels for both sham groups – SSND and SSD. In IRND, 

the mtDNA level of Plasma150 and Plasma300 were elevated about 2-3 folds from the baseline – Plasma0. 

However, in IRD, only Plasma300 had 3-fold higher plasma mtDNA than Plasma0 (except for COX3, 

there was no change over time) (Figure 5.4D,E&F). 

In a turn of the comparison between the studied groups, there was no difference in plasma mtDNA at 

all the three time points (Figure 5.5D,E&F). 
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Figure 5.4: Comparison of plasma nucleic acid DAMPs level between intestinal ischemia-reperfusion injury and sham groups at three time points 
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Table 5.6: Plasma nucleic acid DAMP profile by time summary 

 
cfDNA 

nDNA 

ACTB GAPDH 

SSND IRND SSD IRD SSND IRND SSD IRD SSND IRND SSD IRD 

Plasma150 vs 
Plasma0 

NS NS NS NS NS NS NS NS NS NS NS NS 

Plasma300 vs 
Plasma0 

NS 3x* NS 3x* NS NS NS 7x** NS NS NS 4x* 

Plasma300 vs 
Plasma150 

NS NS NS NS NS NS NS 6x** NS NS NS NS 

 

 

mtDNA 

CytB COX3 ND 

SSND IRND SSD IRD SSND IRND SSD IRD SSND IRND SSD IRD 

Plasma150 vs 
Plasma0 

NS 2x* NS NS NS 3x** NS NS NS 2x* NS NS 

Plasma300 vs 
Plasma0 

NS 3x*** NS 3x*** NS 3x* NS NS NS 3x*** NS ↑3x** 

Plasma300 vs 
Plasma150 

NS NS NS NS NS NS NS NS NS NS NS NS 
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Figure 5.5: Changes in plasma nucleic acid DAMPs level by time in intestinal ischemia-reperfusion injury and sham groups 
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Table 5.7: Plasma nucleic acid DAMPs comparisons between the study groups 

 
cfDNA 

nDNA 

ACTB GAPDH 

Plasma0 Plasma150 Plasma300 Plasma0 Plasma150 Plasma300 Plasma0 Plasma150 Plasma300 

IRND vs SSND NS NS 11x**** NS NS 10x* NS NS 10x** 

IRND vs IRD NS NS NS NS NS NS NS NS NS 

IRD vs SSD  NS NS 5x* NS NS 11x** NS NS NS 

SSND vs SSD NS NS NS NS NS NS NS NS NS 

 

 mtDNA 

CytB COX3 ND 

Plasma0 Plasma150 Plasma300 Plasma0 Plasma150 Plasma300 Plasma0 Plasma150 Plasma300 

IRND vs SSND NS NS NS NS NS NS NS NS NS 

IRND vs IRD NS NS NS NS NS NS NS NS NS 
IRD vs SSD  NS NS NS NS NS NS NS NS NS 

SSND vs SSD NS NS NS NS NS NS NS NS NS 
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Summary:  

• All nucleic acid DAMPs tended to be elevated in IRD and IRND over time for a small degree, 

mostly 2-3-fold.  

• cfDNA and nDNA DAMPs elevated in both IRND and IRD compared to their respective sham at 

Plasma300.  

• There was no difference in mtDNA levels between all four groups at all the three time points. 

 

 Mesenteric lymph nucleic acid DAMP profiles 

The data for this section was presented in Figure 5.6, Figure 5.7, Table 5.8 and Table 5.9. 

cfDNA: In IRD, there was no change in ML cfDNA over time, whereas in SSD, the ML cfDNA was 3-

fold lower in both Lymph0-150 and Lymph150-300 compared to the baseline sample (Figure 5.6A). Between 

IRD and SSD, there was no difference in ML cfDNA at all the three ML samples (Figure 5.7A).  

nDNA: In IRD, there was no change in ML nDNA level over time, except GAPDH level was 2-fold lower 

in Lymph150-300 compared to the baseline sample – Lymph0. In SSD, nDNA genes levels of Lymph0-150 

and Lymph150-300 were lower than the baseline sample – Lymph0 (Figure 5.6B&C). Similar to cfDNA, 

there was no difference in nDNA level between the two groups at all the three time points (Figure 

5.7B&C).  

mtDNA: In both IRD and SSD, the ML mtDNA levels were lower in both Lymph0-150 and Lymph150-300 

compared to the baseline sample - Lymph0 (Figure 5.6D,E&F). Like cfDNA and nDNA, there was no 

difference in mtDNA level between IRD and SSD at each time point (Figure 5.7D,E&F).  
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Figure 5.6: Changes in mesenteric lymph nucleic acid DAMP levels by time in sham and 
intestinal ischemia-reperfusion injury 
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Table 5.8: Mesenteric lymph nucleic acid DAMPs profile by time summary 

 
cfDNA 

nDNA mtDNA 

ACTB GAPDH CytB COX3 ND 

IRD SSD IRD SSD IRD SSD IRD SSD IRD SSD IRD SSD 

Lymph0-150 vs 
Lymph0 

NS ↓3x** NS ↓3x** NS ↓4x** ↓3x* ↓6x*** ↓4x* ↓6x*** ↓4x* ↓6x*** 

Lymph150-300 vs 
Lymph0 

NS ↓3x** NS ↓4x*** ↓2x* ↓5x*** ↓3x* ↓5x** ↓4x* ↓6x** ↓3x* ↓5x** 

Lymph150-300 vs 
Lymph0-150 

NS NS NS NS NS NS NS NS NS NS NS NS 
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Figure 5.7: Comparison of mesenteric lymph nucleic acid DAMP levels between IRD and SSD 
groups at three time points 
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Table 5.9: Mesenteric lymph nucleic acid DAMPs comparison between IRD and SSD groups 

 Lymph0 Lymph0-150 Lymph150-300 

cfDNA NS NS NS 

nDNA 
ACTB NS NS NS 

GAPDH NS NS NS 

mtDNA 

CytB NS NS NS 

COX3 NS NS NS 

ND NS NS NS 

 

 

 

Summary:  

• The nucleic acid DAMPs levels can be detected in the ML, and they all followed the similar trend.  

• Generally, the nucleic DAMPs decreased over time in both IRD and SSD.  

• Between IRD and sham, there was no difference between the two groups at all the three time 

points. 

 

 

 Protein DAMPs 

 Plasma profile of protein DAMPs in intestinal ischemia-reperfusion injury  

The protein DAMPs concentrations in plasma were only measured at Plasma300 which is the sample 

collected at the end of the experiment. The comparisons of the protein DAMPs levels between the 

groups are shown in Table 5.10 and Figure 5.8.  

HMGB1: There was no significant difference in plasma HMGB1 levels between IRI and sham groups 

with or without ML drainage (Figure 5.8A).  

S100A8/A9: Like HMGB1, there was no difference in plasma HMGB1 levels between the IRI and sham 

groups. The drainage of ML also did not influence the plasma S100A8/A9 level (Figure 5.8B). 
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Figure 5.8: Plasma protein DAMP profile in sham and intestinal ischemia-reperfusion injury 
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Table 5.10: Comparison of plasma protein DAMP levels between different disease groups 

 HMGB1 S100A8/A9 

IRND vs SSND NS NS 

IRND vs IRD NS NS 

IRD vs SSD  NS NS 

SSND vs SSD NS NS 

 

 

 Mesenteric lymph profiles of protein DAMPs in intestinal ischemia-reperfusion 

injury  

The protein DAMPs – HMGB1 and S100A8/A9 levels were measured in all three ML samples collected 

at the different time points. The detailed profiles of the protein DAMPs are in Table 5.11, Table 5.12, 

Figure 5.9 and Figure 5.10. 

HMGB1: In both groups, the ML HMGB1 concentration decreased over time. In the sham group, the 

Lymph0 HMGB1 concentration was 5-fold (p<0.05) and 14-fold (p<0.005) higher than Lymph0-150 and 

Lymph150-300, respectively. For IRD, the Lymph0 carried 9-fold (p<0.01) higher HMGB1 than Lymph150-

300(Figure 5.9A). There was no significant difference in ML HMGB1 level between IRI and sham (Figure 

5.10A).  
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S100A8/A9: In sham, there were no changes in ML S100A8/A9 over time, whereas in IRD, the ML 

S100A8/A9 concentrations were 2-3-fold (p<0.01) lower in Lymph150-300 compared to Lymph0 or Lymph0-

150(Figure 5.9B). There was no difference in ML S100A8/A9 level between the sham and the IRI at all 

the three time points (Figure 5.10B).  

Figure 5.9: Changes in mesenteric lymph protein DAMP levels by time in SSD and IRD 
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Table 5.11: Mesenteric lymph protein DAMP profile by time summary 

 
HMGB1 S100A8/A9 

IRD SSD IRD SSD 

Lymph0-150vs Lymph0 NS ↓5x* NS NS 

Lymph150-300vs Lymph0 ↓9x* ↓14x*** ↓3x** NS 

Lymph150-300vs Lymph0-150 NS NS ↓2x** NS 
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Figure 5.10: Comparison of mesenteric lymph protein DAMP levels between IRD and SSD at 
three time points 
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Table 5.12: Mesenteric lymph protein DAMPs comparisons between IRD and SSD at each 
collection time point 

IRD vs SSD Lymph0 Lymph0-150 Lymph150-300 

HMGB1 NS NS NS 

S100A8/A9 NS NS NS 

 

 

 

Summary:  

• There was no difference in plasma HMGB1 and S100A8/A9 levels between disease and sham.  

• ML drainage did not affect their plasma level.  

• ML HMGB1 level fell over time in both sham drainage and IRD, whereas ML S100A8/A9 

decreased over time in IRD only  

• There was no difference in protein DAMPs levels in ML between sham and IRD at all the three 

time points. 
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5.4 Discussion 

In this experiment, I investigated the changes in plasma and ML cytokines and DAMPs during 5 hours 

of IRI. The purpose was to understand whether (i) the circulatory cytokines and DAMPs were elevated 

in IRI, (ii) the drainage of ML could reduce their level in the circulation and (iii) whether the cytokines 

and or DAMPs were carried in ML. The experiment used a rat model, which is a well-established model 

to study IRI [533-535]. In my experiment, IRI was induced by clamping the superior mesenteric artery 

(SMA) for 30 min followed by reperfusion of 4.5 hours. The discolouration of the intestine was observed 

during the experiment, which confirmed the development of ischemia and reperfusion to the intestine. 

Flint et al. used the exact same model of IRI and demonstrated the toxicity of ML collected after 2 hours 

of reperfusion which were capable of exacerbating AP [528].   

The derangement in vital signs such as hypotension and tachycardia were observed in both IRI groups, 

and the findings confirmed the development of SIRS and organ dysfunction in IRI rats. The changes in 

MAP and HR were different between ML drainage and non-ML drainage groups. The decrease in MAP 

started at the 2nd hour in IRND whereas it started at the 3rd hour in IRD compared to their respective 

shams suggesting the drainage had delayed the onset of the MAP decline by an hour. However, IRD 

then went on to have a slightly lower MAP than IRND at both 4th and 5th hour of IRI. The drainage of 

ML affected the blood pressure in the IRI rats in the latter part of the experiment and was considered 

due to the volume depletion from ML drainage in IRI rats. That is further supported by the earlier 

elevation of HR in IRD (started at the 4th hour) than in IRND, compared to their respective shams. The 

serum biochemistry study also showed that there were significant elevations of both urea and creatinine 

in IRD compared to SSD, whereas only urea was significantly elevated in the IRND compared to SSND. 

Thus, it indirectly indicated the more severe intravascular volume depletion in IRD than in IRND.   

Due to the inherent changes in intravascular volume due to the ML drainage process (as describe 

above), the results were evaluated by a direct comparison of the plasma cytokines and DAMPs levels 

between the appropriate disease states and shams, IRD and SSD or IRND and SSND respectively (i.e., 

compares the fold-changes between IRD and SSD to the fold-changes between IRND and SSND that 

had similar fluid losses). Then, the fold-changes between the two sets of comparisons were compared.   

 Plasma and mesenteric lymph cytokines profile in IRI 

Cytokines are important mediators in critical illnesses, including IRI. Animal model studies of IRI using 

occlusion and reperfusion of superior mesenteric artery have shown that multiple cytokines have been 

reported to be elevated in the blood circulation, and they are believed to be responsible for the systemic 

manifestation of IRI and distant organs injury [536, 537]. The importance of them to the disease process 

has been shown in various studies to modulate their levels. For example, administration of 

adrenomedullin and adrenomedullin binding protein-1 reduced the serum cytokines levels and 

attenuated tissue injury and improved survival in rats with IRI [532]. Pre-treatment with TNF-α 

monoclonal antibody reduced cardiovascular consequences and improved survival in rats underwent 

IRI [538].  
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In my experiment, the levels of the ten different cytokines in systemic circulation were measured during 

IRI compared to their respective shams. Then, the effect of ML drainage on circulatory cytokines was 

examined as the drainage of ML was shown to protect IRI induced distant organs injuries in rats [391]. 

The levels of cytokines in ML itself were also measured as it could be a contributing route that carried 

the cytokines released from the damaged intestine to the systemic circulation.  

I chose to measure seven pro-inflammatory cytokines, IL-1α, IL-1β, IL-2, IL-6, IL-18, MCP-1 & TNF-α 

and three anti-inflammatory cytokines, IL-4, IL-10 & IL-13. These are important cytokines and have 

shown to be associated with various forms of CI, including IRI [391, 532].   

 Circulating plasma cytokines are elevated in IRI  

In this experiment, four out of the ten plasma cytokines IL-6, TNF-α, IL-4, and IL-13, were elevated in 

IRND compared to SSND. This finding supports the important role of circulatory cytokines in IRI induced 

SIRS and MODS. It is consistent with the findings of a more severe rodent model from He et al., where 

there were elevations of circulating IL-6 and TNF-α in rats with IRI subjected to 60 minutes of ischemia 

(clamping the superior mesenteric artery) followed by 120 minutes of reperfusion [391]. The duration of 

IRI was different in my experiment, in which IRI was induced by a milder 30 minutes of ischemia followed 

by 270 minutes of reperfusion.  

Among the four cytokines that were elevated, IL-4 and IL-13 are anti-inflammatory, and IL-6 and TNF-

α are pro-inflammatory cytokines. However, the highest elevation was seen in IL-4 and IL-13 with 21 

and 15-fold, respectively, compared to the sham. So, it is more directed toward an anti-inflammatory 

state after the first 5 hours of IRI. These anti-inflammatory cytokines were known to suppress immunity 

and could promote the propagation of infection. This is usually known as compensatory anti-

inflammatory response syndrome (CARS), which is a compensatory mechanism to shut down the 

hyperimmune response from the primary insult. However, excessive CARS could lead to the 

development of immunoparalysis and increase the risk of infection and dead [539]. Understanding the 

timing of the transition from a pro-inflammatory to an anti-inflammatory state is an important aspect to 

generate an effective therapeutic strategy in clinical practice.   

The other commonly investigated anti-inflammatory cytokine in other CI states includes IL-10 [501, 540, 

541]). In my study, there was no difference in plasma IL-10 between IRI and sham, suggesting it does 

not appear to play a significant role in IRI. This is consistent with a study using IL-10 gene knockout 

mice that did not show any changes in the local or systemic response to IRI between the wild type and 

IL-10 deficient mice [542].  

 Mesenteric lymph drainage changes circulatory cytokines profile in IRI 

To understand the effect of ML drainage on circulatory cytokines during IRI, the differences in plasma 

cytokines levels between IRD and SSD were studied. It was found that only 3/10 cytokines IL-6, IL-10 

and IL-13 were elevated in the IRD compared to SSD. Both IL-6 and IL-10 were elevated in IRND, but 

not IL-10.  
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The magnitude of elevation of IL-6 and IL-13 in IRD were lower compared to the IRND, from their 

respective shams. IL-4, which had the highest fold elevation in IRND, was not elevated in IRD. These 

findings supported that the ML drainage process was able to change the circulatory cytokines profiles 

in IRI.  

IL-6 is considered an important pro-inflammatory cytokines and its level in the circulation has been 

shown to be directly correlated with the poor clinical outcomes in CI in a clinical setting [134, 198, 543]. 

The blockage of the IL-6 by using a monoclonal antibody against its receptor has been a proposed 

treatment strategy in many critically patients with SIRS and MODS [544, 545].  In this study, there was 

a lower fold elevation (almost half) of the IL-6 with ML drainage than the non-drainage model. The 

limited elevation of IL-6 in the circulation may even be hypothesised to have an overall positive outcome. 

A previous study done on mice showed that the administration of low dose IL-6 intraperitoneally 

following gut ischemia improved the mesenteric perfusion and actually reduced intestinal injury, while 

the high dose IL-6 did not [546]. So, the lower fold elevation of circulatory IL-6 in the ML drainage may 

even prove to be beneficial in reducing ischemic gut injury.  

Similarly, TNF-α is a well known important inflammatory mediator, and its levels are often correlated 

with the severity of SIRS [130]. TNF-α is considered responsible for the production of SIRS symptoms 

– fever, hypotension, leucopenia, liver dysfunction and coagulopathy [145]. Reducing circulatory TNF-

α activity by administration of an antibody against TNF-α helped to reduce the severity of SIRS caused 

by endotoxin in rats [547]. In this study, the ML drainage attenuated its elevation in the circulation during 

IRI. This is consistent with the findings in a previous study done on the IRI mice, where the elevation of 

serum TNF-α was limited by thoracic lymphatic duct ligation and mitigated the IRI induced lung injury 

[548]. The finding of limited elevation of circulatory TNF-α may be an explanation for why the drainage 

of ML would reduce long term remote organ injury by limiting the inflammatory response in IRI.  

However, in this current stud, ML drainage also had an effect on the anti-inflammatory cytokine profile. 

It prevented the elevation of IL-4, and also decreased the magnitude of the fold elevation of IL-13. 

However, it caused the elevation of IL-10 by 5-fold compared to its sham. However, the effect of IL-10 

is expected to be rather limited, as demonstrated in the study using mice with IL-10 gene knockout 

[542]. So, the ML drainage would influence the elevation of certain anti-inflammatory cytokines that may 

not influence the disease course. Thus drainage effects on cytokines would be the final balance 

between effects on pro and anti-inflammatory cytokines. There may be reductions in both classes of 

cytokine by drainage. Further investigation is warranted to understand the effects of these alterations 

and anti-inflammatory cytokines on the disease process of IRI.  In particular, the technical restrictions 

of the model and the inability to sample blood at multiple timepoints mean I only have one window on 

the plasma cytokine changes. 

The observation of changes in circulatory cytokines profiles with ML drainage, therefore, raises the 

question of whether ML fluid could be the important carrier of cytokines and contribute to the circulating 

plasma profile during IRI. This was answered by my evaluation of the lymphatic fluid cytokine profile. 
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 Mesenteric lymph carried cytokines  

In order to examine whether the ML could be the important source of cytokines to the systemic 

circulation during IRI, ML cytokines levels were analysed in samples collected at three different time 

points – just before disease induction (Lymph0), between 0 to 150 min (Lymph0-150) and between 150 

to 300 min of IRI (Lymph150-300). Several cytokines were in the undetectable ranges at Lymph0. However, 

the ML cytokines IL-6 and IL-18 were found to be elevated compared to sham at Lymph150-300. The 

changes in ML cytokines in critical illness have not been widely studied. A study done on haemorrhagic 

shock rats showed no elevation of ML cytokines – TNF-α, GM-CSF, IL-1β and TGF-1β compared to the 

shams [549]. In contrast, the findings in my study support that the ML carries cytokines during IRI, and 

one can reasonably hypothesise that this phenomenon may contribute to the reported toxicity of ML in 

IRI [391, 528]. 

Only IL-6 and IL-18 were elevated in the Lymph150-300 of IRD compared to that of the sham drainage 

samples.  However, it was elevated in a great extent for IL-6. The ML IL-6 was 22-fold higher than the 

respective sham sample, whereas the plasma IL-6 was only 8-fold higher. As mentioned above, IL-6 is 

an important inflammatory mediator for SIRS and MODS and has been found to be elevated in 

circulation in both IRD and IRND. However, the fold of elevation from the respective sham was lower in 

the IRD than in IRND. The drainage of ML attenuates this source of the ML IL-6 from entering the 

systemic circulation. A similar IRI model without lymphatic drainage in rats showed that there was an 

elevation of IL-6 production from the gut after IRI, and this correlated with the magnitude of gut ischemia 

[550]. The finding in my study indicated that the ML could carry the gut origin cytokines to the systemic 

circulation. IL-6 might be a key cytokine that increases the production of other cytokines, TNF-α, IL-4 

and IL-13, into the systemic circulation. IL-6, together with its receptors, are known to activate 

MAPK/NF-B pathway, which can activate the transcription of inflammatory cytokines and chemokines 

[551, 552].   

 Summary 

To summarise, certain cytokines (4/10 measured) were elevated in IRI, and the ML drainage attenuated 

or altered the plasma cytokines profiles in IRI. The ML itself carried a significantly higher level of IL-6 in 

IRI and may influence the production of cytokines from other sources.   

 Plasma and mesenteric lymph DAMPs profiles in IRI 

 Nucleic acid DAMPs 

As mentioned in the previous chapters, nucleic acid DAMPs – cfDNA, nDNA and mtDNA levels in 

plasma and ML were measured in this study. The elevation of these nucleic acid DAMPs in systemic 

circulation has been reported in various forms of CI, including IRI [553-555]. These nucleic acid DAMPs 

possess both direct and indirect cytotoxicity through immunomodulation [307, 556]. They are known to 

be released from the cells upon cell death or injury [307]. In this experiment, the onset of the elevation 

of these nucleic acid DAMPs was determined by measuring their plasma levels in 0, 150 and 300 min 

of IRI as well as the effect of ML drainage on the plasma levels were also studied. The nucleic acid 
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DAMPs levels were also measured in ML to check whether the ML could carry them to the systemic 

circulation during IRI.  

In this experiment, only cfDNA and nDNA levels were elevated late in the circulation in IRI, at 300 min 

and the drainage of ML reduced the degree of elevation compared to the respective sham. There was 

no elevation of ML nucleic acid DAMPs in IRI.  

5.4.2.1.1 Plasma nucleic acid DAMPs in IRI  

Plasma nucleic acid DAMPs were marginally elevated at 300 min compared to the baseline samples in 

both IRD and IRND. However, only cfDNA and nDNA were elevated in IRD and IRND compared to the 

respective sham at 300 min. It is consistent with the previous findings on the correlation between 

mortality from acute mesenteric ischemia and cfDNA level [557].  

There was no difference in plasma mtDNA levels between IRI and sham groups in my study. This is not 

consistent with the previous findings where there was a significant elevation of circulatory mtDNA was 

noted in an animal model of IRI using mice [554]. That study used the same 30 min gut ischemia by 

clamping SMA, but it did not specify the duration of reperfusion before the plasma samples were 

collected. In my study, the intestine was subjected to 30 min of ischemia followed by 270 min of 

reperfusion injury. My sampling was, therefore, much later. I was unable to collect blood for the multiple 

intermediate time points, so it is not possible to determine if the levels had increased in a shorter period 

and then declined. It is likely that a longer duration of ischemia (more significant injury) or reperfusion 

may increase mtDNA levels as the IRI animal model study using 60 min of ischemia followed by 120 

min of reperfusion phase has shown the elevation of other DAMPs – HMGB1 [558] The association 

between the pathophysiology of IRI and the circulatory mtDNA could be studied further using different 

duration of ischemia and reperfusion. The finding also indicated that the IRI alone in CI did not usually 

increase circulatory mtDNA levels and the other pathophysiological mechanisms might involve in the 

elevation of the circulatory mtDNA.  

5.4.2.1.2 Effects of mesenteric lymph drainage on plasma nucleic acid DAMPs level 

There was less elevation of plasma cfDNA at 300 min in IRD than in IRND, compared to their respective 

shams. The drainage of ML prevented the elevation of nDNA in IRD compared to its sham. Circulatory 

mtDNA was not elevated in both IRD and IRND compared to their respective shams. Since the elevation 

of the circulatory nucleic acid DAMPs were associated with poor clinical outcome in CI [255], the ML 

drainage may reduce the long-term severity of SIRS/MODS in IRI by reducing or preventing the 

elevation of these nucleic acid DAMPs. In support of this, drainage of ML in animal models of IRI 

consistently showed protective effects on the distant organs, including lungs [391, 525].  We 

investigated the impact of drainage on lung gene expression in Chapter 7. 

5.4.2.1.3 Mesenteric lymph as a source of nucleic acid DAMPs during IRI 

Since the ML drainage can reduce or prevent the elevation of plasma circulatory nucleic acid DAMPs, 

I measured the levels of these molecules in the ML to check whether they were carried in the ML to the 

systemic circulation. Unexpectedly, the ML nucleic acid DAMPs decreased over time, and there was 
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no difference in their levels between IRI and sham. So, ML was not the channel that carried the nucleic 

acid DAMPs to the systemic circulation during IRI. However, the ML may carry other toxic molecules 

that may increase the production of cfDNA and nDNA from other parts of the body. For example, the 

cytokine IL-6 was elevated in ML during IRI, and it is a potent inflammatory mediator. So, ML may 

indirectly influence the circulatory nucleic acid DAMPs by carrying the other types of inflammatory 

mediators.  

5.4.2.1.4 Summary 

The study showed that the plasma cfDNA and nDNA were elevated in IRI and the drainage of ML 

prevented or reduced the degree of elevation. Surprisingly the ML did not carry high levels of nucleic 

acid DAMPs during IRI, supporting a secondary effect from the drainage of ML. 

 Protein DAMPs 

In this study, I also measured HMGB1 and S100A8/A9 concentrations in the plasma and ML during IRI. 

HMGB1 is an intra-nuclear protein and is regarded as an important DAMP molecule in IRI [391]. 

S100A8/A9 complex, which is also known as “calprotectin”, is an inflammatory molecule and could be 

elevated in inflammatory conditions, including colitis  [559, 560].  

5.4.2.2.1 Plasma protein DAMPs in IRI  

There was no elevation of plasma protein DAMPs – HMGB1 and S100A8/A9 in both IRND and IRD 

compared to their respective shams. It is not consistent with the findings in the study done by He et al. 

[558], where there was a significant elevation of plasma HMGB1 in IRI mice compared to the control. 

However, the duration of gut ischemia in that study was 60 min, in contrast to the 30 min in my study. 

The longer duration of the gut ischemic phase may be required to increase the circulatory HMGB1. 

Similarly, the plasma S100A8/A9 levels had been regarded as an inflammatory marker in colitis [559, 

560]. However, in the timeframe of this experiment, they were not important. So, it is possible that either 

the protein DAMPs may not be a big contributor in the pathophysiology of IRI induced SIRS/ MODS or 

their plasma levels are not altered in the current model of IRI used in the experiment.  

5.4.2.2.2 Effect of ML drainage on circulatory protein DAMPs and their concentration in 
ML 

The drainage of ML did not affect the level of both HMGB1 and S100A8/A9 in IRI. The concentrations 

of the protein DAMPs were also measured in ML to check whether the ML is a carrier of protein DAMPs 

to the systemic circulation during IRI. Both HMGB1 and S100A8/A9 levels in ML declined over time in 

IRD, which indicated that the ML did not carry them during IRI. However, it is difficult to make the 

conclusion out of this experiment as there was no elevation of these molecules in plasma samples too. 

A decline in their profile might be attributable to our model being less severe, and cells recover over 

time, so the ongoing contribution of the lymph-based catchment area is reducing. Alternatively, the 

lymphatics in the gut wall may be less efficient immediately after IR injury but then recover and start 

draining fluid again, so this dilutes the intraluminal content. Finally, the gut often fills with fluid after IRI 

[561], so this fluid may start to enter the lymphatics in the villi, which will dilute the final DAMPs profile. 
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It is possible that a more severe form of disease model would be required to study the dynamic of 

protein DAMPs in the circulation and ML during IRI.  

5.4.2.2.3 Summary 

My study showed the likely limited role of protein DAMPs – HMGB-1 and S100A8/A9 in the first 300 

min of IRI in this model. They may not be an early mediator in IRI as they were not elevated in both 

plasma and ML. The longer duration or more severe form of IRI will be required to study the role of 

protein DAMPs in the pathogenesis of SIRS/MODS.   

 Difference in profiles between nucleic acid DAMPS and protein DAMPS 

In this experiment, both nucleic acid DAMPs and protein DAMPs were measured in both plasma and 

ML in IRI and compared with sham. Only plasma nucleic acid DAMPs – cfDNA and nDNA were elevated 

in IRI and the drainage of ML prevented or reduced the degree of elevation in plasma. There was no 

elevation of both protein and nucleic acid DAMPs in ML. Thus, it indicated the ML did not carry protein 

and nucleic acid DAMPs during IRI, at least in this disease model. A more severe form of IRI might be 

required to study the dynamics of these DAMPs in plasma and ML.  

5.5 Novelty of the study 

As stated in the previous chapter, the unique thing about this study was the characterisation of the 

cytokines and DAMPs in both plasma and ML at different time intervals. Compared to the other two 

models AP and sepsis, the IRI model only produced modest changes in cytokines and DAMPs in both 

plasm and ML. It is also one of the first studies that demonstrated that both nucleic acid and protein 

DAMPs were not elevated in ML during the first 5 hours of the disease process, although the intestine 

was directly injured in the IRI model.  

5.6 Limitations of the study design 

In this IRI study, the SMA was clamped for 30 min, followed by reperfusion for 4.5 hours. It was based 

on the work of the previous doctoral student in our group, which showed the toxicity of ML after 30 min 

of gut ischemia and 120 min of reperfusion [528]. However, this model may not simulate the acute CI 

that was severe enough to induce the production of multiple cytokines and DAMPs, like in clinical 

settings. Regardless, it still induced the elevation of some cytokines and DAMPs and allowed me to 

investigate the effect of ML drainage on these elevated cytokines and DAMPs.   

5.7 Conclusion 

This study analysed and compared the changes in cytokines and DAMPs in two different body 

compartments – ML and plasma during IRI. It showed that some cytokines elevated in plasma and ML 

during IRI and ML drainage partly limited plasma cytokine elevation. However, the effect of IRI on 

plasma and ML DAMPs levels was subtle and limited only to plasma cfDNA and nDNA. Further study 

using a longer duration of IRI would be helpful to study the changes in plasma and ML DAMPs.   
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Chapter 6 : Changes in gene expression profile of 

lungs during critical illness and the effect of 

mesenteric lymph drainage  

6.1 Introduction  

As discussed in the introduction, there is a pattern of organ failure associated with SIRS and MODS 

that can be observed in multiple different critical illness (CI) settings. Lungs are one of the first organs 

affected in SIRS and MODS [17]. Acute lung injury (ALI) and its more severe form, the acute respiratory 

distress syndrome (ARDS), are often associated with CI and characterised by non-hydrostatic 

pulmonary oedema due to inflammation and increased vascular permeability [562]. ARDS occurs in 

about 6-7% of sepsis [563] and 10% of severe trauma [564] which can result in severe acute respiratory 

failure requiring mechanical ventilation and admission to the intensive care unit [565]. In some cases, 

it also causes permanent pulmonary damage such as fibrosis [566]. Unfortunately, the underlying 

aetiology that is responsible for the development of ALI/ARDS in CI is still poorly understood [567]. As 

a result, there are no targeted agents available that can treat ARDS, so supportive treatment is still the 

main treatment modality [568].  

Analysing the changes in gene expression profile in lungs during CI would provide valuable information 

to further understand how SIRS leads to the development of ARDS. Anatomically speaking, the lungs 

are the next organs exposed to the ML after the heart. Also, as discussed in earlier chapters – 3,4, and 

5, the ML could carry some immune mediators – DAMPs and cytokines during critical illness and the 

diversion of ML could change the composition of these immune mediators in the pulmonary circulation. 

It has been demonstrated that the drainage or diversion of the ML during haemorrhagic shock prevented 

lung injury by reducing the number of apoptotic cells in rats [471]. Similarly, the diversion of ML by 

thoracic duct ligation reduced lung injury in rats with acute haemorrhagic necrotizing pancreatitis [477].  

The understanding of changes to the gene expression profile of lungs during critical illness conditions - 

AP, sepsis and IRI injury will help to identify the genes and their related pathways that are involved in 

the disease process. In the same way, understanding the effects of ML drainage on the lung gene 

expression in critical illness conditions could be helpful in identifying a newer therapeutic target to 

mitigate ARDS in critical illnesses.  

6.2 Methodology  

The gene expression analysis of lungs involved multiple steps:  

1. Extraction of RNA from lung tissue.  

2. Analysis of the RNA quality and quantity.  

3. Transcriptome analysis of lung RNA.  
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The RNA samples from 3 randomly selected rats in each group (n=3), in total 30 RNA samples, were 

analysed.  

 Extraction of RNA from lung tissue 

The right lower lobe of the lung was collected from each rat immediately after culling the animal. It was 

rinsed with normal saline before transferring to a RNAse free snaplock microtube (Cat# MCT150B, 

Axygen, California, USA), containing 1ml of RNAlater solution (Cat# AM7021, Invitrogen, California, 

USA) and stored at 4℃ for 24 hours. Then, it was stored at -20℃ until RNA extraction.  

RNA was extracted from a piece of the lung (~ 30 mg) using Qiagen RNeasy Fibrous Tissue Mini Kit 

(Cat # 74704). First, the piece of lung tissue was briefly rinsed with DNase/RNase-free distilled water 

(Cat # 10977015, Invitrogen, California, USA). Then, the lung tissue piece was immediately transferred 

to a new 2 ml microtube (Cat# 14-222-18, Axygen, California, USA) preloaded with a stainless-steel 

bead 5mm (Cat# 69989, Qiagen, California, USA) and 600 µl of RLT buffer solution (Cat# 79216, 

Qiagen, California, USA). The microtube was placed in a TissueLyser adapter, and the lung tissue was 

disrupted using Qiagen TissueLyser II for 2 min at 20Hz. The microtube was centrifuged for 3 min at 

20,000 x g, and the supernatant was carefully transferred to a new 1.5 ml microcentrifuge tube 

containing 300 µl of 70% ethanol. The resultant mixed sample was transferred to an RNeasy spin 

column placed in a 2ml collecting tube (both supplied in the kit) and centrifuged (10,000 x g for 15 sec). 

The RNeasy spin column was removed from the collecting tube, and flow-through in the tube was 

discarded. Then, the RNeasy spin column was placed back on the collecting tube. After that, 700 µl of 

buffer RW1 (supplied with the kit) was added to the RNeasy spin column and centrifuged at 10,000 x g 

for 15 seconds to wash the spin column membrane. The flow-through in the tube was discarded. Then, 

the RNeasy spin column was placed back on the collecting tube, and 500 µl of Buffer RPE was added 

to the spin column. The tube was centrifuged at 10,000 x g for 15 seconds to wash the spin column 

membrane, and the flow through was removed using a micropipette. The procedure was repeated two 

times to clean the spin column membrane. Then RNeasy spin column was placed in the new 2 ml 

collecting tube and centrifuged at 20,000 x g for 1 min to remove any residual buffer in the spin column 

membrane. Then, the RNeasy spin column was transferred to the new 1.5 ml collecting tube (provided 

in the kit). The RNeasy spin column was loaded with 50 µl of RNase-free water (provided in the kit) and 

centrifuged at 10,000 x g for 1 min to elute the RNA. Then, the mini spin column was removed, and the 

microtube with ~50 µl RNA sample was stored at -80℃ until ready for further analysis. Before archiving 

the sample in the freezer, about 5 µl of the sample was transferred to a separate 1.5 ml tube to check 

the purity and quantity of the RNA samples. 

 Analysis of the RNA quality and quantity 

The RNA sample was initially analysed using a Nanodrop (ND1000 Spectrophotometer, Thermo Fisher 

Scientific, USA) to screen its quality and quantity. First, the pedestals were cleaned with a soft fabric 

wipe, and de-ionized water and the nucleic acid module was selected (software ver 3.8.1). The RNA-

40 was chosen under sample type. Initially, 2 µl of RNAse-free water (used in the extraction of RNA) 

was loaded to the lower pedestal to obtain the blank value. Then the pedestals were wiped with the soft 
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wipe, and 2 µl of the RNA sample was loaded to measure the absorbances at 260 nm (A260) and at 

280nm (A280). Then, the value was calculated to generate the A260/A280 ratio. A ratio of more than 

2.0 is considered acceptable as the pure RNA sample. All samples submitted had a value of between 

2.0 to 2.1, with an average value of 2.08. The nanodrop also gave the concentration of RNA solution in 

ng/µl. Between each sample, the pedestals were cleaned thoroughly with a soft wipe and de-ionized 

water.   

The RNA sample was also analysed using Bioanalyzer (Agilent 2100 Bioanalyzer G2939A) to assess 

RNA integrity using the RIN value. The eukaryote total RNA nano assay (Agilent RNA 6000 Nano Kit) 

was used, and the manufacture’s protocol was followed. In general, a RIN value of greater than 6 is 

considered suitable for gene array analysis  [569]. For this experiment, only the samples with a RIN 

value of 6.9 or higher were selected for further analysis. Three samples for each rat group were 

randomly selected. As there were 10 groups (SAPND, SAPD, APND, APD, SSND, SSD, SND, SD, 

IRND and IRD), the total number of samples were 30. The average RIN value of all these samples was 

8.29. 

 Transcriptome analysis of the sample 

The qualified RNA samples were diluted with RNase-free water (provided in the RNeasy kit) to obtain 

20µl RNA solution at 1µg/µl for gene array analysis. The samples were submitted to the Genomics 

Facility, School of Biological Sciences, University of Auckland, for the rat transcriptome arrays analysis 

(Project code NZGL01800). The transcriptome study used GeneChip™ Rat Transcriptome Array (RTA) 

1.0 (Applied Biosystems, USA), which had the most comprehensive coverage of the rat transcriptome 

with more than 214,000 transcripts sourced from the largest public databases such as RefSeq, 

Ensembl, GeneBank, etc. It allows the comprehensive analysis of the expression of both coding and 

non-coding genes. It can generate accurate gene expression profiles from as little as 100 pg of total 

RNA. The entire transcriptome assay was performed by the Genomic Facility. Briefly, the GeneChip® 

WT Plus reagent kit (Affymetrix) was used to generate amplified and biotinylated sense-strand DNA 

targets from 100 ng total RNA as per the manufacturer’s protocol. The GeneChip® Hybridization, Wash, 

and Stain kit (Affymetrix) were used for array processing. Affymetrix GeneChip Hybridisation Oven was 

used to hybridise the GeneChip cartridge. Affymetrix GeneChip Fluidics Station 450 was used to 

perform the wash and stain procedures, and Affymetrix GeneChip Scanner GCS3000 7G was used for 

scanning.  

The generated raw data was analysed using Affymetrix Transcriptome Analysis Console (TAC) version 

4.0.2. The following settings were used for the analysis - 

Analysis Type: Expression (Gene) 

Analysis Version: version 2 

Pos vs Neg AUC Threshold: 0.7 

Genome Version: rn6 (Rattus norvegicus) 
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Annotation: RTA-1_0.r3.na36.1.rn6.a1.transcript.csv 

Map File: RTA-1_0_MappingFile.r1.map 

The software screened each sample for quality control (QC) using the three thresholds – labelling 

controls, hybridization controls and positive vs negative AUC. One of the IRD samples did not pass the 

threshold and hence was excluded from the data analysis.  

By using the “Gene level differential expression analysis” option, the software can generate the list of 

differentially expressed genes (DEGs) between the two groups of interests. It also gives a summary list 

of the number of DEGs between the two groups and the sub-types these DEGs are belonged.  

The DEGs were analysed in two methods, conservative and exploratory. For both methods, only the 

genes with at least a 2.5-fold expression difference are selected for the analysis (see Table 6.1).  

Table 6.1: The two methods used in the identification of the DEGs 

 Fold changes ANOVA p-value FDR p-value 

Conservative Method > 2.5 or < -2.5 Not applicable <0.05 

Exploratory Method > 2.5 or < -2.5 <0.005 Not applicable 

 

Conservative method: This method uses a strict selection criterion with a false discovery rate (FDR) 

– p-value of less than 0.05 to reduce false positive (Type 1) error.  

Exploratory method: Compared to the conservative method, the exploratory method was more 

inclusive and used a more relaxed set of screening criteria (ANOVA p-value of <0.005 for individual 

genes without FDR-correction). This allowed me to identify additional potential differentially expressed 

genes (DEGs) in each comparison for further validation studies. This method also reduced the risk of a 

Type 2 error where I could miss good candidates by making the inclusion criteria too strict.   

For both methods, ebayes ANOVA was used to examine the influence of two different independent 

variables – disease and drainage. It also allowed me to see if there was an interaction between the two 

variables. The list of the DEGs significant for disease, drainage and disease-drainage interaction were 

identified.  

Network analysis – Gene Ontology (GO): A comprehensive functional enrichment network analysis 

was performed to identify the potential functional pathways affected by the products (protein) of DEGs. 

The lists of DEGs from each set of comparisons (disease, drainage and disease-drainage interaction) 

were uploaded to Search Tool for the Retrieval of Interacting Genes/ Proteins (STRING, 

http://www.string-db.org) to systematically extract biological meaning from a large list of Genes/Proteins 

[570]. The database generated a list of the affected GO pathways by DEGs regarding the biological 

process, molecular function, and cellular component:  

http://www.string-db.org/
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i) Biological process is a series of events accomplished by one or more organised 

assemblies of molecular functions, and the process must have more than one distinct step 

to achieve biological objectives such as cell growth and maintenance or signal transduction.  

ii) Molecular function is a biochemical activity of a gene product that occurs at the molecular 

level, such as "catalytic activity" or "binding activity".  It represents activities rather than the 

entities (molecules or complexes) that perform the actions and does not specify where, 

when, or in what context the action takes place. Molecular functions generally correspond 

to activities that can be performed by individual gene products, but some activities are 

performed by assembled complexes of gene products. Examples of broad functional terms 

are "catalytic activity" and "transporter activity"; examples of narrower functional terms are 

"adenylate cyclase activity" or "Toll receptor binding".  

iii) Cellular component describes a component of a cell where a gene product is active (e.g., 

cytoplasm or nucleus).  

I used the default setting by the STRING website, which used a medium confidence value of 0.4 as a 

minimum required interaction score. Please refer to Figure 6.1 for the rest of the settings used.  

Network analysis – KEGG: The STRING also generates a list of Kyoto Encyclopaedia of Genes and 

Genomes (KEGG) pathways involved by DEGs. KEGG is a collection of manually drawn pathway maps 

representing the current knowledge on the molecular interaction, reaction and relation networks for 

metabolism, genetic information processing, environmental information processing, cellular processes, 

organismal systems, human diseases and drug development [571]. The analysis of the KEGG pathway 

provides a better understanding of the functional relevance of the DEGs.  

For both GO and KEGG tables, each table describes observed, background, strength, and FDR p-

value. Observed is the number of proteins in the network that are annotated with a particular term. 

Background is the total number of proteins have this term assigned. Strength describes how large the 

enrichment effect is and it is the ratio between the number of proteins in the network that are annotated 

with a term and the number of proteins that are expected to be annotated with this term in a random 

network of the same size. FDR p-value describes how significant the enrichment is (by using the 

Benjamini–Hochberg procedure). 

Protein-protein interaction network: To better understand DEGs from the protein interaction perspective, 

the functional enrichment network from STRING was imported to Cytoscape software (Version 3.8.2, 

https://cytoscape.org/, an open-source software, initially developed by the Institute for systems biology, 

Seattle, USA) to build the protein-protein interaction (PPI) network. It allowed me to identify the key 

proteins with the highest number of connections/degrees in the network. The number of connections 

indirectly indicates the degree of the importance of the protein in the network as it indicates that the 

protein could be involved in multiple functional pathways [572].  

 

 

https://cytoscape.org/
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Figure 6.1: Screen shot of settings used in STRING 
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6.3 Gene expression changes in lungs during acute pancreatitis  

 Conservative method 

 Analysis summary 

Firstly, I have investigated the changes in gene expressions of the lungs during acute pancreatitis. Apart 

from the five DEGs (Cct3, Fkbp4, Azi2, Esd and LOC688546) identified from a comparison between 

APD and SAPD, there was no DEG between other comparisons. The result summary on the group 

comparison and different classes are displayed in Table 6.2 and Table 6.3, respectively.  

Table 6.2: Conservative method - Group comparison table of AP lung transcriptome 

Comparison Group 1 Group 2 Count 1 Count 2 Up Down Total 

AP vs Sham AP Sham 6 6 0 0 0 

D vs ND D ND 6 6 0 0 0 

D: AP vs Sham D: AP D: Sham 3 3 5 0 5 

ND: AP vs Sham ND: AP ND: Sham 3 3 0 0 0 

AP: D vs ND AP: D AP: ND 3 3 0 0 0 

Sham: D vs ND Sham: D Sham: ND 3 3 0 0 0 

Interaction: D and ND vs AP and Sham AP: D vs ND Sham: D vs ND 6 6 0 0 0 

 

 

Table 6.3: Conservative method - Class summary of differentially expressed genes for AP lung 
transcriptome 

 

Total 
number 

of 
genes 

identifie
d 

AP vs Sham D vs ND 
D: AP vs 

Sham 
ND: AP vs 

Sham 
AP: D vs ND 

Sham: D vs 
ND 

Interaction: D 
and ND vs AP 

and Sham 

UP 
DOW

N 
UP 

DOW
N 

UP 
DOW

N 
UP 

DOW
N 

UP 
DOW

N 
UP 

DOW
N 

UP 
DOW

N 

Coding 24753 0 0 0 0 4 0 0 0 0 0 0 0 0 0 

Multiple complex 2259 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Non-coding 25625 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Precursor 
microRNA 1626 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Pseudogene 2026 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Ribosomal 370 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Small RNA 1324 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

tRNA 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Unassigned 10838 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Total 68842 0 0 0 0 5 0 0 0 0 0 0 0 0 0 
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 Exploratory method 

 Analysis summary 

There were 153 DEGs identified for the disease condition AP (vs sham), only 5 DEGs for ML drainage 

(vs non-drainage) and 86 DEGs for the AP x ML drainage interaction. Among the drainage groups, 

there were 334 DEGs between AP and sham, whereas there were only 16 DEGs among the non-

drainage groups. Among the AP groups, there were 66 DEGs between the drainage and non-drainage 

group, while there were only 6 DEGs among the sham groups. The result summary on the group 

comparison and different classes are presented in Table 6.4 and Table 6.5. Among the 86 DEGs for 

the AP x ML drainage interaction, 11 of them were also DEGs for AP vs sham. The Venn diagram in 

Figure 6.2 shows the number of DEGs in AP x ML interaction, AP vs sham and ML drainage vs non-

drainage and the number of DEGs overlap between the comparison groups.   

Table 6.4 Exploratory method - Group comparison table of AP lung transcriptome 

Comparison Group 1 Group 2 Count 1 Count 2 Up Down Total 

AP vs Sham AP Sham 6 6 108 45 153 

D vs ND D ND 6 6 2 3 5 

D: AP vs Sham D: AP D: Sham 3 3 222 112 334 

ND: AP vs Sham ND: AP ND: Sham 3 3 5 11 16 

AP: D vs ND AP: D AP: ND 3 3 43 23 66 

Sham: D vs ND Sham: D Sham: ND 3 3 2 4 6 

Interaction: D and ND vs AP and Sham AP: D vs ND Sham: D vs ND 6 6 67 19 86 

 

 

Table 6.5: Class summary of differentially expressed genes for AP lung transcriptome 

 

Total 
number 
of genes 
identified 

AP vs Sham D vs ND 
D: AP vs 

Sham 
ND: AP vs 

Sham 
AP: D vs ND 

Sham: D vs 
ND 

Interaction: D 
and ND vs AP 

and Sham 

UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN 

Coding 24753 63 34 2 2 143 89 4 5 30 20 2 1 29 16 

Multiple complex 2259 3 0 0 0 6 0 0 0 1 0 0 0 0 0 

Non-coding 25625 13 1 0 0 23 2 0 4 2 1 0 1 11 1 

Precursor 
microRNA 1626 0 0 0 0 1 0 0 0 0 0 0 0 3 0 

Pseudogene 2026 10 2 0 0 15 1 0 0 5 0 0 0 5 0 

Ribosomal 370 3 0 0 0 7 0 0 0 0 0 0 0 2 0 

Small RNA 1324 0 1 0 0 2 0 1 1 0 0 0 2 5 0 

tRNA 21 0 0 0 0 1 0 0 0 1 0 0 0 1 0 

Unassigned 10838 16 7 0 1 24 20 0 1 4 2 0 0 11 2 

Total 68842 108 45 2 3 222 112 5 11 43 23 2 4 67 19 
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Figure 6.2: Venn diagram on number of differentially expressed genes for acute pancreatitis 

 

 
 

 Effects of acute pancreatitis x mesenteric lymph drainage interaction on gene 

expression 

Studying the effects of AP x ML drainage interaction on gene expression in lungs identified a total of 86 

DEGs, and the top ten DEGs in terms of ANOVA p-value are shown in Table 6.6. The sample signal in 

each study group for those top ten DEGs is shown in Figure 6.3. The most significant DEG was C6 

(Complement Component 6), which was 10-fold upregulated in APND compared to APD and two sham 

groups (Figure 6.3-1). Other top ten DEGs included Plscr2, Esd, Azi2, Cars, votar, borshy, one non-

coding RNA (LOC102546552) and two pseudogenes. APD group carried the highest signal intensity in 

all top ten DEGs except the C6 and LOC102546552.  

The 86 DEGs were further analysed using a STRING network to identify the functional enrichment 

network. There were 60 biological process, 1 molecular process, 12 cellular component and 1 KEGG 

pathways identified by the STRING, and the top ten pathways ranked by FDR p-value were shown in 

the Table 6.7, Table 6.8, Table 6.9 and Table 6.10, respectively. The protein-protein interaction (PPI) 

network was built using the DEGs and found to have a significantly more interaction (PPI enrichment 

p-value 5.76e-06) than expected for a random set of proteins of similar size drawn from the genome, 

meaning that the proteins are at least partially biologically connected as a group. The PPI network is 

shown in Figure 6.4. The proteins with the highest number of connections are shown in Table 6.6. There 

were seven proteins with at least two connections. The heat shock protein – Hspa4 had the highest 

number of connections with eight connections in the network.  
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Table 6.6: Top ten differentially expressed genes with acute pancreatitis × ML drainage 
interaction 

Rank Transcript Cluster ID AP: D 
vs ND 
Fold 
Change 

Sham: 
D vs ND 
Fold 
Change 

D: AP 
vs 
Sham 
Fold 
Change 

ND: AP 
vs 
Sham 
Fold 
Change 

Delta 
Fold 
Change 

P-val FDR P-
val 

Gene Symbol Group 

1 TC0200000488.rn.1 -10.13 1.39 -1.3 10.81 -14.09 1.12E-
05 

0.7716 C6 Coding 

2 TC0800001290.rn.1 2.58 -2.12 4.22 -1.3 5.49 4.83E-
05 

0.9487 Plscr2 Coding 

3 TC1500000835.rn.1 2.27 -1.39 3.13 -1.01 3.16 5.28E-
05 

0.9487 Esd Coding 

4 TC1400001858.rn.1 2.09 -1.33 2.48 -1.12 2.77 0.0001 0.9487 ENSMUSG00000095124; 
ENSMUSG00000091044; 
ENSMUSG00000091613; 
ENSMUSG00000095991; 
ENSMUSG00000094737; 
ENSMUSG00000094242; 
ENSMUSG00000096579; 
ENSMUSG00000079101; 
MGI:3781082; 
ENSMUSG00000095512 

Pseudogene 

5 TC0800001703.rn.1 2.66 -1.44 4.48 1.17 3.83 0.0002 0.9487 Azi2 Coding 

6 TC0200002240.rn.1 -1.7 1.72 -1.77 1.65 -2.92 0.0003 0.9487 LOC102546552 Non-coding 

7 TC0100007006.rn.1 1.97 -1.35 2.33 -1.14 2.66 0.0003 0.9487 Cars Coding 

8 TC0600001912.rn.1 2.31 -1.39 1.76 -1.82 3.2 0.0003 0.9487 votar Unassigned 

9 TC0500002316.rn.1 3.34 -1.46 5.63 1.15 4.88 0.0003 0.9487 LOC688546 Pseudogene 

10 TC0300001800.rn.1 2.56 -1.62 1.77 -2.33 4.14 0.0004 0.9487 borshy Unassigned 

 

 

  

 

 

 

 

 

 

Figure 6.3: Sample signal of top ten differentially expressed genes with acute pancreatitis × 
ML drainage interaction 

 

1 – C6 

 

2 – Plscr2 
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3 - Esd 

 

4 – ENSMUSG00000095124  

 

5 – Azi2 

 

6 - LOC102546552 

 

7 - Cars 

 

8 - Votar 

 

9 - LOC688546 

 

10 - borshy 
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Table 6.7: Top ten biological process pathways of DEGs for acute pancreatitis × ML drainage 
interaction. Ranked by FDR p value 

GO term Description Observed Background Strength 
FDR P 
value 

GO:0048523 negative regulation of cellular process 14 1880 0.61 0.0029 

GO:0048519 negative regulation of biological process 15 2096 0.59 0.0029 

GO:0051172 
negative regulation of nitrogen compound 

metabolic process 
9 854 0.76 0.0081 

GO:0031324 
negative regulation of cellular metabolic 

process 
9 921 0.72 0.0081 

GO:0042221 response to chemical 14 2261 0.53 0.0081 

GO:0050896 response to stimulus 18 3604 0.43 0.0081 

GO:0035456 response to interferon-beta 2 5 2.34 0.0096 

GO:2000121 regulation of removal of superoxide radicals 2 6 2.26 0.0096 

GO:0051241 
negative regulation of multicellular organismal 

process 
7 552 0.84 0.0096 

GO:0050794 regulation of cellular process 19 4191 0.39 0.0096 

 

Table 6.8: Molecular function pathways of DEGs for acute pancreatitis × ML drainage 
interaction.  

Go term Description Observed Background Strength 
FDR P 
value 

GO:0031072 heat shock protein binding 4 66 1.52 0.0016 

 

Table 6.9: Top ten cellular component pathways of DEGs for acute pancreatitis × ML drainage 
interaction. Ranked by FDR p value 

Go term Description Observed Background Strength 
FDR P 

value 

GO:0005576 extracellular region 9 1052 0.67 0.0094 

GO:0005737 cytoplasm 21 5006 0.36 0.0094 

GO:0043227 membrane-bounded organelle 19 4589 0.35 0.0109 

GO:0005622 intracellular 22 5957 0.3 0.0109 

GO:0005623 cell 24 6812 0.28 0.0109 

GO:0043231 intracellular membrane-bounded organelle 17 4183 0.34 0.0172 

GO:0043229 intracellular organelle 19 5001 0.31 0.0172 

GO:0044295 axonal growth cone 2 24 1.65 0.0185 

GO:0005615 extracellular space 6 631 0.71 0.0185 

GO:0032991 protein-containing complex 11 2124 0.45 0.0185 

 

Table 6.10: KEGG pathway involved by DEGs of acute pancreatitis × ML drainage interaction  

Pathway Description Observed Background Strength 
FDR P 
value 

rno00590 Arachidonic acid metabolism 3 72 1.35 0.0207 
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Figure 6.4: Protein-protein interaction network of the differentially expressed genes identified 
by acute pancreatitis × ML drainage interaction analysis. All the genes with more than one 

connectivity are shown in the figure.  

 

Table 6.11: Top 7 DEGs of acute pancreatitis × ML drainage interaction with the highest 
number of connectivities in protein-protein interaction network 

Rank Genes Gene products Number of connections in network 

1 Hspa4 Heat shock protein 4 8 

2 Ptges3 Prostaglandin E synthase 3 4 

3 Fkbp4 Peptidyl-prolyl cis-trans isomerase 4 

4 St13 Suppression of tumorigenicity 13 3 

5 Stip1 Stress-induced phosphoprotein 1 3 

6 Fbxo32 Muscle atrophy F-box protein 2 

7 Itgb6 Integrin, beta 6 2 

Only the genes that have more than one connectivity were included in the list.  

 Effects of acute pancreatitis on gene expression  

There were 153 DEGs identified for disease main effect analysis. Among the 11 genes were overlapped 

with the DEGs identified by AP x ML drainage interaction (refer to Figure 6.2). The top ten DEGs in 

terms of ANOVA p-value are shown in Table 6.12. The most significant DEG was fkbp4 which was also 

a DEG of AP × ML drainage interaction. It was 4.9-fold higher in AP than in a sham. The second and 

third most significant DEGs – Shufly, an unannotated gene and Abcd2, a part of ATP-binding cassette, 

were both downregulated in AP compared to sham. The other DEGs included in the top ten list were 

Ahsa1, Stip1, Serpinh1, LOC688546, Arrdc4, NONMMUG018155 and smarpoy, all of which were 

upregulated in AP. The highest fold change in gene expression between AP and sham among these 



189 

 

top 10 genes was seen in a non-coding gene NONMMUG018155, which was 37.4-fold higher in AP 

compared to sham.  

The 153 DEGs were further analysed using the STRING database, and these genes were found to be 

involved in 158 biological process, 39 molecular function and 10 cellular component pathways. The top 

10 functional enrichment pathways for biological process, molecular function and cellular component 

were shown in Table 6.13, Table 6.14 and Table 6.15, respectively. There were no significant pathway 

enrichments observed in KEGG pathway analysis. 

The PPI network of the 153 DEGs is shown in Figure 6.5. The top ten genes with the highest number 

of connectivities in the PPI network are shown in Table 6.16. The results showed strong connectivity 

with the heat shock protein family and related proteins. Five of the top 10 genes – Hsp90aa1, Hspa1a, 

Hsph1, Hspe1, Hspd1 were the heat shock proteins, and the other five – Dnajb1, Ahsa2, Dnajb4, Stip1 

and Ahsa1 – were associated with the activity of the heat shock proteins.  

Table 6.12: Top ten differentially expressed genes for acute pancreatitis, in terms of the 
ANOVA p-value 

Rank Transcript Cluster ID 
AP Avg 
(log2) 

Sham Avg 
(log2) 

Fold 
Change 

P-val FDR P-val Gene Symbol Group 

1 TC0400003829.rn.1* 13.01 10.71 4.93 7.94E-06 0.1362 Fkbp4 Coding 

2 TC0100000269.rn.1 5.16 6.69 -2.89 9.64E-06 0.1362 shufly Unassigned 

3 TC0700003724.rn.1 5.86 7.75 -3.72 1.38E-05 0.1362 Abcd2 Coding 

4 TC0600001239.rn.1 13.99 11.96 4.1 2.25E-05 0.1632 Ahsa1 Coding 

5 TC0100007187.rn.1* 15.39 12.71 6.43 2.43E-05 0.1632 Stip1 Coding 

6 TC0100006114.rn.1 13.97 11.84 4.37 2.66E-05 0.1632 Serpinh1 Coding 

7 TC0500002316.rn.1* 10.93 9.23 3.25 3.95E-05 0.1787 LOC688546 Pseudogene 

8 TC0100005735.rn.1 9.57 8.18 2.62 4.20E-05 0.1787 Arrdc4 Coding 

9 TC2000000179.rn.1 10.94 5.71 37.41 6.32E-05 0.1787 NONMMUG018155 Non-coding 

10 TC0800001992.rn.1 8.16 5.95 4.61 6.41E-05 0.1787 smarpoy Unassigned 
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Table 6.13: Top ten biological process pathways of DEGs for acute pancreatitis. Ranked by 
FDR p value 

GO term Description Observed Background Strength 
FDR P 
value 

GO:0006457 protein folding 8 76 1.58 1.14E-07 

GO:0061077 chaperone-mediated protein folding 6 28 1.89 3.18E-07 

GO:0010941 regulation of cell death 14 829 0.79 2.65E-05 

GO:0006458 'de novo' protein folding 4 15 1.98 7.19E-05 

GO:0048522 positive regulation of cellular process 21 2201 0.54 7.35E-05 

GO:0048518 positive regulation of biological process 22 2425 0.52 7.35E-05 

GO:0010942 positive regulation of cell death 9 332 0.99 8.06E-05 

GO:0031323 regulation of cellular metabolic process 20 2217 0.51 0.00024 

GO:0043065 positive regulation of apoptotic process 8 289 1 0.00025 

GO:0051085 chaperone cofactor-dependent protein refolding 3 7 2.19 0.0003 

 

Table 6.14: Top ten molecular function pathways of DEGs for acute pancreatitis. Ranked by 
FDR p value 

GO term Description Observed Background Strength 
FDR P 

value 

GO:0005515 protein binding 24 3021 0.46 0.00018 

GO:0051082 unfolded protein binding 4 37 1.59 0.00061 

GO:0005488 binding 30 5205 0.32 0.0012 

GO:0042802 identical protein binding 10 727 0.7 0.0019 

GO:0031072 heat shock protein binding 4 66 1.34 0.0021 

GO:0000978 
RNA polymerase II proximal promoter 
sequence-specific DNA binding 5 154 1.07 0.0032 

GO:0046983 protein dimerization activity 9 652 0.7 0.0032 

GO:0032564 dATP binding 2 4 2.26 0.0033 

GO:0051087 chaperone binding 3 41 1.42 0.004 

GO:0097367 carbohydrate derivative binding 11 1093 0.56 0.004 

 

Table 6.15: Top ten cellular component pathways of DEGs for acute pancreatitis. Ranked by 
FDR p value 

GO term Description Observed Background Strength 
FDR P 
value 

GO:0005829 cytosol 13 1382 0.53 0.0119 

GO:0005634 nucleus 18 2514 0.41 0.0119 

GO:0043231 intracellular membrane-bounded organelle 25 4183 0.33 0.0119 

GO:0043227 membrane-bounded organelle 26 4589 0.31 0.0119 

GO:0005622 intracellular 30 5957 0.26 0.0119 

GO:0005737 cytoplasm 26 5006 0.27 0.0126 

GO:0043229 intracellular organelle 26 5001 0.27 0.0126 

GO:0005623 cell 32 6812 0.23 0.0126 

GO:0070013 intracellular organelle lumen 11 1272 0.49 0.0139 

GO:0032991 protein-containing complex 14 2124 0.38 0.0241 
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Figure 6.5: Protein-protein interaction network of the differentially expressed genes for acute 
pancreatitis. All the genes with more than one connectivity are shown here. 

 

Table 6.16: Top 10 DEGs of acute pancreatitis with the highest number of connectivities in 
protein-protein interaction network 

Rank Genes Gene products 
Number of connections 

in network 

1 Hsp90aa1 Heat shock protein 90, alpha (cytosolic) 20 

2 Hspa1a Heat shock protein 1B 18 

3 Dnajb1 DnaJ (Hsp40) homolog, subfamily B, member 1 17 

4 Ahsa2 AHA1, activator of heat shock protein ATPase 2 17 

5 Hsph1 Heat shock 105/110 protein 1 17 

6 Dnajb4 DnaJ (Hsp40) homolog, subfamily B, member 4 15 

7 Stip1 Stress-induced phosphoprotein 1 15 

8 Hspe1 10 kDa heat shock protein, mitochondrial. 14 

9 Hspd1 60 kDa heat shock protein, mitochondrial 13 

10 Ahsa1 AHA1, activator of heat shock 90kDa protein ATPase homolog 1 13 
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 Effects of mesenteric lymph drainage on gene expression  

There were five DEGs identified for this category, as shown in Table 6.17. There was no DEG 

overlapping with the DEGs identified from the interaction (refer to Figure 6.2). Two out of the five genes 

were upregulated – Cyp2a3 and Nr1d1 in ML drainage compared to non-drainage. The other three – 

porlee, Upk1b and Tacstd2 were downregulated in ML drainage. No functional enrichment network was 

identified using these five genes.   

Table 6.17: Differentially expressed genes for ML drainage 

Rank Transcript Cluster ID D Avg (log2) ND Avg (log2) 
Fold 
Change 

P-val FDR P-val Gene Symbol Group 

1 TC0100001103.rn.1 8.79 6.25 5.83 0.0014 1 Cyp2a3 Coding 

2 TC1200001334.rn.1 6.65 9.21 -5.9 0.0024 1 porlee Unassigned 

3 TC1000003722.rn.1 9.38 7.18 4.6 0.0035 1 Nr1d1 Coding 

4 TC1100000629.rn.1 7.06 8.97 -3.74 0.0035 1 Upk1b Coding 

5 TC0400003037.rn.1 10.08 11.56 -2.79 0.0039 1 Tacstd2 Coding 

 

 

 Discussion 

In this study, the expressions of a total of 68,842 genes were analysed, and the ANOVA analysis was 

performed to identify the DEGs associated with: 1) AP x ML drainage interaction; 2) disease – AP; and 

3) ML drainage. I undertook two types of analysis.  

There was no significant DEG identified with the conservative method. The exploratory method which 

used more inclusive criteria (ANOVA p-value of <0.005) identified 86 DEGs for AP × ML interaction, 

153 DEGs for AP and 5 DEGs for ML drainage.  

As there were too many individual gene changes to discuss, I have selected for the purposes of this 

discussion the top 3 most significant DEGs and a few others that I thought were interesting in relation 

to this thesis. 

 Effects of acute pancreatitis x mesenteric lymph drainage interaction on gene 

expression 

The exploratory method identified 86 DEGs, and about half of the DEGs were coding genes. The 

complement gene C6 was the most significant DEG with the lowest p-value of 1.12E-05. The C6 gene 

was about 10-fold downregulated in APD compared to APND, and there was only minimal difference in 

C6 expression between APD and SAPD (1.3-fold), while there was a 10-fold upregulation in APND 

compared to SAPND. It suggests that the ML drainage prevented its increased gene expression in AP. 

It has been already proven in animal model studies that the drainage of ML improves the outcomes, 
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including pulmonary function in AP [573]. However, the mechanism behind it or the factors in the ML 

responsible for the acute lung injury in AP has not yet been identified [567]. The downregulation of C6 

might contribute to the protective mechanisms of the ML drainage. Complement component 6 is a part 

of the membrane attack complex (MAC) and is involved in cell lysis [574]. MAC is the major endpoint 

of the complement activation and is composed of multiple complement proteins C5b, C6, C7, C8 and 

C9. The complement system is primarily activated in response to microbial infection as a part of the 

innate immune mechanism [574]. However, it has been reported that other insults to the body, such as 

AP could also activate the system [575]. The pancreatic protease enzyme trypsin, which can be 

released into the circulation as a result of the local pancreatic injury, is thought to be responsible for the 

activation of the complement system [576, 577]. The trypsin could cleave complement protein C3, which 

subsequently cleaves C5 into C5a and C5b, which form MAC together with other complement 

components [578]. The MAC binds to the cell, creates pores and causes cell lysis and dead [579]. The 

peptides produced by proteolytic cleavage of complement proteins – C3a, C4a and C5a are considered 

anaphylatoxin and could stimulate endothelial cells and immune cells to produce cytokines [580]. So, 

the activation of the complement system could lead to an inflammatory response that leads to local 

tissue injury or, in extreme cases – a widespread systemic inflammatory reaction – that could break 

homeostasis [581]. A study using C6 gene knockout (KO) mice showed that the gene deficiency led to 

increased survival in mice subjective to polymicrobial sepsis and was associated with lower 

proinflammatory cytokines, chemokines and histones in plasma. Complement system activation is also 

known to cause acute lung injury and ARDS [582]. The study using C6 gene KO mice showed that the 

C6 gene deficiency reduced neutrophils build-up and less lung epithelial/endothelial cell dysfunction in 

LPS induced acute lung injury model [583]. The downregulation of the complement component C6 gene 

in APD may limit the complement pathway activity. Thus, it can reduce the inflammatory reaction in the 

lung and may help to preserve pulmonary function during severe acute pancreatitis. It may also 

decrease the chance of the development of systemic inflammatory complement cascade. Thus, the 

diversion of ML and subsequent reduction in C6 provides one plausible route for a lung protection 

benefit in ARDS disease states.  

The second most significant gene was Plscr2 (p-value of 4.83E-05) which encodes the enzyme – 

phospholipid scramblase (PLSCR) 2, a member of phospholipid scramblase [584]. There are total five 

PLSCR members identified so far [585]. It regulates ATP-independent bidirectional migration of 

phospholipids and may play a role in the formation of a blood clot, activation of mast cells and apoptosis 

[586]. In apoptotic cells, scramblase activity disrupts phospholipid asymmetry resulting in 

phosphatidylserine externalization and provides a signal for the recruitment of macrophages to bind to 

and engulf apoptotic cells [585, 587]. Generally, apoptosis is a cleaner version of cell death and does 

not involve an inflammatory process, unlike other cell death types - necrosis or pyroptosis [588]. In this 

study, Plscr2 is upregulated in APD compared to APND and SAPD. Since the gene product of Plscr2 – 

phospholipid scramblase may have a potential role in apoptosis, its expression may help to reduce 

pulmonary inflammation in APD compared to the non-drainage model APND. These findings highlight 

the possible protective role of PLSCR2 and scramblase enzyme in AP induce ARDS.  
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The third most significant gene was Esd gene (p-value of 5.28E-05) that encodes a serine hydrolase. It 

is known to be involved in the detoxification of formaldehyde [589]. The Esd gene expression in APD 

was 3.13-fold higher than SAPD and 2.3-fold higher than APND. In the physiological state, 

formaldehyde is generated in the body as a by-product of oxidative decomposition of the folate 

backbone [590]. It is toxic and can induce oxidative damage to the cells. It is degraded by a series of 

enzymatic reactions, which includes serine hydrolase [589]. However, no study has been reported on 

the association between the formaldehyde levels or serine hydrolase activity in either blood or lung 

tissues and acute pancreatitis or ML drainage. This finding of upregulation of the Esd gene should be 

confirmed, and it could point to a new direction of investigation for formaldehyde in lung injury induced 

by AP.  

A further analysis of the 86 DEGs using the PPI network showed that the heat shock protein 4 was the 

protein with the highest number of connections. The heat shock proteins are molecular chaperones, 

and they are produced by cells in response to exposure to stressful condition [591]. They regulate 

protein structure (especially proper folding) to maintain protein function [591]. Induction of the heat 

shock protein expressions in the pancreas prevented or reduced caerulein-induced pancreatitis in 

animal studies [592, 593]. The exact mechanism behind this protective effect remains undiscovered. 

This experiment showed increased expressions of heat shock protein Hspa4 and associated proteins 

– St13, Stip1 and Ptges3 in APD compared to SAPD or APND. Thus, increased expression of the heat 

shock protein and related proteins may help attenuate AP-induced lung injury. The role of heat shock 

protein in AP induced lung injury should be further investigated since it could be a potential target to 

mitigate lung injury. 

 Effects of acute pancreatitis on gene expression  

There was a sizeable number of DEGs (total 153 genes) identified for AP disease effect by the 

exploratory method, but none of them was qualified under the conservative method. Most of these 

DEGs were involved in the regulation of metabolic processes and protein-folding. There was no similar 

study performed before in the literature to detect DEGs in the lung during AP and or ML drainage. The 

DEGs discovered in my experiment will provide a new list of the genes that would be worthwhile to 

investigate further.  

The most significant DEG, according to the ANOVA p-value, was Fkbp4 and elevated in AP. It is also 

a DEG identified for AP with ML drainage (AP x ML interaction). It was also one of the five DEGs that 

met the strict criteria of the conservative method for APD vs SAPD (D: AP vs Sham), and it was 

upregulated in APD. It encodes an immunophilin protein and plays a role in immunoregulation and basic 

cellular processes involving protein folding and trafficking [594]. It interacts with interferon regulatory 

factor-4 and plays an important role in immunoregulatory gene expression in B and T lymphocytes 

[595]. It also associates with two heat shock proteins (hsp90 and hsp70) and may play a role in the 

intracellular trafficking of hetero-oligomeric forms of the steroid hormone receptors [596]. The 

association between AP and Fkbp4 should be confirmed to understand more about its contribution in 

the pathophysiology of AP.  
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Another DEG included Abcd2, which encodes ATP-binding cassette (ABC) transporter that transports 

various molecules, including - sugars, amino acids, electrolytes, peptides, proteins and metabolites in 

and out of the cells [597]. It is also associated with efflux of drugs and is responsible for treatment 

resistance in pancreatic cancer [598]. In this experiment, it was downregulated in AP compared to 

sham. Its role in AP induced lung injury has not been studied, and this finding should be confirmed for 

further study.  

The other top ten DEGs included Ahsa1 and Stip1. Stip1 was also DEG for AP x ML interaction. Both 

genes are associated with heat shock proteins functions. Ahsa1 (Activator of HSP90 ATPase Activity 

1) acts as a co-chaperone of HSP90AA1 and increases its chaperone activity [599]. Stip1 (Stress 

Induced Phosphoprotein 1) is an adaptor protein that coordinates the functions of HSP70 and HSP90 

in protein folding [600]. There were upregulation of multiple heat shock protein (Hsp) genes - Hsp90aa, 

Hsp90aa1, Hsp90ab1, Hspa1a, Hspd1, Hspd1-ps4, Hspe1 and Hsph1 in AP compared to shams (refer 

to Appendix 1). The PPI network suggested that Hsp genes are important in AP as this group has the 

highest number of connections (refer to Table 6.16) in the network, being involved in multiple types of 

protein folding and refolding pathways. The Hsp protein family is considered a set of stress proteins 

that expresse in response to cellular stress and show cryoprotective properties [601]. Increased 

expression of Hsp72 protein in lungs has been shown in AP-induced acute lung injury and associated 

with neutrophil infiltration into the lungs [602]. The prevention of neutrophil infiltration by using an 

antibody against P-selectin in rats prevented pancreatitis-induced lung Hsp72 overexpression [602]. In 

contrast, induction of HSP70 protein expression in the lung by insertion of a viral vector containing the 

porcine HSP-70 cDNA into the rats’ lung ameliorates CLP induced ARDS [603]. In my study, there were 

elevation of other Hsp genes - Hspd1 (encodes for Hsp60) and Hsp90aa, Hsp90aa1, Hsp90ab1 (all 

encode for Hsp90), in addition to the Hspa1a (encode for HSP70). These findings further indicated the 

important roles of the heat shock protein in the pathogenesis of AP induced lung damage. 

 Effect of mesenteric lymph drainage on gene expression  

The drainage of ML did not have any significant impact on gene expression in lung tissues of this AP 

study. Only five DEGs were identified, but the FDR p-value was all high at 1, and no significant functional 

enrichment network was found from those genes. The ML drainage alone did not alter the gene 

expression profile of the lung, and it changed gene expression only in the presence of the AP (Total 86 

DEGs for AP x ML interaction).   

6.4 Gene expression changes in lungs during sepsis  

 Conservative method 

 Analysis summary 

Next, I have investigated the changes in gene expressions of the lungs during sepsis. There were 878 

DEGs for sepsis vs sham, no DEG for ML drainage vs non-drainage, and 2 DEGs for sepsis × ML 

drainage interaction using the conservative method. Among the ML drainage group, there were 434 

DEGs between sepsis and sham, whereas there were 1117 DEGs among non-ML drainage groups. 
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However, there was no DEG between ML drainage and non-drainage groups in both sepsis and sham. 

See Table 6.18 for detail.  

Table 6.18: Conservative method – Group comparison table of sepsis lung transcriptome 

Comparison Group 1 Group 2 Count 1 Count 2 Up Down Total 

Sepsis vs Sham Sepsis Sham 6 6 728 150 878 

D vs ND D ND 6 6 0 0 0 

D: Sepsis vs Sham D: Sepsis D: Sham 3 3 310 124 434 

ND: Sepsis vs Sham ND: Sepsis ND: Sham 3 3 709 408 1117 

Sepsis: D vs ND Sepsis: D Sepsis: ND 3 3 0 0 0 

Sham: D vs ND Sham: D Sham: ND 3 3 0 0 0 

Interaction: D and ND vs Sepsis and Sham Sepsis: D vs ND Sham: D vs ND 6 6 1 1 2 

 

Table 6.19: Conservative method - Class summary of differentially expressed genes for sepsis 
lung transcriptome 

 

Total 
number 
of genes 
identified 

Sepsis vs 
Sham 

D vs ND 
D: Sepsis vs 

Sham 
ND: Sepsis vs 

Sham 
Sepsis: D vs 

ND 
Sham: D vs 

ND 

Interaction: D 
and ND vs 
Sepsis and 

Sham 
UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN 

Coding 24753 431 112 0 0 207 12 396 341 0 0 0 0 0 0 

Multiple complex 2259 14 2 0 0 5 0 12 8 0 0 0 0 0 0 

Non-coding 25625 37 5 0 0 18 29 45 16 0 0 0 0 0 1 
Precursor 
microRNA 1626 2 1 0 0 2 12 2 0 0 0 0 0 0 0 

Pseudogene 2026 23 0 0 0 11 8 3 2 0 0 0 0 0 0 

Ribosomal 370 0 0 0 0 1 0 1 0 0 0 0 0 0 0 

Small RNA 1324 0 0 0 0 0 1 1 0 0 0 0 0 0 0 

tRNA 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Unassigned 10838 221 30 0 0 66 62 249 41 0 0 0 0 1 0 
Total 68842 728 150 0 0 310 124 709 408 0 0 0 0 1 1 

 

 Effect of sepsis x mesenteric lymph drainage interaction on gene expression  

There were only two DEGs (refer to Table 6.20) for the effects of sepsis x ML drainage interaction. 

ENSMUSG00000099151 was a non-coding gene, and the other one was an unassigned gene.  

Table 6.20: Differentially expressed genes with sepsis × ML drainage interaction 

Rank Transcript Cluster ID 

Sepsis: D 
vs ND 
Fold 
Change 

Sham: D 
vs ND 
Fold 
Change 

D: 
Sepsis 
vs Sham 
Fold 
Change 

ND: 
Sepsis 
vs Sham 
Fold 
Change 

Delta 
Fold 
Change 

P-val 
FDR P-
val 

Gene Symbol Group 

1 TC0100002937.rn.1 -1.75 5.65 -6.1 1.62 -9.87 
1.42E-
06 

0.0491 ENSMUSG00000099151 Non-coding 

2 TC0100007767.rn.1 3.19 -1.43 2.52 -1.81 4.57 
1.43E-
06 

0.0491 meyflo Unassigned 
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 Effect of sepsis on gene expression  

Out of 878 DEGs, 728 genes were upregulated, and 150 genes were downregulated in sepsis 

compared to sham. The top 10 DEGs according to the FDR p-value are listed in Table 6.21, and 9 out 

of 10 genes were coding genes. They were all upregulated in sepsis compared to sham. The most 

significant DEG was Crem which had 4.75-fold higher expression in sepsis. Ngp and Il6 were among 

the top 10 DEGs with the top two highest fold changes - 833 and 641-fold higher in sepsis, respectively.  

Functional enrichment network analysis of the 878 DEGs showed that most of the biological pathways 

upregulated were related to the cellular response to the stimulus. Most were involved in binding 

functions and of cytoplasm and intracellular components. Table 6.22, Table 6.23 and Table 6.24 

showed the top ten (according to the FDR value) biological, molecular function and cellular component 

pathways associated with those DEGs. A total of 1046 biological processes, 136 molecular functions 

and 53 cellular component pathways were engaged with these DEGs.  

The KEGG pathway analysis showed involvement of 93 pathways; most of them were related to 

immune and inflammatory pathways such as TNF, NOD-like receptor, and cytokine and chemokine 

signalling pathways. The top ten most significant KEGG pathways are listed in Table 6.25.  

PPI network analysis of DEGs was performed to identify the most critical genes in the network. Since 

there were 878 DEGs, with many of them being coding sequences, the PPI network included multiple 

connections between hundreds of proteins, as shown in Figure 6.6 A. The ten proteins with the highest 

number of links are shown in Figure 6.6 B and Table 6.26. They included cytokines and acute-phase 

proteins – Il6, Tnf, Il1b, Ccl2, Mmp9, Cxcl1, Ptgs2, Cxcl2 and Itgam.  

Table 6.21: Top ten differentially expressed genes with sepsis 

Rank Transcript Cluster ID 
Sepsis Avg 

(log2) 
Sham Avg 

(log2) 
Fold 

Change 
P-val FDR P-val 

Gene 
Symbol 

Group 

1 TC1700000812.rn.1 9.12 6.87 4.75 8.76E-11 6.03E-06 Crem Coding 

2 TC1400001503.rn.1 11.01 4.78 75.05 2.24E-10 7.72E-06 Cxcl2 Coding 

3 TC0100004434.rn.1 11.8 8.09 13.12 1.09E-09 1.34E-05  Non-coding 

4 TC0400000061.rn.1 14.07 4.74 641.49 6.21E-10 1.34E-05 Il6 Coding 

5 TC0400003371.rn.1 13.18 9.92 9.61 9.29E-10 1.34E-05 Adamts9 Coding 

6 TC0600001996.rn.1 10.3 7.77 5.75 1.20E-09 1.34E-05 Fosl2 Coding 

7 TC0800001593.rn.1 14.47 4.76 832.8 1.56E-09 1.34E-05 Ngp Coding 

8 TC1000004199.rn.1 14.96 11.48 11.08 1.56E-09 1.34E-05 Socs3 Coding 

9 TC0900001487.rn.1 10.29 4.42 58.3 2.30E-09 1.76E-05 Ebi3 Coding 

10 TC0200002919.rn.1 9.14 7.12 4.05 3.87E-09 2.42E-05 Snx18 Coding 
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Table 6.22: Top ten biological process pathways of DEGs for sepsis. Ranked by FDR p value. 

GO term Description Observed Background Strength 
FDR P 
value 

GO:0050896 response to stimulus 208 3604 0.42 1.28E-38 

GO:0048518 positive regulation of biological process 167 2425 0.5 3.45E-38 

GO:0048522 positive regulation of cellular process 153 2201 0.5 7.45E-35 

GO:0006950 response to stress 128 1597 0.56 5.83E-34 

GO:0051716 cellular response to stimulus 169 2719 0.45 1.02E-33 

GO:0009605 response to external stimulus 108 1158 0.63 2.36E-33 

GO:0050794 regulation of cellular process 214 4191 0.37 4.85E-33 

GO:0010033 response to organic substance 132 1770 0.53 1.88E-32 

GO:0070887 cellular response to chemical stimulus 115 1365 0.59 3.37E-32 

GO:0050789 regulation of biological process 220 4461 0.35 3.37E-32 

Table 6.23: Top ten molecular function pathways of DEGs for sepsis. Ranked by FDR p value. 

GO term Description Observed Background Strength 
FDR P 
value 

GO:0005488 binding 224 5205 0.29 3.49E-24 

GO:0005515 protein binding 151 3021 0.36 4.80E-20 

GO:0043167 ion binding 117 2662 0.3 6.87E-11 

GO:0042802 identical protein binding 49 727 0.49 2.93E-09 

GO:0005102 signaling receptor binding 51 779 0.48 2.93E-09 

GO:0005125 cytokine activity 17 93 0.92 2.20E-08 

GO:0046983 protein dimerization activity 44 652 0.49 2.20E-08 

GO:0098772 molecular function regulator 49 790 0.45 2.21E-08 

GO:1901363 heterocyclic compound binding 95 2205 0.3 2.21E-08 

GO:0097159 organic cyclic compound binding 96 2244 0.29 2.21E-08 

Table 6.24: Top ten cellular component pathways of DEGs for sepsis. Ranked by FDR p value. 

GO term Description Observed Background Strength 
FDR P 
value 

GO:0005623 cell 255 6812 0.23 2.64E-20 

GO:0005737 cytoplasm 204 5006 0.27 8.09E-19 

GO:0005622 intracellular 228 5957 0.24 1.12E-18 

GO:0005576 extracellular region 74 1052 0.51 5.03E-16 

GO:0005615 extracellular space 55 631 0.6 2.47E-15 

GO:0043227 membrane-bounded organelle 175 4589 0.24 6.35E-13 

GO:0043231 intracellular membrane-bounded organelle 163 4183 0.25 1.26E-12 

GO:0043229 intracellular organelle 183 5001 0.22 3.81E-12 

GO:0043226 organelle 184 5141 0.21 2.15E-11 

GO:0071944 cell periphery 105 2382 0.31 2.00E-10 

Table 6.25: The top ten most significant KEGG pathway involved by DEGs for sepsis. Ranked 
by FDR p value. 

Pathway Description Observed Background Strength 
FDR P 
value 

rno04668 TNF signaling pathway 28 105 1.09 1.23E-17 

rno04060 Cytokine-cytokine receptor interaction 32 217 0.83 5.61E-14 

rno05200 Pathways in cancer 44 501 0.6 4.03E-12 

rno04621 NOD-like receptor signaling pathway 25 150 0.88 4.24E-12 

rno04657 IL-17 signaling pathway 20 90 1.01 1.08E-11 

rno05134 Legionellosis 16 51 1.16 2.75E-11 

rno05202 Transcriptional misregulation in cancer 24 164 0.83 9.41E-11 

rno05140 Leishmaniasis 16 68 1.03 7.98E-10 

rno04062 Chemokine signaling pathway 23 168 0.8 7.98E-10 

rno05152 Tuberculosis 22 159 0.8 1.45E-09 
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Figure 6.6: Protein-protein interaction network of the genes differentially expressed by sepsis. 
All the genes with more than one connectivity are shown in (A) and with more than 56 connectivity are 

shown in (B). 

 

A)
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B)  

 

Table 6.26: Top ten DEGs of sepsis with the highest number of connectivities in protein-
protein interaction network 

Rank Genes Gene products 

Number of 

connections in 

network 

1 Il6 Interleukin 6 133 

2 Tnf Tumor necrosis factor ligand superfamily member 2 108 

3 Stat3 Signal transducer and activator of transcription 3 86 

4 Il1b Interleukin 1 beta 80 

5 Ccl2 C-C Motif Chemokine Ligand 2 75 

6 Mmp9 Matrix Metallopeptidase 9 68 

7 Cxcl1 C-X-C Motif Chemokine Ligand 1 65 

8 Ptgs2 Prostaglandin-endoperoxide synthase 2 61 

9 Cxcl2 C-X-C Motif Chemokine Ligand 2 59 

10 Itgam Integrin, alpha M 56 

 

 

 Exploratory Method  

 Analysis summary  

There were 910 DEGs identified for sepsis, only 10 DEGs for ML drainage and 1629 DEGs for the 

sepsis × ML drainage interaction (Table 6.27 and Table 6.28). Within the ML drainage group, there 

were 1661 DEGs between sepsis and sham, whereas 1301 DEGs in the non-ML drainage group. Within 

the sepsis group, there were 123 DEGs between ML drainage and non-ML drainage, whereas 1112 

DEGs for the sham group. The Venn diagram in Figure 6.7 shows the number of DEGs in sepsis x ML 

interaction, sepsis vs sham and ML drainage vs non-drainage and the number of DEGs overlap 

between the comparison groups. Out of the 910 DEGs for sepsis, 203 genes were also DEGs for 

disease-drainage interaction (refer to Figure 6.7).   
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Table 6.27: Exploratory method - Group comparison table of sepsis lung transcriptome 

Comparison Group 1 Group 2 Count 1 Count 2 Up Down Total 

Sepsis vs Sham Sepsis Sham 6 6 751 159 910 

D vs ND D ND 6 6 8 2 10 

D: Sepsis vs Sham D: Sepsis D: Sham 3 3 608 1053 1661 

ND: Sepsis vs Sham ND: Sepsis ND: Sham 3 3 825 476 1301 

Sepsis: D vs ND Sepsis: D Sepsis: ND 3 3 101 22 123 

Sham: D vs ND Sham: D Sham: ND 3 3 1076 36 1112 

Interaction: D and ND vs Sepsis and Sham Sepsis: D vs ND Sham: D vs ND 6 6 219 1410 1629 

 

Table 6.28: Class summary of differentially expressed genes for sepsis lung transcriptome 

 

Total 
number 
of genes 
identified 

Sepsis vs 
Sham 

D vs ND 
D: Sepsis vs 

Sham 
ND: Sepsis vs 

Sham 
Sepsis: D vs 

ND 
Sham: D vs 

ND 

Interaction: D 
and ND vs 
Sepsis and 

Sham 
UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN 

Coding 24753 444 117 4 1 392 81 460 389 71 8 50 26 160 42 

Multiple complex 2259 16 2 1 0 12 1 17 9 1 0 1 2 5 3 

Non-coding 25625 41 7 1 0 29 225 67 20 8 4 341 5 26 265 

Precursor 
microRNA 

1626 2 1 1 0 2 216 3 0 0 0 229 0 1 136 

Pseudogene 2026 24 0 0 0 29 71 9 2 1 0 26 0 3 45 

Ribosomal 370 0 0 0 0 18 1 1 0 13 0 1 0 13 1 

Small RNA 1324 0 0 1 0 1 5 1 0 1 1 11 0 1 6 

tRNA 21 0 0 0 0 1 0 0 0 1 0 0 0 2 0 

Unassigned 10838 224 32 0 1 124 453 267 56 5 9 417 3 8 912 

Total 68842 751 159 8 2 608 1053 825 476 101 22 1076 36 219 1410 

 

Figure 6.7: Venn diagram on differentially expressed genes for sepsis 
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 Effects of sepsis x mesenteric lymph drainage interaction on gene expression 

Among 1629 DEGs identified for sepsis × ML drainage interaction, only 202 genes (12.4%) were coding 

genes. The top ten most significant DEGs, according to the ANOVA p-value, are shown in Table 6.29. 

Only two out of the top ten DEGs were coding genes – Tnfsf10 and Naaa. The rest of them were 

unassigned, non-coding or precursor microRNA. The sample signals of the top ten DEGs in each study 

group are shown in Figure 6.8. Interestingly, the signal intensity of SSND group was the highest for the 

two coding genes, Tnfsf10 and Naaa, but the lowest for most of the others (except Meyflo).  

The 1629 DEGs were further analysed using STRING network to identify the functional enrichment 

network. There were 224 biological process, 27 molecular process, 33 cellular component and 7 KEGG 

pathways identified, and the top ten pathways ranked by FDR p-value were shown in Table 6.30, Table 

6.31, Table 6.32 and Table 6.33.  The PPI network was built using the DEGs and found to have 

significantly more interactions among themselves (PPI enrichment p-value <1e-16) than expected from 

a random set of proteins of similar size drawn from the genome, suggesting the proteins are more likely 

connected as a biological group. The PPI network is shown in Figure 6.9. The proteins with the highest 

number of connections are shown in Table 6.34. There were 15 proteins with at least four connections. 

The bone morphogenic protein – bmp4 had the highest number of connections with nine connections 

in the network. 

Table 6.29: Top ten differentially expressed genes with sepsis × ML drainage interaction 

Rank 
Transcript Cluster 
ID 

Sepsis: 
D vs ND 
Fold 
Change 

Sham: 
D vs ND 
Fold 
Change 

D: 
Sepsis 
vs 
Sham 
Fold 
Change 

ND: 
Sepsis 
vs 
Sham 
Fold 
Change 

Delta 
Fold 
Change 

P-val 
FDR P-
val 

Gene Symbol Group 

1 TC0100002937.rn.1 -1.75 5.65 -6.1 1.62 -9.87 
1.42E-
06 

0.0491 ENSMUSG00000099151 Non-coding 

2 TC0100007767.rn.1 3.19 -1.43 2.52 -1.81 4.57 
1.43E-
06 

0.0491 meyflo Unassigned 

3 TC0100004434.rn.1 -3.08 3.49 3.89 41.87 -10.76 
3.41E-
06 

0.0633  Non-coding 

4 TC1700002117.rn.1 -1.4 2.29 -1.35 2.36 -3.2 
6.05E-
06 

0.0633 ENSMUSG00000080405 
Precursor-
microRNA 

5 TC1200000970.rn.1 -1.89 2.32 1.69 7.39 -4.37 
6.28E-
06 

0.0633 snulo Unassigned 

6 TC0200000891.rn.1 2.76 -3.94 -1.6 -17.42 10.88 
6.94E-
06 

0.0633 Tnfsf10 Coding 

7 TC1400000255.rn.1 3.26 -2.41 1.32 -5.95 7.87 
9.00E-
06 

0.0633 Naaa Coding 

8 TC0X00002131.rn.1 -2.19 3.05 1.29 8.58 -6.67 
9.29E-
06 

0.0633 jarber Unassigned 

9 TC0400003683.rn.1 -1.89 1.69 -1.55 2.07 -3.21 
1.11E-
05 

0.0633 Integrase.7 Unassigned 

10 TC0700001675.rn.1 -1.99 2.33 1.55 7.18 -4.64 
1.16E-
05 

0.0633 tawta Unassigned 
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Figure 6.8: Sample signal of top ten differentially expressed genes with sepsis × ML drainage 
interaction 
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9- Integrase.7 
  

 

10- tawta 
 

 

 

Table 6.30: Top ten biological process pathways of DEGs for sepsis × ML drainage interaction. 
Ranked by FDR p value. 

GO term Description Observed Background Strength 
FDR P 

value 

GO:0008152 metabolic process 51 3855 0.4 8.28E-08 

GO:0009056 catabolic process 22 773 0.74 1.49E-07 

GO:0044248 cellular catabolic process 19 681 0.73 2.42E-06 

GO:0065007 biological regulation 54 4801 0.33 2.42E-06 

GO:1901575 organic substance catabolic process 18 661 0.72 6.59E-06 

GO:0044237 cellular metabolic process 43 3427 0.38 6.59E-06 

GO:0071704 organic substance metabolic process 44 3627 0.37 8.08E-06 

GO:0044238 primary metabolic process 42 3438 0.37 1.43E-05 

GO:0048518 positive regulation of biological process 34 2425 0.43 1.62E-05 

GO:0009987 cellular process 59 6022 0.27 1.62E-05 

 

Table 6.31: Top ten molecular function pathways of DEGs for sepsis × ML drainage interaction. 
Ranked by FDR p value. 

Go term Description Observed Background Strength 
FDR P 

value 

GO:0003824 catalytic activity 38 2668 0.44 1.68E-06 

GO:0005488 binding 55 5205 0.31 3.39E-06 

GO:0033218 amide binding 10 228 0.92 5.51E-05 

GO:0042277 peptide binding 9 187 0.96 7.56E-05 

GO:0016491 oxidoreductase activity 11 458 0.66 0.0023 

GO:0030414 peptidase inhibitor activity 5 85 1.05 0.0054 

GO:0043167 ion binding 29 2662 0.32 0.0054 

GO:0005515 protein binding 31 3021 0.29 0.0065 

GO:0004768 stearoyl-CoA 9-desaturase activity 2 3 2.11 0.0084 

GO:0005102 signaling receptor binding 13 779 0.5 0.0084 
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Table 6.32: Top ten cellular component pathways of DEGs for sepsis × ML drainage 
interaction. Ranked by FDR p value. 

Go term Description Observed Background Strength 
FDR P 
value 

GO:0005576 extracellular region 25 1052 0.66 5.94E-08 

GO:0005615 extracellular space 19 631 0.76 1.38E-07 

GO:0005623 cell 67 6812 0.27 1.89E-07 

GO:0016020 membrane 47 3864 0.37 3.41E-07 

GO:0005737 cytoplasm 53 5006 0.31 2.09E-06 

GO:0005773 vacuole 11 276 0.88 1.32E-05 

GO:0005622 intracellular 56 5957 0.25 3.08E-05 

GO:0043227 membrane-bounded organelle 47 4589 0.29 3.52E-05 

GO:0005886 plasma membrane 30 2321 0.39 7.05E-05 

GO:0043231 intracellular membrane-bounded organelle 43 4183 0.29 9.71E-05 

 

Table 6.33: Top ten KEGG pathways of DEGs for sepsis × ML drainage interaction. Ranked by 
FDR p value. 

Pathway  Description Observed Background Strength 
FDR P 
value 

rno01212 Fatty acid metabolism 5 51 1.27 0.0014 

rno04142 Lysosome 6 120 0.98 0.0033 

rno00280 Valine, leucine and isoleucine degradation 4 51 1.18 0.0083 

rno00062 Fatty acid elongation 3 27 1.33 0.0162 

rno03320 PPAR signaling pathway 4 76 1 0.0209 

rno00380 Tryptophan metabolism 3 43 1.13 0.038 

rno04979 Cholesterol metabolism 3 48 1.08 0.0439 
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Figure 6.9:Protein-protein interaction network of the differentially expressed genes identified by sepsis x ML interaction analysis. All the genes with 
more than one connectivity are shown.
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Table 6.34: Top 10 DEGs of sepsis × ML drainage interaction with the highest number of 
connectivities in protein-protein interaction network 

Rank Genes Gene products 
Number of connections 

in network 

1 Bmp4 Bone morphogenetic protein 4 or 2B 9 

2 Ctsd Cathepsin D 8 

3 Cst3 Cystatin C 6 

4 Echs1 Enoyl-CoA hydratase 5 

5 Kit KIT Proto-Oncogene 5 

6 Aldh6a1 Aldehyde Dehydrogenase 6 Family Member A1 5 

7 Golm1 Golgi membrane protein 1 4 

8 Efna1 EPH-related receptor tyrosine kinase ligand 1 4 

9 Ctsf Cathepsin F 4 

10 Ppt1 Palmitoyl-protein thioesterase 1 4 

There are another five genes with 4 degrees of connection – Timp2, Lpl, Ech1, Abcg1, Acaa2. 

 Effects of sepsis on gene expression  

There were 910 DEGs identified from the comparison between sepsis and sham groups, and the top 

ten most significant DEGs according to the ANOVA p-value are shown in Table 6.35. They were almost 

the same as Table 6.21 obtained using a conservative approach (except the Rank 10 – Slc2a1). All of 

those ten genes were upregulated in sepsis compared to sham, and nine were coding genes. The most 

significant DEG was Crem (cAMP Responsive Element Modulator) which regulates the transcription of 

various proteins, including cytokines [604]. Five DEGs were related to the inflammatory responses: 

Cxcl2, Il6, Ngp, Socs3 and Ebi3. And four of those were related to cytokine or chemokine signal 

pathways: Cxcl2 (C-X-C Motif Chemokine Ligand 2), Il6 (interleukin 6), Socs3 (Suppressor of Cytokine 

Signaling 3, which is involved in negative regulation of cytokines that signal through the JAK/STAT 

pathway) and Ebi3 (Epstein-Barr Virus Induced gene 3, which associates with p28 and p35 to form 

interleukin IL-27 and IL-35, respectively). The Ngp (encoding neutrophil granule protein) is directly 

involved in immune or inflammatory reactions. Another top DEG Fosl2 (FOS Like 2, AP-1 Transcription 

Factor Subunit) regulates gene transcription and is involved in cell proliferation and transportation of 

vesicles. The other DEG, Slc2a1 (Solute Carrier Family 2 Member 1), encodes a major glucose 

transporter across the cell membrane.  

Functional enrichment network analysis of the DEGs identified 1032 biological process pathways, 130 

molecular function pathways, 52 cellular component pathways and 91 KEGG pathways. These DEGs 

were mostly related to the cellular response to the stimulus, involved in binding functions, and 

associated with cytoplasm and intracellular components. Table 6.36, Table 6.37 and Table 6.38 show 

the top ten (according to the FDR p-value) biological, molecular function and cellular component 

pathways involved by those DEGs. The top ten most significant KEGG pathways are listed in Table 

6.39, and they were mostly related to immune and inflammatory responses.  

PPI network analysis of DEGs was performed to identify the most critical genes in the network. Since 

there were nearly 1000 DEGs identified, with many of them being coding sequences, the PPI network 

showed complex connections between hundreds of proteins as shown in Figure 6.10. The ten proteins 

with the highest number of links are shown in Table 6.40 and Figure 6.10B. They include members of 
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inflammatory/ cell cycle controller proteins – Il6, Tnf, Stat3, Il1b, Ccl2, Mmp9, Cxc11, Ptgs2, Cxcl2 and 

Itgam. They are the same as the list generated by the conservative approach.  

Table 6.35: Top ten differentially expressed genes for sepsis 

Rank Transcript Cluster ID Sepsis 
Avg (log2) 

Sham Avg 
(log2) 

Fold 
Change 

P-val FDR P-val Gene 
Symbol 

Group 

1 
TC1700000812.rn.1 9.12 6.87 4.75 8.76E-11 6.03E-06 Crem Coding 

2 
TC1400001503.rn.1 11.01 4.78 75.05 2.24E-10 7.72E-06 Cxcl2 Coding 

3 
TC0400000061.rn.1 14.07 4.74 641.49 6.21E-10 1.34E-05 Il6 Coding 

4 
TC0400003371.rn.1* 13.18 9.92 9.61 9.29E-10 1.34E-05 Adamts9 Coding 

5 
TC0100004434.rn.1* 11.8 8.09 13.12 1.09E-09 1.34E-05  Non-coding 

6 
TC0600001996.rn.1 10.3 7.77 5.75 1.20E-09 1.34E-05 Fosl2 Coding 

7 
TC0800001593.rn.1 14.47 4.76 832.8 1.56E-09 1.34E-05 Ngp Coding 

8 
TC1000004199.rn.1 14.96 11.48 11.08 1.56E-09 1.34E-05 Socs3 Coding 

9 
TC0900001487.rn.1 10.29 4.42 58.3 2.30E-09 1.76E-05 Ebi3 Coding 

10 
TC0500001342.rn.1 12.95 8.97 15.76 3.62E-09 2.42E-05 Slc2a1 Coding 

 

Table 6.36: Top ten biological process pathways of DEGs for sepsis. Ranked by FDR p value. 

GO term Description Observed Background Strength 
FDR P 

value 

GO:0048518 positive regulation of biological process 168 2425 0.49 1.03E-36 

GO:0050896 response to stimulus 209 3604 0.41 1.03E-36 

GO:0048522 positive regulation of cellular process 154 2201 0.49 1.16E-33 

GO:0006950 response to stress 128 1597 0.55 1.85E-32 

GO:0051716 cellular response to stimulus 170 2719 0.44 2.41E-32 

GO:0009605 response to external stimulus 108 1158 0.62 4.58E-32 

GO:0010033 response to organic substance 133 1770 0.52 1.80E-31 

GO:0070887 cellular response to chemical stimulus 116 1365 0.58 2.16E-31 

GO:0050794 regulation of cellular process 215 4191 0.36 2.93E-31 

GO:0071310 cellular response to organic substance 104 1129 0.61 1.63E-30 

 

Table 6.37: Top ten molecular function pathways of DEGs for sepsis. Ranked by FDR p value. 

GO term Description Observed Background Strength 
FDR P 

value 

GO:0005488 binding 225 5205 0.28 2.36E-22 

GO:0005515 protein binding 152 3021 0.35 5.19E-19 

GO:0043167 ion binding 118 2662 0.29 2.84E-10 

GO:0005102 signaling receptor binding 52 779 0.47 3.02E-09 

GO:0042802 identical protein binding 49 727 0.48 7.11E-09 

GO:0005125 cytokine activity 17 93 0.91 4.16E-08 

GO:0000981 

DNA-binding transcription factor activity, RNA 

polymerase II-specific 24 207 0.71 4.29E-08 

GO:0046983 protein dimerization activity 44 652 0.48 4.45E-08 

GO:0098772 molecular function regulator 49 790 0.44 5.35E-08 

GO:1901363 heterocyclic compound binding 96 2205 0.29 5.35E-08 

 

 



209 

 

Table 6.38: Top ten cellular component pathways of DEGs for sepsis. Ranked by FDR p value. 

GO term Description Observed Background Strength 
FDR P 

value 

GO:0005623 cell 258 6812 0.23 5.31E-19 

GO:0005737 cytoplasm 207 5006 0.26 4.57E-18 

GO:0005622 intracellular 231 5957 0.24 1.10E-17 

GO:0005576 extracellular region 74 1052 0.49 2.97E-15 

GO:0005615 extracellular space 55 631 0.59 9.99E-15 

GO:0043227 membrane-bounded organelle 178 4589 0.24 1.79E-12 

GO:0043231 intracellular membrane-bounded organelle 166 4183 0.25 2.78E-12 

GO:0043229 intracellular organelle 186 5001 0.22 1.24E-11 

GO:0043226 organelle 187 5141 0.21 7.02E-11 

GO:0071944 cell periphery 105 2382 0.29 1.43E-09 

 

Table 6.39: The top ten most significant KEGG pathway involved by DEGs for sepsis. Ranked 
by FDR p value. 

Pathway Description Observed Background Strength 
FDR P 

value 

rno04668 TNF signaling pathway 28 105 1.07 2.79E-17 

rno04060 Cytokine-cytokine receptor interaction 32 217 0.82 1.35E-13 

rno04621 NOD-like receptor signaling pathway 26 150 0.89 1.61E-12 

rno05200 Pathways in cancer 45 501 0.6 2.23E-12 

rno04657 IL-17 signaling pathway 20 90 0.99 1.91E-11 

rno05134 Legionellosis 16 51 1.14 4.40E-11 

rno05202 Transcriptional misregulation in cancer 24 164 0.81 1.81E-10 

rno05140 Leishmaniasis 16 68 1.02 1.33E-09 

rno04062 Chemokine signaling pathway 23 168 0.78 1.33E-09 

rno05152 Tuberculosis 22 159 0.79 2.62E-09 
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Figure 6.10: Protein-protein interaction network of the genes differentially expressed by 
sepsis. All the genes with more than one connectivity are shown in (A) and with more than 56 

connectivity are shown in (B). 

 

A) 
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B) 

 

Table 6.40: Top ten DEGs of sepsis with the highest number of connectivities in protein-
protein interaction network 

Rank Genes Gene products 

Number of 

connections in 

network 

1 Il6 Interleukin 6 134 

2 Tnf Tumor necrosis factor ligand superfamily member 2; 109 

3 Stat3 Signal transducer and activator of transcription 3 87 

4 Il1b Interleukin 1 beta 80 

5 Ccl2 C-C Motif Chemokine Ligand 2 75 

6 Mmp9 Matrix Metallopeptidase 9 70 

7 Cxcl1 C-X-C Motif Chemokine Ligand 1 65 

8 Ptgs2 Prostaglandin-endoperoxide synthase 2 62 

9 Cxcl2 C-X-C Motif Chemokine Ligand 2 59 

10 Itgam Integrin, alpha M 57 

 

 

 Effects of ML drainage on gene expression  

The sepsis transcriptome study identified 10 DEGs affected by the ML drainage, all of which are listed 

in Table 6.41. Half of them were coding genes including Clec9a, Lipg, Igkv5-48, LOC100363638 and 

ENSMUSG00000090441. The most significant DEG by ANOVA p-value was a small RNA, Snora20. 

No functional enrichment pathway was identified from these 10 DEGs.  
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Table 6.41: Ten differentially expressed genes for ML drainage 

Rank Transcript Cluster 

ID 

D Avg  

(log2) 

ND Avg 

(log2) 

Fold 

Change P-val 

FDR P-

val Gene Symbol Group 

1 
TC0100002132.rn.1* 6.47 4.88 3.02 6.87E-06 0.4727 Snora20 Small RNA 

2 
TC0400001883.rn.1 8.91 7.57 2.52 2.00E-04 0.8078 Clec9a Coding 

3 
TC0400001089.rn.1 7.66 5.84 3.54 3.00E-04 0.8078 

ENSMUSG00000076606; 
MGI:1316691 

Multiple 
Complex 

4 
TC2000001487.rn.1 7.79 6.23 2.95 1.90E-03 0.8078  

Precursor 
microRNA 

5 
TC1800001704.rn.1 6.25 7.76 -2.86 2.00E-03 0.8078 Lipg Coding 

6 
TC1400000893.rn.1 7.99 13.49 -45.21 2.50E-03 0.8078 skako Unassigned 

7 
TC0300000405.rn.1* 9.64 7.76 3.66 3.00E-03 0.8078 Igkv5-48 Coding 

8 
TC0100002788.rn.1 7.84 5.74 4.3 3.60E-03 0.8078 NONMMUG039531 Non-Coding 

9 
TC0600003382.rn.1 7.23 5.9 2.51 4.00E-03 0.8078 LOC100363638 Coding 

10 
TC0200004280.rn.1 6.23 4.6 3.09 4.50E-03 0.8078 ENSMUSG00000090441 Coding 

 

 

 Discussion 

In this analysis of sepsis lung transcriptomes, a total of 68,842 genes were analysed using conservative 

and exploratory methods to identify the DEGs in the lung for the DEGs for three categories: 1) effect of 

sepsis x ML drainage interaction, 2) effect of sepsis, and 3) effect of ML drainage. The findings are 

discussed in the same order.   

The conservative method identified only 2 DEGs for sepsis x ML interaction, 878 DEGs for sepsis, and 

none for ML drainage. The exploratory method was able to identify significantly more DEGs for each 

comparison as expected: 1629 DEGs for sepsis x ML interaction, 910 DEGs for sepsis, and 10 DEGs 

for ML drainage.  

 Effect of sepsis x mesenteric lymph drainage interaction  

Only 2 DEGs were identified using the conservative method, but none of them were coding genes. The 

exploratory method identified 1629 genes, but again, most of them (about 88%) were not coding genes. 

Among the top ten most significant DEGs in terms of ANOVA p-value, Tnfsf10 and Naaa were the only 

coding genes.  

Tnfsf10 is the gene that encodes the tumour necrosis factor superfamily member 10, which is a cytokine 

functioning as a ligand that induces apoptosis. Therefore, it is also known as a TNF-related apoptosis-

inducing ligand (TRAIL). It binds to several members of the TNF receptor superfamily, including death 

receptors DR4 and DR5, and triggers caspase 8-dependent apoptosis [605]. In vitro experiment showed 

that the TRAIL could accelerate neutrophil apoptosis [606] and TRAIL-deficient mice had enhanced 

inflammatory response with increased neutrophil numbers in lungs after LPS induced acute lung injury 
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[607]. TRAIL has been shown to improve outcomes in acute sepsis conditions. A clinical study by 

Nicholson et al. [608] explained that the elevated TRAIL plasma level might be predictive of sepsis 

survival and the patient with plasma TRAIL level above the mean value (27pg/ml) had a lower odds of 

death. Another clinical study in sepsis patients showed that the lower plasma TRAIL levels (<28.5 pg/ml) 

were associated with increased organs dysfunction and septic shock [609]. The intravenous 

administration of exogenous TRAIL at 1µg/g body weight to the septic animals (using murine colon 

ascendens stent peritonitis) improved bacterial clearance and reduced neutrophil induced damage in 

organs such as liver and kidney [610, 611]. In the present study, Tnfsf10 gene was downregulated in 

sepsis conditions with or without ML drainage compared to the relevant sham groups (lower intensity 

levels, refer to Figure 6.8). However, the downregulation of Tnfsf10 gene was much more significant in 

the SND, 17-fold lower in SND compared to SSND whereas it was only 1.6-fold lower in SD compared 

to SSD. Between the two sepsis groups, its expression was also lower in SND than SD by 2.76-fold. 

So, the results suggest that sepsis is associated with a lower level of Tnfsf10 gene, and the ML drainage 

can attenuate the sepsis-induced downregulation of the Tnfsf10 gene, thus may contribute to a better 

clinical outcome.  

Naaa is the gene for N-acylethanolamine acid amidase (NAAA), a hydrolytic enzyme which controls the 

activity of endogenous bioactive lipids – N-acylethanolamines, a mediator of pain and inflammation. 

Inhibition of NAA can reduce both macrophage activation and the production of inflammatory mediators 

– IL6 and TNF-α [612]. In this study, Naaa gene was downregulated in sepsis conditions, especially in 

SND, compared to its sham by 6-fold. The drainage of ML reduced the sepsis-induced downregulation 

of Naaa (SD has a 3-fold higher Naaa gene expression than SND). This may help to preserve the 

macrophage activity and production of inflammatory mediators during sepsis. On the other hand, the 

inhibitor of NAAA was shown to reduce LPS induced acute lung injury and promote the clearance of 

neutrophil infiltrations [613].  However, no study has confirmed an association between Naaa 

expression in lungs and sepsis clinical outcomes. Further studies should be conducted to confirm the 

finding and understand the associations.  

The functional enrichment network analysis showed that the DEGs of interaction detected through the 

exploratory method were associated with catabolic, metabolic process and fatty acid metabolism. There 

is increasing evidence of an association between fatty acid metabolism and pathogenesis of sepsis 

[614-616]. During sepsis, the vital organs require an adequate energy level to maintain homeostasis. 

However, the infection and inflammatory conditions inhibit mitochondrial function and impair energy 

synthesis [617]. It is thought that fatty acid oxidation generates energy to preserve organ functions 

[618]. The fatty acid oxidation is regulated by a set of regulatory proteins, and their transcription is 

regulated by peroxisome proliferator-activated receptors (PPAR) [619]. The PPAR-α gene expression 

was found to be downregulated in the whole blood of children with severe sepsis and the gene KO was 

associated with decreased survival in the animal model of sepsis [620, 621]. The KEGG pathway 

analysis in my study identified the PPAR signalling pathway as one of the pathways involved with the 

sepsis x ML interaction DEGs. This finding supports that the association between fatty acid metabolism 

and sepsis is worthwhile to explore further.  
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My PPI network analysis showed that Bmp4 had the highest number of connections in the network. 

Bmp4 encodes bone morphogenic protein (BMP), which is important in cartilage and bone formation, 

especially in embryo development [622]. It is also found in the other tissues, including the lung, and 

plays an important role in organ development during foetal life [623]. Lately, it has been associated with 

an inflammatory process and upregulated with tissue injury or infection in various tissues, including the 

lung [624-627]. The BMP4 signalling was upregulated in epithelial cells following chemical-induced 

airway injury and was found to be important for reepithelization of the injured airway [625]. The BMP4 

protein upregulation was also noted in lungs following LPS exposure in mice, and Bmp4 deficient mice 

had more severe lung inflammation with LPS exposure which was indicated by a greater number of 

neutrophils and TNF-α in bronchoalveolar lavage fluids [626]. The high connection with Bmp4 found in 

my study promotes further research on the role of BMP in sepsis-induced lung injury and the effects of 

ML drainage.  

Next, Ctsd encoding Cathepsin D protein had the second-highest number of connections in the PPI 

network. It is known to involve in the regulation of apoptosis of macrophages [628]. The deficiency of 

Cathepsin D was associated with impaired clearance of pneumococcal infection in mice [628]. The 

finding of the high number of associations between this gene and other DEGs indicates a possible 

important role of the Ctsd gene in sepsis-induced acute lung injury and mesenteric lymph drainage.  

 Effect of sepsis on gene expression  

A high number of DEGs (910) was found from the comparison between sepsis and sham groups via 

the exploratory method. Even with the conservative method, 878 DEGs were found. Regardless of 

which method was used, the level of the top 10 DEGs were all significantly higher in sepsis compared 

to the sham, and most were coding genes. The result confirmed that sepsis-induced significant 

alteration in multiple gene expressions in the lungs, and these changes might contribute to the sepsis-

induced organ injury. The therapeutic strategy to minimise such alteration in the target organ may help 

to improve the sepsis-related outcomes.   

The most significant DEG for sepsis was Crem. It encodes a transcriptional regulator that binds the 

cAMP response element (CRE), a sequence present in many cellular promoters, including immune cells 

[629]. The binding causes either suppression or activation of the promoters and regulates gene 

expression [630, 631]. However, the association between sepsis and the expression of Crem in organs 

has not been established. The study using Crem transgenic mice showed that its overexpression in T 

cells aggravates an LPS-mediated model of acute lung injury [632]. On the other hand, another 

experiment showed the opposite effects with the suppression of asthmatic inflammation in a murine 

model [629]. Since it was the most significant DEG upregulated in sepsis, further research should be 

conducted to identify its potential role in sepsis induce lung injury.  

As expected, most of the DEGs in sepsis were related to the inflammatory reaction. The Il6 gene was 

one of the most significant sepsis DEGs and it was elevated by 641-fold in sepsis compared to sham. 

The PPI network analysis showed that IL-6 could be an essential protein in the network with a high 

number (134) of connections to the other proteins. Elevation of the circulatory IL-6 level had been 
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demonstrated to be associated with sepsis-related mortality [633]. IL-6 was elevated in both ML and 

plasma of sepsis rats in my experiment (see section 4.3.3), and the fold elevation in plasma was higher 

between non-ML drainage model than between that of the ML drainage (Chapter 4). Findings from my 

study also now suggest that the lung could be a significant source of this elevated level of circulatory 

IL-6 in sepsis.  

Like Il6, the expression of Ebi3 (which encodes a glycoprotein that heterodimerizes with IL27p28 and 

IL27p35 to form IL-27 and IL-35, respectively) was significantly elevated in sepsis by 58-fold. IL-27 has 

both pro and anti-inflammatory properties [634], whereas IL-35 is mainly anti-inflammatory [635]. It was 

demonstrated that the IL-27 level raised rapidly in circulation following CLP in mice and the animals 

with Ebi3 KO were protected from CLP-induced lethality [636]. Rinchai et al. demonstrated that during 

sepsis, IL-27 could interfere with a clearance of bacterial infection and promote the release of 

proinflammatory cytokines – TNF-α and IL-1β, contributing to the multiple organ dysfunction and 

overwhelming sepsis [637]. It was proposed that the blockage of the IL-27 using soluble receptors could 

be a novel treatment for sepsis [637]. Similarly, elevated IL-35 has been noted in an animal model of 

sepsis and the administration of anti-IL-35 antibody reduced the dissemination of bacteria [638]. The 

current finding in this study indicated that the lung could be an important source of IL-27 and IL-35, and 

Ebi3 gene expression in the lung could be an important therapeutic target for sepsis-related ARDS. 

The chemokine gene - Cxcl2 was also significantly upregulated in sepsis (by 75-fold), and both 

exploratory and conservative methods found it the second most significant DEGs. Cxcl2 encodes the 

protein - C-X-C motif chemokine 2 (also known as macrophage inflammatory protein 2, MIP-2), which 

is produced mainly by activated macrophages. It is a potent neutrophil chemotactic factor and is 

associated with neutrophil accumulation in the lung after CLP in mice [639]. Administration of the 

neutralizing antibody to MIP2 attenuated CLP induced neutrophil recruitment and lung oedema and 

was proposed as a potential therapeutic approach [639]. The finding of increased Cxcl2 gene 

expression in the lung should be confirmed with further studies as it could be a possible treatment option 

for sepsis-induced lung injury. 

Similar to Cxcl2, Socs3, which encodes the suppressor of the cytokine signalling (SOCS) were, showed 

an elevated gene level in sepsis and it was one of the top ten most significant DEGs for sepsis detected 

by both exploratory and conservative methods. SOCS negatively regulates the immune mediator 

responses by degradation of signalling protein and induction of immunosuppression in sepsis [640]. 

SOCS protein upregulation in the lungs has been shown in CLP-induced sepsis mice [641]. The finding 

here again confirms the previous finding in the literature.  

The other DEG, Ngp, which encodes the neutrophilic granule protein, has shown 833-fold   upregulation 

in its gene level in sepsis. It is an essential component of neutrophils and is implicated in neutrophil-

mediated lung inflammation [642]. The finding in my study suggests a possible increase in neutrophil 

activity in sepsis-induced lung injury via an increase in Ngp gene expression level.  
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The functional enrichment networks were built using all the DEGs, and the results were almost identical 

between the two methods. The DEG products during sepsis were mainly involved in the cellular 

response to the stimulus such as stress, cytokines, and foreign agents (refer to Appendix 2 for a full 

list). It is not an unexpected result as the gene expression changes in the lungs during sepsis could be 

due to the cytokines and external agents such as bacteria and bacterial toxins. The molecular pathway 

analysis showed that these biological processes were mainly achieved through the binding process 

rather than the enzymatic or receptor regulator activity. Most of the gene products of DEGs during 

sepsis were primarily active in intracellular compartments. The KEGG pathway analysis showed that 

most of the DEGs were related to immune and inflammatory pathways such as TNF, NOD-like receptor, 

MAPK and NF-κB signalling pathways. These pathways are already proven to be important in the 

pathophysiology of sepsis [643-646], and the present result further confirmed it by showing that most 

of the DEGs were involved in these inflammatory pathways.     

PPI network analysis of DEGs was performed to identify the most critical genes in the network. The 

genes encoded for cytokines – Il6, Tnf and Il1b were with the highest number of connections in the 

network. It is not surprising but instead gives an additional confirmation of the association between 

these cytokines with the pathophysiology of sepsis. The finding also indicated that the lungs could be 

an important source of these crucial cytokines during sepsis.  

Stat3, which encodes Signal Transducer and Activators of Transcription (STAT) 3, was another gene 

with a high number (86) of connections in the network. It involves in signal transduction of cytokines, 

especially IL-6 through the Jak/STAT pathway and alters DNA transcription [647]. It plays a key role in 

many cellular responses, including cell growth and apoptosis [648]. The activations of STAT3 in 

lymphoid organs and liver following bacterial infection in mice were demonstrated in the past [649]. The 

loss of expression of STAT3 by using liver-specific STAT3 KO mice showed increased mortality to CLP-

induced sepsis [649]. It was considered that the STAT3 expression in the liver maintained immune 

homeostasis in a systemic hyperinflammatory response [649]. However, there is no study that has 

measured the association between pulmonary STAT3 gene expression and sepsis outcome. The 

finding in this study demonstrated that the pulmonary STAT3 gene expression increased in sepsis and 

is associated with multiple proteins that are differentially expressed during sepsis. So, further studies 

are required to study the potential role of pulmonary STAT3 in the pathophysiology of sepsis.  

 Effect of mesenteric lymph drainage on gene expression  

Only a total of 10 genes were found to be independently differentially expressed by ML drainage using 

the exploratory method in this cohort, and half of them were either non-coding or genes with non-specific 

action. These 10 DEGs did not produce a significantly interacting PPI network either. No DEGs were 

qualified under the conservative method. These findings indicated that the drainage of ML alone did not 

cause significant changes to the gene expression profile of the lungs, similar to my previous findings 

from the relevant rat groups of the AP gene expression study.  
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6.5 Gene expression changes in lungs during intestinal ischemia-reperfusion 

injury 

 Conservative method 

 Analysis summary 

Lastly, I have investigated the changes in gene expressions of the lungs during IRI. The number of 

DEGs in each comparison group are shown in Table 6.42 and Table 6.43. There were 29 DEGs from 

the comparison between IRI and sham and no DEG between ML drainage and non-ML drainage or 

from IRI x ML drainage interaction. Within the ML drainage group, there were 16 DEGs between IRI 

and sham. For Non-ML drainage, there was no DEG between IRI and sham. There was no DEG 

between ML drainage and non-ML drainage within both IRI and sham groups.  

Table 6.42: Conservative method - Group comparison table of IRI lung transcriptome 

Comparison Group 1 Group 2 Count 1 Count 2 Up Down Total 

IRI vs Sham IRI Sham 5 6 28 1 29 

D vs ND D ND 5 6 0 0 0 

D: IRI vs Sham D: IRI D: Sham 2 3 16 0 16 

ND: IRI vs Sham ND: IRI ND: Sham 3 3 0 0 0 

IRI: D vs ND IRI: D IRI: ND 2 3 0 0 0 

Sham: D vs ND Sham: D Sham: ND 3 3 0 0 0 

Interaction: D and ND vs IRI and Sham IRI: D vs ND Sham: D vs ND 5 6 0 0 0 

 

 

Table 6.43: Conservative method - Class summary of differentially expressed genes for IRI 
lung transcriptome 

 

Total 
number 
of genes 
identified 

IRI vs Sham D vs ND 
D: IRI vs 

Sham 
ND: IRI vs 

Sham 
IRI: D vs ND 

Sham: D vs 
ND 

Interaction: 
IRI and Sham 
vs D and ND 

UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN 

Coding 24753 15 1 0 0 14 0 0 0 0 0 0 0 0 0 

Multiple complex 2259 1 0 0 0 1 0 0 0 0 0 0 0 0 0 

Non-coding 25625 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Precursor microRNA 1626 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Pseudogene 2026 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ribosomal 370 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Small RNA 1324 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

tRNA 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Unassigned 10838 11 0 0 0 1 0 0 0 0 0 0 0 0 0 

Total 68842 28 1 0 0 16 0 0 0 0 0 0 0 0 0 
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 Effects of intestinal ischemia-reperfusion injury on gene expression 

There were 28 upregulated genes and 1 downregulated gene identified in IRI in comparison to sham 

(Table 6.43). Among the total of 29 DEGs, 16 were coding genes. The top 10 DEGs for IRI vs sham 

were shown in Table 6.44, and they were all upregulated in IRI. Seven out of the 10 DEGs were coding 

genes, including Rgs1, Rgs16, Adamts1, Il1a, Sik1, Rgs2, and Pfkbfb3.   

The functional enrichment network using the 29 DEGs showed that there were six biological process 

pathways associated with the gene products (Table 6.44). There was no significant molecular function 

pathway, cellular component pathway or KEGG pathway identified. The PPI network analysis did not 

find any significant interactions between gene products either.  

Table 6.44: Top ten differentially expressed genes for IRI 

Rank ID 
IRI Avg 

(log2) 

Sham 
Avg 

(log2) 

Fold 

Change 
P-val 

FDR P-

val 
Gene Symbol Group 

1 TC1300001556.rn.1 10.88 8.79 4.26 2.53E-07 0.0148 Rgs1; Rgs13 Coding 

2 TC1300000500.rn.1 6.77 5.38 2.62 6.92E-07 0.0148 Rgs16 Coding 

3 TC1100001209.rn.1 13.32 11.45 3.64 7.24E-07 0.0148 Adamts1 Coding 

4 TC0300004146.rn.1 13.37 10.74 6.17 1.73E-06 0.0216 Il1a Coding 

5 TC2000000375.rn.1 6.85 5.49 2.55 2.84E-06 0.0216 LOC102550542 Non-coding 

6 TC2000001267.rn.1 12.61 10.34 4.8 3.16E-06 0.0216 Sik1 Coding 

7 TC1300001553.rn.1 11.03 9.63 2.64 3.45E-06 0.0216 Rgs2 Coding 

8 TC1700000924.rn.1 11.03 9.24 3.45 4.47E-06 0.0222 Pfkfb3 Coding 

9 TC1800000528.rn.1 11.99 9.79 4.58 6.49E-06 0.0228 zyfo Unassigned 

10 TC0500004096.rn.1 10.33 8.87 2.75 6.52E-06 0.0228 toywee Unassigned 

 

 

Table 6.45: Six biological process pathways of DEGs for IRI. Ranked by FDR p value. 

GO term Description Observed Background Strength 
FDR P 

value 

GO:0043951 negative regulation of cAMP-mediated signaling 2 16 2.28 0.0384 

GO:0030728 ovulation 2 20 2.18 0.0384 

GO:0001659 temperature homeostasis 2 25 2.08 0.0384 

GO:0045744 

negative regulation of G protein-coupled receptor 

signaling pathway 2 34 1.95 0.0384 

GO:0048513 animal organ development 6 1420 0.81 0.0384 

GO:0051153 regulation of striated muscle cell differentiation 2 51 1.77 0.0427 

 

 Exploratory method 

 Analysis summary 

The numbers of DEGs for each comparison are shown in Table 6.46 and Table 6.47. There were 162 

DEGs for IRI vs sham, 72 DEGs for ML drainage vs non-ML drainage, and 991 DEGs from IRI x ML 

drainage interaction. Comparing IRI vs sham, there were 401 DEGs detected within ML drainage groups 

and 268 DEGs within non-ML drainage groups. Comparing ML drainage vs non-ML drainage, there 
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were 111 DEGs detected within IRI groups and 902 DEGs for sham groups. The Venn diagram in Figure 

6.11 showed the number of overlapping genes between IRI, ML interaction, IRI x ML drainage.  

Table 6.46 Exploratory method - Group comparison table of IRI lung transcriptome 

Comparison Group 1 Group 2 Count 1 Count 2 Up Down Total 

IRI vs Sham IRI Sham 5 6 151 11 162 

D vs ND D ND 5 6 9 63 72 

D: IRI vs Sham D: IRI D: Sham 2 3 181 220 401 

ND: IRI vs Sham ND: IRI ND: Sham 3 3 221 47 268 

IRI: D vs ND IRI: D IRI: ND 2 3 43 68 111 

Sham: D vs ND Sham: D Sham: ND 3 3 854 48 902 

Interaction: D and ND vs IRI and Sham IRI: D vs ND Sham: D vs ND 5 6 89 902 991 

 

 

Table 6.47: Class summary of differentially expressed genes for IRI lung transcriptome 

 

Total 
number 
of genes 
identified 

IRI vs Sham D vs ND 
D: IRI vs 

Sham 
ND: IRI vs 

Sham 
IRI: D vs ND 

Sham: D vs 
ND 

Interaction: D 
and ND vs IRI 

and Sham 

UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN UP DOWN 

Coding 24753 53 10 2 57 145 16 33 30 34 60 50 39 57 47 

Multiple complex 2259 2 0 1 0 8 0 2 2 4 0 0 2 6 3 

Non-coding 25625 7 0 2 0 9 57 23 3 1 1 268 5 14 424 

Precursor microRNA 1626 0 0 0 0 2 104 1 1 2 0 235 0 1 161 

Pseudogene 2026 0 0 0 1 2 8 0 0 0 1 26 0 2 20 

Ribosomal 370 0 0 0 0 0 0 0 0 0 0 1 0 0 3 

Small RNA 1324 0 0 0 0 0 2 1 9 0 0 9 1 5 5 

tRNA 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Unassigned 10838 89 1 4 5 15 33 161 2 2 6 265 1 4 239 
Total 68842 151 11 9 63 181 220 221 47 43 68 854 48 89 902 
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Figure 6.11: Venn diagram on differentially expressed genes for IRI 

 

 

Figure shows the number of differentially expressed genes for IRI with ML drainage (IRI × ML), IRI vs sham, and ML drainage 

vs Non-drainage; ANOVA p-value <0.005 and fold changes of more than 2.5 were considered significant.  

Abbreviations: IRI = intestinal ischemia-reperfusion injury; ML = mesenteric lymph. 

 

6.5.2.1.1 Effects of intestinal ischemia-reperfusion injury x mesenteric lymph drainage 
interaction on gene expression 

Out of a total of 991 DEGs identified from the analysis of IRI x ML interaction, only 10% (104 genes) 

were coding genes. The top ten DEGs in terms of ANOVA p-value are shown in Table 6.48. The most 

significant DEG was the non-coding gene NONMMUG039108. Only four out of the ten DEGs were 

coding genes, including Lipg, Sdc4, Rgs16 and Avpi1, and they were all upregulated in the IRD group. 

The signal intensity of the top ten DEGs is shown in Figure 6.12. 

Functional enrichment network analysis identified 61 biological process, 6 molecular function and 16 

cellular component pathways from those 991 DEGs. The top ten biological process, molecular function 

and cellular component pathways were shown in Table 6.49, Table 6.50 and Table 6.51. There was no 

significant KEGG pathway identified. The PPI network had significant interaction with a p-value of 7e-

07 (Figure 6.13) and the top ten genes with the highest number of connections were shown in Table 

6.52. The Alb, which encodes for serum albumin, had the highest number of connections in the PPI 

network, followed by Il6 and Anxa5.  
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Table 6.48 Top ten differentially expressed genes with IRI × ML drainage interaction 

Ran
k 

Transcript 
Cluster ID 

IRI: D 
vs ND 
Fold 
Chang
e 

Sham: 
D vs 
ND 
Fold 

Chang
e 

D: IRI 
vs 
Sham 
Fold 

Chang
e 

ND: IRI 
vs 
Sham 
Fold 

Chang
e 

Delta 
Fold 
Chang

e 

P-val 
FDR 
P-val 

Gene Symbol Group 

1 
TC0100002431.rn
.1 -1.72 1.93 -1.71 1.93 -3.31 

3.00E
-06 

0.187
5 NONMMUG039108 

Non-
coding 

2 
TC1800001704.rn
.1 4.74 -1.46 5.16 -1.34 6.91 

5.45E
-06 

0.187
5 Lipg Coding 

3 
TC0100002937.rn
.1 -1.98 5.65 -5.44 2.05 -11.17 

8.60E
-06 

0.197
3 

ENSMUSG000000991
51 

Non-
coding 

4 
TC1400000840.rn
.1 -1.62 2.12 -1.48 2.32 -3.44 

1.48E
-05 

0.210
5 teyko 

Unassigne
d 

5 
TC0100002986.rn

.1 -1.58 3.06 -2.62 1.84 -4.83 

2.50E

-05 

0.210

5 sparflu 

Unassigne

d 

6 
TC0300004739.rn
.1 4.03 -1.54 7.2 1.16 6.21 

3.04E
-05 

0.210
5 Sdc4 Coding 

7 
TC1300000500.rn
.1 4.52 -1.21 8.12 1.48 5.48 

4.68E
-05 

0.210
5 Rgs16 Coding 

8 
TC0600001082.rn
.1 2.07 -2.04 1.83 -2.3 4.21 

5.10E
-05 

0.210
5 uc011ymt.2 

Non-
coding 

9 
TC0100007711.rn
.1 1.83 -1.45 2.21 -1.19 2.64 

5.54E
-05 

0.210
5 Avpi1 Coding 

10 
TC1600001905.rn
.1 -1.48 2.56 -1.92 1.98 -3.8 

6.42E
-05 

0.210
5 NONMMUG040089 

Non-
coding 

 

 

 

Figure 6.12: Sample signal of top ten differentially expressed genes with IRI × ML drainage 
interaction  

1- NONMMUG039108 

 

 

2- Lipg 

  

 

3- ENSMUSG00000099151 

 

 

4- teyko 
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5- sparflu 
  

 
 

6- Sdc4 
 

 

7- Rgs16 
 

 
 

8- uc011ymt.2 
 

 

9- Avpi1 

  

 

10- NONMMUG040089 
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Table 6.49: Top ten biological process pathways of DEGs for IRI × ML drainage interaction. 
Ranked by FDR p value.  

GO term Description Observed Background Strength 
FDR P 

value 

GO:1990637 response to prolactin 3 9 2.03 0.0019 

GO:0050709 negative regulation of protein secretion 5 72 1.35 0.0019 

GO:0042060 wound healing 7 199 1.05 0.0019 

GO:0009611 response to wounding 8 294 0.94 0.0019 

GO:0006950 response to stress 17 1597 0.53 0.0019 

GO:0050896 response to stimulus 28 3604 0.4 0.0019 

GO:0009987 cellular process 38 6022 0.31 0.0019 

GO:0007154 cell communication 19 2085 0.47 0.0024 

GO:0051716 cellular response to stimulus 22 2719 0.41 0.0024 

GO:0065007 biological regulation 31 4801 0.32 0.0024 

 

Table 6.50: Top ten molecular function pathways of DEGs for IRI × ML drainage interaction. 
Ranked by FDR p value. 

Go term Description Observed Background Strength 
FDR P 
value 

GO:0005488 binding 33 5205 0.31 0.0027 

GO:0005515 protein binding 22 3021 0.37 0.0112 

GO:0016765 
transferase activity, transferring alkyl or aryl 

(other than methyl) groups 3 41 1.37 0.0291 

GO:0005178 integrin binding 3 49 1.29 0.0358 

GO:0005102 signaling receptor binding 9 779 0.57 0.0366 

GO:0008289 lipid binding 6 354 0.74 0.0373 

 

Table 6.51: Top ten cellular component pathways of DEGs for IRI × ML drainage interaction. 
Ranked by FDR p value. 

Go term Description Observed Background Strength 
FDR P 
value 

GO:0005615 extracellular space 10 631 0.71 0.004 

GO:0005576 extracellular region 13 1052 0.6 0.004 

GO:0009986 cell surface 7 339 0.82 0.0063 

GO:0005622 intracellular 33 5957 0.25 0.0088 

GO:0005623 cell 36 6812 0.23 0.0088 

GO:0005829 cytosol 13 1382 0.48 0.0089 

GO:0005737 cytoplasm 29 5006 0.27 0.0089 

GO:0016020 membrane 24 3864 0.3 0.0106 

GO:0015630 microtubule cytoskeleton 7 449 0.7 0.0112 

GO:0030425 dendrite 7 509 0.64 0.0207 
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Figure 6.13: Protein-protein interaction network of the differentially expressed genes identified 
by IRI × ML drainage interaction analysis. All the genes with more than one connectivity are shown 

here. 
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Table 6.52: Top 10 DEGs for IRI × ML drainage interaction with the highest number of 
connectivities in protein-protein interaction network 

Rank Genes Gene products 
Number of connections 

in network 

1 Alb Serum albumin 10 

2 Il6 Interleukin 6 6 

3 Anxa5 Annexin A5; Placental anticoagulant protein 4 5 

4 Myc Myc proto-oncogene protein 5 

5 Gnrh1 Gonadotropin-releasing hormone 1 4 

6 Cx3cl1 Chemokine (C-X3-C motif) ligand 1 3 

7 Map1lc3b Microtubule-associated protein 1 light chain 3 beta-like 2 

8 Mup4 Major urinary protein 4 2 

9 Zfc3h1 Zinc finger, C3H1-type containing 2 

10 Avpi1 Arginine vasopressin-induced protein 1 2 

Another 4 genes with two connectivities were not included in the list. 

6.5.2.1.2 Effects of intestinal ischemia-reperfusion injury on gene expression 

There were 162 DEGs identified for IRI. The top ten most significant DEGs, according to the ANOVA 

p-value, were shown in Table 6.53, and they were all upregulated in IRI compared to the sham. Seven 

out of the top ten DEGs were coding genes – Rgs1/Rgs13, Rgs16, Adamts1, Il1a, Sik1, Rgs2 and 

Pfkfb3.  

Functional enrichment network assays using the 162 DEGs detected 288 biological process, 16 

molecular function, 11 cellular components and 26 KEGG pathways. The top ten pathways according 

to the FDG p-values are shown in Table 6.54, Table 6.55, Table 6.56 and Table 6.57. The PPI network 

had significant interaction with the p-value < 1.0e-16 (Figure 6.14) and the top ten genes with the highest 

number of connections in the PPI network are shown in Table 6.58. Seven out of those 10 were relevant 

to cytokines, chemokines or their functions. The Il6 had the highest number of connections, followed by 

Cxcl1 and Cxcl2. The other inflammatory mediators such as Ccl9, Ccr1, Ccl3 and Il1rn were included 

in the top ten genes with the highest number of connections. The signal strength profile of the Il6 gene 

is shown in Figure 6.15.  

Table 6.53:Top ten differentially expressed genes for IRI 

Transcript Cluster ID IRI Avg 
(log2) 

Sham 
Avg 
(log2) 

Fold 
Change 

P-val FDR P-val Gene Symbol Group 

TC1300001556.rn.1 10.88 8.79 4.26 2.53E-07 0.0148 Rgs1; Rgs13 Coding 

TC1300000500.rn.1* 6.77 5.38 2.62 6.92E-07 0.0148 Rgs16 Coding 

TC1100001209.rn.1 13.32 11.45 3.64 7.24E-07 0.0148 Adamts1 Coding 

TC0300004146.rn.1 13.37 10.74 6.17 1.73E-06 0.0216 Il1a Coding 

TC2000000375.rn.1 6.85 5.49 2.55 2.84E-06 0.0216 LOC102550542 Non-coding 

TC2000001267.rn.1 12.61 10.34 4.8 3.16E-06 0.0216 Sik1 Coding 

TC1300001553.rn.1 11.03 9.63 2.64 3.45E-06 0.0216 Rgs2 Coding 

TC1700000924.rn.1 11.03 9.24 3.45 4.47E-06 0.0222 Pfkfb3 Coding 

TC1800000528.rn.1 11.99 9.79 4.58 6.49E-06 0.0228 zyfo Unassigned 

TC0500004096.rn.1 10.33 8.87 2.75 6.52E-06 0.0228 toywee Unassigned 

*The genes were differentially expressed in IRI x ML drainage interaction; Red background (no prefix) represents more than 2.5-

fold upregulation of the gene in the first mentioned group relative to the second group in each comparison. The genes are ranked 
in the order of p-value. 

Abbreviations: D = mesenteric lymph drainage; ND = non-mesenteric lymph drainage; IRI = intestinal ischemia-reperfusion injury. 
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Table 6.54: Top ten biological process pathways of DEGs for IRI. Ranked by FDR p value. 

GO term Description Observed Background Strength 
FDR P 

value 

GO:0071345 cellular response to cytokine stimulus 16 331 1.28 4.38E-13 

GO:0034097 response to cytokine 17 417 1.2 4.38E-13 

GO:0019221 cytokine-mediated signaling pathway 12 138 1.53 1.61E-12 

GO:0010033 response to organic substance 26 1770 0.76 1.30E-11 

GO:0071310 cellular response to organic substance 21 1129 0.86 8.90E-11 

GO:0032496 response to lipopolysaccharide 11 251 1.24 1.10E-08 

GO:0050896 response to stimulus 30 3604 0.51 4.94E-08 

GO:0009605 response to external stimulus 18 1158 0.79 5.60E-08 

GO:0033993 response to lipid 15 772 0.88 1.07E-07 

GO:0051704 multi-organism process 16 998 0.8 3.41E-07 

Table 6.55: Top ten molecular function pathways of DEGs for IRI. Ranked by FDR p value. 

GO term Description Observed Background Strength 
FDR P 

value 

GO:0005125 cytokine activity 6 93 1.4 4.94E-05 

GO:0005126 cytokine receptor binding 6 120 1.29 4.95E-05 

GO:0048018 receptor ligand activity 8 261 1.08 4.95E-05 

GO:0098772 molecular function regulator 12 790 0.78 4.95E-05 

GO:0070851 growth factor receptor binding 5 75 1.42 7.24E-05 

GO:0005488 binding 30 5205 0.35 7.24E-05 

GO:0005515 protein binding 22 3021 0.46 7.37E-05 

GO:0005102 signaling receptor binding 11 779 0.74 0.00012 

GO:0008009 chemokine activity 3 19 1.79 0.00059 

GO:0001664 G protein-coupled receptor binding 5 167 1.07 0.0016 

Table 6.56: Top ten cellular component pathways of DEGs for IRI. Ranked by FDR p value. 

GO term Description Observed Background Strength 
FDR P 

value 

GO:0005615 extracellular space 14 631 0.94 7.67E-08 

GO:0005576 extracellular region 17 1052 0.8 7.67E-08 

GO:0005886 plasma membrane 18 2321 0.48 0.00052 

GO:0005623 cell 33 6812 0.28 0.00055 

GO:0016020 membrane 23 3864 0.37 0.00081 

GO:0009986 cell surface 6 339 0.84 0.0045 

GO:0005737 cytoplasm 25 5006 0.29 0.0045 

GO:0009897 external side of plasma membrane 3 87 1.13 0.022 

GO:0098552 side of membrane 4 190 0.92 0.022 

GO:0005622 intracellular 26 5957 0.23 0.022 

Table 6.57: The top ten most significant KEGG pathway involved by DEGs of IRI. Ranked by 
FDR p value. 

Pathway Description Observed Background Strength 
FDR P 
value 

rno04060 Cytokine-cytokine receptor interaction 10 217 1.26 2.75E-08 

rno05132 Salmonella infection 5 79 1.4 0.00012 

rno04610 Complement and coagulation cascades 4 77 1.31 0.0019 

rno04062 Chemokine signaling pathway 5 168 1.07 0.002 

rno04933 

AGE-RAGE signaling pathway in diabetic 

complications 4 97 1.21 0.0026 

rno05134 Legionellosis 3 51 1.36 0.0061 

rno05144 Malaria 3 51 1.36 0.0061 

rno05321 Inflammatory bowel disease (IBD) 3 61 1.29 0.0075 

rno05323 Rheumatoid arthritis 3 82 1.16 0.0152 

rno04640 Hematopoietic cell lineage 3 86 1.14 0.0152 
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Figure 6.14: Protein-protein interaction network of the genes differentially expressed by IRI. All 
the genes with more than one connectivity are shown here. 

 

Table 6.58: Top ten DEGs for IRI with the highest number of connectivities in protein-protein 
interaction network 

Rank Genes Gene products 

Number of 

connections 

in network 

1 Il6 Interleukin 6 20 

2 Cxcl1 C-X-C Motif Chemokine Ligand 1 13 

3 Cxcl2 C-X-C Motif Chemokine Ligand 2 12 

4 Serpine1 Serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1) 10 

5 Ccl9 Chemokine (C-C motif) ligand 9 8 

6 Ccr1 Chemokine (C-C motif) receptor 1 8 

7 Selp Selectin P 7 

8 Ccl3 C-C Motif Chemokine Ligand 3 7 

9 Il1rn Interleukin-1 receptor antagonist protein 7 

10 F3 Coagulation factor III (thromboplastin, tissue factor) 6 
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Figure 6.15: Signal strength of Il6 gene in IRI and sham groups 

 

 
Abbreviations: D = mesenteric lymph drainage; ND = non-mesenteric lymph drainage; IR= intestinal ischemia-reperfusion 

injury; SS = sham 

6.5.2.1.3 Effects of ML drainage on gene expression 

There were 72 DEGs for ML drainage vs non-drainage, and 88% (63 out of 72) were downregulated in 

ML drainage. The top ten DEGs, according to the ANOVA p-value, are shown in Table 6.59. They all 

were coding genes, but the majority of them were not fully annotated nor had a gene symbol. 

Functional enrichment network analysis identified only one significant molecular pathway (Table 6.60). 

There was no significant biological process, cellular component or KEGG pathways identified. The PPI 

network analysis did not find any significant interaction either.  

Table 6.59: Top ten differentially expressed genes for ML drainage 

Transcript Cluster ID 

D Avg  

(log2) 

ND Avg 

(log2) 

Fold 

Change P-val 

FDR P-

val Gene Symbol Group 

TC0600003304.rn.1 12.41 15.24 -7.07 
1.80E-
05 0.3041  Coding 

TC0600001669.rn.1 14.84 16.94 -4.29 
4.85E-
05 0.3041  Coding 

TC0600003338.rn.1 10.83 13.03 -4.58 

5.05E-

05 0.3041  Coding 

TC0400003117.rn.1 7.76 9.84 -4.22 
5.24E-
05 0.3041  Coding 

TC0400003120.rn.1 7.76 9.84 -4.22 
5.24E-
05 0.3041  Coding 

TC0600003326.rn.1 9.6 12 -5.27 
5.32E-
05 0.3041 LOC100360374 Coding 

TC0600003320.rn.1 10.41 12.99 -6.01 

6.43E-

05 0.3041 Ighg Coding 

TC0400001155.rn.1 7.13 9.53 -5.27 
6.63E-
05 0.3041  Coding 

TC0600003316.rn.1 14.65 16.9 -4.74 
7.82E-
05 0.3182  Coding 

TC0600003318.rn.1 13.71 16.59 -7.39 
8.16E-
05 0.3182 

ENSMUSG00000095210; 
MGI:4439810 Coding 
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Table 6.60: Molecular function pathway of DEGs for ML drainage 

GO term Description Observed Background Strength 
FDR P 

value 

GO:0003823 antigen binding 2 20 2.24 0.0024 

 

 Discussion 

In this study of IRI lung transcriptomes, the Affymetrix gene chip analysis on 68,842 genes was 

performed to identify DEGs using conservative and exploratory methods. The DEGs were identified for 

three main categories: 1) effect of IRI x ML drainage interaction, 2) effect of IRI, and 3) effect of ML 

drainage. The findings are discussed below in the same order.   

The conservative method identified none for IRI x ML interaction, 29 DEGs for IRI, and 0 for ML 

drainage. The exploratory method was able to identify significantly more DEGs for each comparison as 

expected: 991 DEGs for IRI x ML interaction, 162 DEGs for IRI, and 72 DEGs for ML drainage.  

 Effects of IRI x ML drainage interaction on gene expression 

Although 991 DEGs were found for disease-drainage interaction by the exploratory method, none met 

the threshold criteria of the conservative method. In addition, the majority of the DEGs identified were 

non-coding or unassigned genes, and only about 10% were coding genes.  

The most significant DEG was a non-coding transcript NONMMUG039108, without much information 

available. The second most significant DEG was Lipg, which encodes endothelial lipase G and is 

associated with phospholipase activity of the endothelial cells [650]. It was increased in IRD by ~5-fold 

compared to SSD or IRND. There was no significant difference between IRND and SSND. Lipg, 

commonly expressed in lung and endothelial lipase protein expression, was shown to be increased in 

an allergic or inflammatory condition such as asthma [651]. However, its role in acute lung injury has 

not been studied. Further studies would be required to confirm the change in Lipg gene expression in 

lungs during IRI and ML drainage and its effects.   

The other coding genes in the top ten DEGs included – Sdc4 (encodes syndecan 4, a transmembrane 

receptor involved in intracellular signalling), Rgs16 (encodes a regulatory protein that increases 

GTPase activity and inhibits G protein signal transduction) and Avpi1 (encodes arginine vasopressin 

induced 1 which has a role in MAP kinase activation). They all had a similar sample signal trend as to 

the Lipg where the IRD group had the highest signal and the other groups were all similarly low (Figure 

6.12). None of them was previously known to be associated with IRI. Further studies are required to 

confirm these findings and if there is any pathological significance.  

The PPI network analysis showed that there were significant interactions between the 991 DEGs found 

by the exploratory method. Alb gene was the DEG with the highest number of connections in the PPI 

network. The gene with the second-highest number of connections in this network was Il6 that was also 

later found to be the DEG with the highest number of connections for IRI (Figure 6.14). Il6 gene 

expression was the highest in IRD (refer to Figure 6.15) compared to the three other groups (IRND 
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SSD, SSND). The role of IL-6 in IRI induced lung injury was established and suppression of IL-6 protein 

expression prevented IRI induced lung injury in an animal model study [652]. The ML drainage or 

diversion was known to attenuate acute lung injury by preventing neutrophil activation [653], but its 

impact on IL-6 gene and protein expression has not been previously reported. The findings in my study 

need to be confirmed to understand how the ML drainage increased IL-6 expression in the lungs and 

its effect on the IRI-induced acute lung injury.  

 Effect of IRI on gene expression  

The disease condition IRI resulted in 29 DEGs that met the criteria of the conservative approach. The 

exploratory approach identified 162 DEGs. Their lists of the top ten DEGs were identical between the 

two methods, and all of those DEGs showed higher gene expression in IRI than sham. Three 

(Rgs1/Rgs13, Rgs16, Rgs2) of the top ten DEGs were all regulators of G-protein signalling that inhibit 

G-protein receptor signalling by activating GTPase [654]. The G-protein coupled receptors are one of 

the most common cell surface receptors and involve in multiple key cell functions, including cell growth, 

differentiation, proliferation and synthesis of hormone or inflammatory mediators [655, 656]. The role of 

increased expression of the multiple regulatory of G-protein signalling proteins in lungs during IRI is not 

known. The observation of G-protein coupled receptors is of therapeutic interest as they are regarded 

as the largest family of membrane receptors that are targeted by the approved drugs (~700 approved 

drugs target them as per 2018 data) [657].  

Another top DEG, Adamts1 (A Disintegrin and Metalloprotease with Thrombo Spondin motifs 1), is 

mainly associated with cancer growth and metastasis [658] but was initially discovered as an 

inflammatory mediator [659]. It remodels the extracellular matrix (ECM) through the proteolytic 

degradation of key substrates such as chondroitin sulfated proteoglycans and collagen [660, 661]. The 

ECM remodelling has been reported as an important feature in ARDS and is related to the deterioration 

of lung function [662]. The impact of upregulation of Adamts1 in IRI induced lung injury has not been 

reported before and offers a new direction of research for the future. 

The functional enrichment network analysis showed that the most important functional pathways of the 

DEGs were associated with response to cytokines/chemokines. The PPI network analysis also showed 

multiple cytokines and chemokines on the list of the top ten with the highest number of connections. IL-

6 was the one with the highest number of connections in the network, suggesting a key potential 

mediator in IRI. It was also a DEG with the second-highest number of connections in the PPI network 

created with DEGs of IRI × ML drainage interaction. IL-6 has both pro-inflammatory and anti-

inflammatory properties. There is an association between rising circulating IL-6 and severity of systemic 

inflammatory response [663]. An animal model study has shown that the inhibition of Il6 gene by RNA 

interference induced genetic knockdown ameliorates the IRI induced acute lung injury in rats [652]. The 

findings, here again confirm the important role of lung Il6 expression in IRI induced lung injury and it 

could be a potential therapeutic target to counteract organ dysfunction.  



231 

 

 Effect of ML drainage on gene expression  

No DEG was identified for ML drainage from this IRI study groups using the conservative method, but 

72 DEGs were found using the exploratory method. Although most of these genes were coding genes, 

the vast majority of them did not possess a name or have a known function yet. Thus, there was no 

significant PPI network or functional enrichment network pathway identified using these 72 DEGs, 

except one molecular function pathway - antigen binding. This again indicated that the drainage of ML 

alone did not induce significant gene expression changes in the lungs.  

6.6 Discussion on overall findings from gene expression analysis  

Here the GeneChip Rat Transcriptome Array was used to identify the DEGs of the lungs in the three 

different aetiologies of critical illness, namely – AP, sepsis and IRI. The study also examined the 

changes in lung gene expression in these same conditions with or without ML drainage. The study also 

offered the opportunity to understand whether the gene expression changes across these three 

conditions were comparable (it is discussed in section 7.2.4) and whether the drainage of ML influenced 

the gene expression profile of the lungs in similar or disease-specific ways. This was a novel concept, 

as there were no equivalent comprehensive study approaches reported in the literature. The findings in 

this study were intended to help to identify some vital genes in lungs that play an important role in these 

disease conditions and open the doors for the discovery of newer therapeutic targets and diagnostic 

markers. 

The array study used both conservative and exploratory methods to identify the DEGs. The 

conservative method used an FDR p-value cut-off designed to only find the most consistently altered 

genes and to minimise the false-positive results in selecting DEGs. However, the sample size for this 

transcriptome experiment was small (only n=3), and so it was not expected there would be many targets 

under these conservative criteria (FDR p-value <0.05). This sample size number was selected for the 

GeneChip analysis primarily based on its prior use in other array studies [664, 665] but also for 

affordability and limited study funding considerations. However, it comes at the risk that there may not 

always be sufficient conventional statistical power to detect subtle but important changes in DEGs. 

Although the FDR p-value could help to reduce type 1 error - false positive rate, it does not control false 

negative rate. As a result, there is a risk of losing a considerable number of important DEGs [666]. 

Therefore, I also used an ‘exploratory analysis method’ where the ANOVA p-value cut-off was applied 

to identify potential DEGs for each condition. Although the ANOVA p-value was used here, a stricter 

rule was also applied in conduction with this, and only the DEGs with individual p-values < 0.005 and 

at least 2.5-fold changes were considered for evaluation. My exploratory method was substantially more 

stringent than the pre-defined setting used by the Affymetrix TAC software (the ANOVA p-value of <0.05 

and at least a 2-fold change). It was also more stringent than some of the cut-off inclusion values used 

by other published studies in the literature [667, 668]. So, I believe that the results of this study are able 

to be considered rigorous and acceptable. 

The study provides the list of the most significant DEGs with the most significant p-value, and the 

products of these DEGs could be potential unique diagnostic or prognostic markers for each condition. 
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For example, multiple heat shock protein genes were noted as DEGs for AP, and their expression was 

upregulated. Serum heat shock protein 27 was known to be elevated with chronic pancreatitis [669]. 

The finding in my study supported to explore more about the correlation between serum heat shock 

proteins levels and the severity of AP. It was also noted that the lists of DEGs were different between 

each disease condition, and the data in my study could be useful in identifying the unique marker for 

each condition. It is clinically relevant to identify the SIRS caused by sepsis vs non-infection causes as 

the type of supportive treatment will be different. The method to distinguish non-infectious SIRS from 

sepsis using the gene expression panels is now available [670, 671]. However, the performances of 

these tests remain questionable based on a validation study using a public database [672]. The list of 

DEGs in my study could be useful to further support candidate selection for new test combinations.  

The study also provides a list of important genes that could be the targets for the treatment of CI and 

MODS. The DEGs with the highest number of connections in the PPI network could be a potential 

therapeutic target as they can exert synergistic effects on multiple pathways. It was noted that many of 

the DEGs for each condition were different and highlighted that the therapeutic targets would be 

different for each disease. For example, Il6 was one of the top ten DEGs with the highest number of 

connections in the PPI network in both sepsis and IRI, whereas Hsp genes were the important DEGs 

in AP with the highest number of connections in the PPI network.  

One of the aims of the study was to investigate whether the drainage of ML could reduce the degree of 

disease-induced gene expression alteration in the lungs. In all the three disease models, there were 

very few DEGs found from ML drainage vs non-drainage, but instead, many more DEGs were detected 

from the interaction between disease x ML drainage. This suggests that the drainage of ML alone does 

not induce significant gene expression changes in the lungs and the ML drainage effect is substantially 

minor in comparison to the disease effect (there were substantially higher number of DEGs were found 

from disease vs sham comparison). The action of ML drainage was to mainly alter gene expression 

when it interacts with each disease condition. The findings indirectly support that the ML under a normal 

physiological state did not carry any factors that could affect the gene expression of the lung. However, 

it could carry a variety of agents that could alter gene expression during disease conditions. The 

drainage of ML in these circumstances then altered the lung expression profile. The expectation is that 

these changes will alter lung physiology, although I did not have the equipment to detect these lung 

changes in my study. However, other studies have reported benefits to lung pathology by ML drainage 

[471, 477].   

6.7 Conclusion 

The chapter provides an insight on how the CI or drainage of ML could affect the gene expression 

profile of the common target organ – the lungs. The findings in this study indicated that there were 

significant changes in pulmonary gene expression during critical illness and drainage of ML could alter 

these changes. The pattern of the gene expression changes was different between the diseases which 

reflected the unique nature of each disease model in causing lung injury. The findings in this experiment 
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would open the door for further research by proving the list of genes that could be the potential 

therapeutic targets or diagnostic markers of the CI and MODS.  
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Chapter 7 : Overall Findings, Discussion, Further 

Research and Conclusions 

In this final chapter, I bring together some of the key findings from across the three different major disease 

model experiments in order to determine what this may tell us about the commonality or disease specificity 

of various mediators in the onset of critical illness (CI). 

7.1 Overview of the thesis results 

CI is an acute and severe disease state characterised by multiple end-organ failures. It can originate from 

a range of aetiologies, including – sepsis, severe trauma, haemorrhagic shock, major burns, intestine 

ischemia and severe acute pancreatitis (AP). CI often progresses through a common pathway of 

increasing severity that commences with the systemic inflammatory response syndrome (SIRS), through 

multiple organ dysfunction syndrome (MODS), multiple organ failure (MOF) and in up to a third of cases, 

death [1]. Amongst the different affected organs in MODS, the lungs are one of the most vulnerable and 

almost universally affected regardless of the aetiology [12, 17]. Although MODS/MOF is responsible for 

the majority of deaths resulting from CI [2], the pathophysiology of MODS/MOF is yet to be fully 

understood [3].  

This thesis aimed to explore new dimensions in the pathophysiology of SIRS and MODS associated 

with acute CI, especially in relation to the concept of the toxic compositional changes of mesenteric 

lymph (ML). The concept ‘gut-lymph hypothesis’ proposed that the unique gut-derived toxic factors 

carried in the ML reached the systemic circulation and gave rise to SIRS and MODS [91]. However, the 

factors in ML responsible for these toxic effects are still in the process of being identified.  

Although there may be specific toxins in the lymph, another possibility is that it is a source of known SIRS 

and MODS mediators. Examples of this would be either toxic metabolites or cytokines and pro-

inflammatory mediators. In this regard, the elevation of various cytokines and DAMPs in the systemic 

circulation during acute CI has been demonstrated in multiple reports [255, 673, 674]. Cytokines are a 

diverse group of lower molecular weight proteins that are produced by a variety of cell types as a means 

of cell-to-cell communication [115]. They are often considered to be either pro-inflammatory or anti-

inflammatory, or both, and are known to play vital roles in the development of SIRS, and MODS [122]. 

DAMPs, on the other hand, are a heterogeneous group of endogenous molecules (i.e., including 

protein, peptides, and nucleic acids) or cell organelles (e.g., mitochondria) that are released upon cell 

injury or death. They can recruit and activate immune cells and stimulate the production of inflammatory 

mediators [252, 253]. The administrations of DAMPs were proven to stimulate the inflammatory reaction 

and organ injuries in animal studies [261, 280].  

In this thesis, I hypothesized: 

“the ML is a major anatomical route for cytokines and DAMPs traffic into the circulation during acute CI 

states and the drainage of ML could influence the gene expression pattern of the lung”. 
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In order to investigate the hypothesis, I had three aims -  

(i) Investigate if the plasma and ML profiles of cytokines and DAMPs change during the 

development of acute CI in the three animal models, namely – AP, sepsis and IRI. 

(ii) Investigate the effect of ML drainage on circulating cytokines and DAMPs levels during the 

acute CI.  

(iii) Investigate the changes in the gene expression profile of lung tissue during the acute CI 

and the effects of ML drainage on these changes.  

In this thesis, I established three animal models of CI – AP, sepsis and IRI. Animal models are seldom 

perfect for investigating human disease, but they are still valuable for investigating aspects of a disease 

process. In this case, the different models were intended to capture the early phase of SIRS/MODS. 

They all simulated various clinical scenarios of CI and produced physiological deterioration similar to 

the clinical SIRS – hypotension and tachycardia within the experimental time frame of five hours. The 

serum biochemistry analysis showed elevation of disease-specific markers and relative changes in 

laboratory measures, indicating deterioration in the disease animals. For example, disease-induced rats 

had a higher level of urea (together with electrolytes derangement in some cases), indicating the 

development of renal dysfunction. So, the animal models used here simulated useful aspects of the 

early clinical scenario of MODS and were suitable models to use for investigating my hypothesis. 

The changes in the concentration of ten cytokines (seven that are usually considered pro-inflammatory 

cytokines: IL-1α, IL-1β, IL-2, IL-6, IL-18, MCP-1 and TNF-α and three anti-inflammatory cytokines: IL-

4, IL-10 and IL-13) were analysed in the plasma sample collected at 300 min of the disease (Plasma300) 

and ML samples collected at pre-disease (Lymph0), 0-150 min (Lymph0-150) and 150-300 min of the 

disease (Lymph150-300).  

Regarding DAMPs, I measured nucleic acid DAMPs – cell free DNA (cfDNA), nuclear DNA (nDNA) and 

mitochondrial DNA (mtDNA) and protein DAMPs – HMGB1 and S100A8/A9. The nucleic acid DAMPs 

were measured in plasma and ML at all the three time points (0, 150, 300 min after disease induction). 

The protein DAMPs were measured in plasma at 300 min and ML at all the three time points. The 

restriction on plasma sample timepoints was due to the need to avoid physiological impact from the 

blood drainage, and therefore, limited sample volumes could be obtained.  

I also undertook a detailed gene array study of lung tissue from the three different models to probe the 

early effects of these disease states on this key organ involved in MODS. 

7.2 Key findings and discussion  

 Cytokines 

Cytokines are important mediators of SIRS and MODS. Their levels influence the outcomes of critically 

ill patients. In this thesis, I hypothesised that the ML is a major anatomical route for cytokine trafficking 

into the circulation during acute CI states and that drainage of ML would alter the circulatory cytokine 

levels. The key data of cytokines are summarised in Table 7.1. 
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Table 7.1 Summary of plasma and mesenteric lymph cytokine profiles 

 Acute pancreatitis Sepsis 
Intestinal ischemia-
reperfusion injury 

Plasma 
cytokines in 
disease vs 
sham 

Number of cytokines elevated in the diseases 8 9 4 

Type of cytokines elevated 
IL1α, IL-2, IL6, IL-18, 
MCP-1, TNF-α, IL4 
and IL-10 

IL-1α, IL-2, IL-6, IL-
18, MCP-1, TNF-α, 
IL-4, IL-13 and IL-10 

IL-6, TNF-α, IL-4 and 
IL-13 

Mesenteric 
lymph 
cytokines in 
disease vs 
sham 

 

Lymph0-150 

 

Number of cytokines elevated in 
the disease 

0 3 0 

Type of cytokines elevated - 
IL-6, MCP-1 and 
TNF-α 

- 

Lymph150-300 

Number of cytokines elevated in 
the disease 

2 

 
7 2 

Type of cytokines elevated IL-6 and MCP-1 
IL-6, MCP-1 and 
TNF-α, IL-1, IL-2, IL-
13 and IL-10 

IL-6 and IL-18 

Effects of ML 
drainage on 
plasma 
cytokines 

Number of cytokines elevated in the disease 
with ML drainage vs sham with ML drainage 

3 7 3 

Type of cytokines elevated IL-6, IL-18 and MCP-1 
IL-1α, IL-6, IL-18, 
MCP-1, IL-4, IL-13 
and IL-10 

IL-6, IL-13 and IL-10 

Less elevation compared to the difference 
between non-drainage model 

✓ ✓ ✓ 
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 Plasma cytokines were elevated in acute CI 

The plasma cytokines were elevated in all three models compared to the respective shams. This 

confirms the development of an acute systemic inflammatory reaction in all the three models. The 

plasma cytokine levels are usually reported to be correlated with the severity of acute CI [675, 676]. In 

my three models, the elevations were more pronounced in AP and sepsis, which are more severe forms 

of acute CI, compared to IRI. This was further supported by the higher degree of physiological 

deterioration (hypotension and tachycardia) in sepsis and AP than IRI. 

In all three disease models, plasma IL-6, TNF-α and IL-4 were elevated, and they could be key important 

contributors for the common disease pathway of CI leading to SIRS and MODS. It is also worth 

mentioning that the IL-6 was the only cytokine elevated in both plasma and also ML of all three disease 

models. It explains why the agents against IL-6 or TNF-α showed promising results in improving CI 

conditions in both clinical and preclinical studies [466, 677, 678]. In contrast, the role of IL-4 in CI was 

not so clear and also remains controversial in the literature (as stated in Chapter 1). The finding of 

elevated plasma IL-4 in all three disease models in my study is encouraging for further experiments to 

be conducted to understand its role in CI.  

In all three disease models, there was no difference in plasma IL-1β levels between the diseases and 

the respective shams. Both IL-1α and IL-1β are generally considered as important pro-inflammatory 

cytokines in SIRS, and their direct systemic administrations produce symptoms mimicking the SIRS 

[185-187]. Generally, IL-1β is secreted by monocytes/macrophages and circulates systematically while 

IL-1α is secreted by a variety of cells and acts locally [184]. Despite the trends in elevation of plasma 

IL-1α in AP and sepsis, IL-1β was not elevated significantly in my study. There are a couple of possible 

explanations. It may have been a timing issue for the sampling, which was limited. The second relates 

to the prolonged anaesthetised nature of the model. The isoflurane used as an anaesthetic in the animal 

models is known to be associated with the inhibition of IL-1β production from LPS-induced monocytes 

in vitro [679]. Another possibility is that the 5-hour disease duration was not long enough to release a 

sufficient quantity of IL-1β to the circulation, as it is only synthesised after immune cell activation by 

alarmins and requires post-transcription processing (by caspase-1 or other proteases) [680]. 

Regardless, my findings indicated that the specific elevation of plasma IL-1β was not strictly required 

to produce early signs of SIRS/MODS. 

 The mesenteric lymph is an important carrier of cytokines to the systemic 

circulation 

The ML cytokines were also variably elevated in all three disease models, but they each followed 

different patterns. In AP and IRI, only two cytokines were elevated late in Lymph150-300 compared to the 

respective shams. The changes in ML cytokines were more extensive in sepsis, with the elevation of 

seven cytokines in Lymph150-300. There was also an early elevation of cytokines noted in sepsis, and the 

three cytokines (IL-6, MCP-1 and TNF-α) were elevated progressively in both Lymph0-150 and Lymph150-

300. These findings indicated that the ML could be an important carrier of gut-derived cytokines to the 

systemic circulation in acute CI, especially in sepsis. It was of note that the model directly affecting the 
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intestine itself (IRI) was not the one with the most ML changes. The sepsis model was however the 

most severe among the three CI models, characterised by earlier deterioration of vital signs and 

required higher volumes of intravascular fluid resuscitation. I used the caecal ligation and puncture 

model of sepsis which involved directly cutting the opening of the intestinal wall and spreading of the 

faecal material throughout the abdominal cavity. Therefore, multiple intra-abdominal organs were 

directly affected in the model. Conversely, the insult was limited to one particular organ in both AP and 

IRI.    

As discussed in the different disease chapters, there were differences observed in cytokine profiles 

between plasma and ML. This suggested that the ML cytokines were not merely just the filtrate of 

plasma cytokines extravasated from the systemic circulation. ML will instead carry a combination of 

plasma cytokines that have traversed into the interstitial gut and mesentery tissues, as well as those 

cytokines originating de novo from these tissue beds. The process of ML diversion is expected to 

therefore alter this important source of cytokines draining back into the systemic circulation.  

 The drainage of mesenteric lymph limited the elevation of cytokines in systemic 

circulation  

Next, I examined the effects of the ML drainage on the circulatory cytokine levels in the disease models. 

My findings indirectly indicate that the ML could be an important contributing factor for the elevation of 

multiple circulatory cytokines, but it is not the only source of circulatory cytokines.  The drainage of ML 

prevented or reduced the degree of elevation of various plasma cytokines in all the matched intervention 

controls for the three disease models. However, it did not totally prevent the elevation of all circulatory 

cytokines. This is not surprising, as the disease is extra-intestinal in location (retroperitoneal pancreas 

or intra-abdominal compartment), except in the IRI model. These non-intestinal organs are also 

independent sources of cytokines. The final circulating plasma levels will be a balance of those supplied 

by various tissue beds but also those routed via the lymph back into the plasma.  In fact, it is possible 

that the ML could also carry other factors that will influence circulatory cytokines in acute CI. 

Of note, the ML drainage process appeared to attenuate the elevation of plasma TNF-α in all three 

disease models. As mentioned before, TNF-α is one of the key cytokines in SIRS/MODS and the 

inhibition of its activity has been proposed as one of the therapeutic targets for acute CI [678]. The 

attenuation of plasma TNF-α elevation in the disease animals by ML drainage could contribute to a long 

term reduced the severity of the disease.  What was interesting was that the TNF-α was not elevated 

in ML itself, which argues against the ML being the major source of circulatory TNF-α. This supports 

the hypothesis that ML carries other immune signals such as DAMPs, exosomes, microRNA, and 

altered albumin, which are all known to be potential inflammatory signals and stimulate the inflammatory 

cascade [567].   

The findings here indicated that the ML would be an important carrier of some circulatory cytokines, but 

not all, and the diversion of ML will alter circulatory cytokines in acute CI.     
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 Nucleic acid DAMPs 

In this experiment, I had measured cfDNA, nDNA and mtDNA in both plasma and ML at the three 

different time points of the diseases. The nucleic acid DAMPs are known to be elevated in a variety of 

CIs in both animal and clinical studies, and their levels in systemic circulation are usually associated 

with the severity of the disease outcomes [255, 256, 280, 325, 326, 332-334, 368, 372]. The key 

summary of the nucleic acid DAMP profiles in plasma and ML is shown in Table 7.2. 

 Plasma nucleic acid DAMPs were elevated in acute CI 

In my experiment, the nucleic acid DAMPs were elevated in the systemic circulation of the diseases 

compared to the respective shams, except for the mtDNA in IRI. The elevation patterns were however 

different between the disease models. In AP, all these nucleic acid DAMPs were elevated in both 

Plasma150 and Plasma300. In sepsis, they were elevated later, only in Plasma300. However, only cfDNA 

and nDNA were elevated in Plasma300 for IRI.  

Thus, the results reflected the possible difference in the pathogenic mechanism of the disease models. 

In the case of AP, the direct chemical injury to the pancreatic tissue would have triggered the release 

of the nucleic acid DAMPs; as well as the pancreatic enzymes, including trypsin that would 

subsequently injure other cells and promote the release of nucleic acid DAMPs from surrounding 

damaged or dead cells. Therefore, as expected, a steady but early rise of nucleic acid DAMPs was 

observed in AP.  

In sepsis, on the other hand, the process of nucleic acid DAMP release into the circulation may not be 

a straightforward process. The CLP model initially causes the leakage of faecal material into the 

abdominal cavity and then stimulates the local inflammatory reaction which subsequently induces local 

tissue injury and release of nucleic acid DAMPs to the circulation. The damage comes later and is more 

extensive (whole abdominal cavity). Consistent with this process, there was an initial delay, but the 

degree of nucleic acid DAMP elevation in Plasma300 was the highest among the three disease models. 

In IRI, the reason for the delay in elevation of nucleic acid DAMPs is difficult to explain. The model 

induced direct ischemic injury to the intestine by blocking the superior mesenteric artery, followed by 

reperfusion for 30 minutes. It is known to cause direct injury to the intestine and immediate release of 

the DAMPs to the circulation was expected. It may be that the injury to the gut was less than expected 

so fewer DAMPs were released, or the circulation to the intestine was slower to be re-established upon 

reperfusion (thus, there was a delay in clearance of the DAMPs). Finally, another contributing possibility 

was the ischemia and reperfusion of the intestine also impaired the lymphatic drainage system by 

causing local tissue oedema, thus leading to a delay in the release of DAMPs from ML to the circulation.  

mtDNA, which is considered one of the most potent DAMPs, was elevated in both AP and sepsis but 

not in IRI. This would be consistent with the observation that the AP and sepsis rats were sicker than 

those with IRI and thus contributed to this severity. My findings also indicated that the release of mtDNA 

could be unique in nature as it did not follow the trends of cfDNA and nDNA or that it is more stable in 

the circulation. 



240 

 

  

 Mesenteric lymph is not a major carrier of circulatory nucleic acid DAMPs 

The ML nucleic acid DAMPs were elevated only in AP and only in the samples collected between 150-

300 min after AP induction, which was later than its elevation in the systemic circulation. Thus, the ML 

was not a source of the circulatory nucleic acid DAMPs in AP or at least it was not responsible for any 

early rise in plasma nucleic acid DAMPs in AP.  

In contrast, there was no elevation of ML nucleic acid DAMPs in both sepsis and IRI. This was an 

unexpected finding, since the DAMPs released from the damaged intestine and intra-abdominal organs 

were expected to be carried by ML. One possibility is the dilution effects of fluid resuscitation. A higher 

volume of intravenous fluid resuscitation at 12 ml per hour used in both sepsis and IRI compared to 6 

ml per hour in AP would have reduced the concentration of the nucleic acid DAMPs. Another possibility 

is that all the animal models, including shams, underwent sedation, intubation, mechanical ventilation 

and laparotomy, which may have caused enough tissue injury to stimulate the release of the nucleic 

acid DAMPs. The elevation in baseline in all the animals might have masked the actual effect of the CI. 

Although these explain why the nucleic acid DAMPs in ML were not elevated in CI, the findings in this 

experiment did not support the hypothesis of ML being a major anatomical route of nucleic acid DAMPs 

trafficking to the circulation. 

 The drainage of ML attenuates the elevation of circulatory nucleic acid DAMPs 

In all three disease models, the degree of elevation of circulatory nucleic acid DAMPs was noticeably 

lower in ML drainage models compared to the non-drainage models. As described above, ML is not 

likely to be a major carrier of these DAMPs but may contain particular factors that can stimulate the 

release of DAMPs from other parts of the body. For instance, the IL-6 and several other cytokines that 

were elevated in disease-conditioned ML may contribute to the stimulation of the immune system and 

cells injury, which promotes the release of DAMPs from the damaged cells. The prevention of ML 

drainage into the systemic circulation may reduce the elevation of these DAMPs by limiting such 

stimulating factors.  
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Table 7.2: Summary of plasma and mesenteric lymph nucleic acid DAMPs profiles 

 Sample Type Acute pancreatitis Sepsis 
Intestinal ischemia-
reperfusion injury 

Plasma nucleic acid DAMPs in the 

diseases compared to shams (between 
non-ML drainage disease vs sham) 

cfDNA 

Plasma150 9x - - 

Plasma300 18x 35x 11x 

nDNA 

Plasma150 4-6x - - 

Plasma300 16-17x 26-32x 10x 

mtDNA 

Plasma150 2-3x - - 

Plasma300 3x 3-4x - 

Mesenteric lymph nucleic acid DAMPs in 
the diseases compared to shams 

cfDNA 

Lymph0-150 - - - 

Lymph150-300 4x - - 

nDNA 

Lymph0-150 - - - 

Lymph150-300 4x - - 

mtDNA 

Lymph0-150 - - - 

Lymph150-300 4x - - 

Effects of ML drainage on plasma 
nucleic acid DAMPs (between ML 

drainage disease vs sham) 

cfDNA 

Plasma150 6x - - 

Plasma300 8x 15x 5x 

nDNA 

Plasma150 3-4x - - 

Plasma300 10-14x 12-17x 0-11x 

mtDNA 

Plasma150 3x - - 

Plasma300 - - - 

Note: some values are shown in range as there is more than one representative marker (GAPDH and ACTB for nDNA; CytB, COX3, ND for mtDNA); The arrows ‘↑’, ‘↓’ refer to the level of 
nucleic acid DAMPs in the disease group compared to the respective sham. 
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 Plasma and ML profiles of protein DAMPs change during the development of acute 

CI  

Both HMGB1 and S100A8/A9 are well known protein DAMPs and the elevations of these DAMPs in 

systemic circulation were already reported in a variety of acute CI conditions [391, 395, 396, 415, 422]. 

In this experiment, the HMGB1 and S100A8/A9 levels were measured in Plasma300 and ML collected 

at the three different time points. The key summary data is shown in Table 7.3.  

 Elevation of plasma HMGB1 and S100A8/A9 was not found in sepsis and 

intestine ischemia and reperfusion injury 

Minimal changes were noted for protein DAMPs – HMGB1 and S100A8/A9. Only in AP, plasma HMGB1 

elevated compared to the sham, and it was consistent with the previous findings in the literature [259, 

423]. The plasma HMGB1 and S100A8/A9 in sepsis and IRI were not elevated, and it was contrary to 

the data in the literature [391, 395, 511]. This was probably related to the animal disease models used 

in the study. It may need a longer time to induce the release of protein DAMPs into the circulation. 

HMGB1 is known as a late mediator of sepsis, and it was noted to be elevated at 24 hrs after CLP in 

rats [681, 682] whereas my measurements were only after a maximum of 5 hours. Alternatively, it is 

also possible that the elevation happened transiently at the early time point, and I might have missed 

the opportunity to measure it then due to my limited sampling schedule. The collected specimen could 

also be unintentionally diluted by multiple fluid bolus infusions of the disease rats, especially in the case 

of sepsis. 

 No elevation of mesenteric lymph HMGB1 and S100A8/A9 in all the three disease 

models  

There was no elevation of ML HMGB1 and S100A8/A9 in all three disease models. It was an 

unexpected finding since the proteomic changes of ML during acute CI, including – AP, sepsis and IRI, 

were well known and widely studied [108, 489]. One possibility is that the protein DAMP is known to be 

a later mediator in CI, as stated above. So, their level may not elevate in ML during the first 5 hours of 

the disease. One can argue that there may be a failure with the assay method. However, it is unlikely 

since the changes in ML HMGB1 and S100A8/A9 levels over the disease course were noted in all the 

disease models (they declined over time).    

 Effect of mesenteric lymph drainage on plasma HMGB1 and S100A8/A9  

It was expected that the drainage of ML would attenuate the elevation of DAMPs in circulation, as this 

can occur in some disease settings [683, 684]. In all three of my disease models, the drainage of ML 

did not alter the plasma HMGB1 and S100A8/A9 levels. In AP, the plasma HMGB1 remained elevated 

to a similar degree compared to the sham after drainage. These findings indicated that in these models, 

the ML is not a source or contributing factor for plasma HMGB1 and S100A8/A9 in acute CI. This odd 

finding in my experiment would be probably due to the study model itself. As explained in section 

7.2.3.1, the factors such as the duration of disease, timing of specimen collection and dilution effect 

from fluid resuscitation would limit the ability to accurately determine the impact of ML drainage on 
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plasma protein DAMP levels. Future investigation of this relationship will need a longer version of all 

these models.
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Table 7.3 Summary of plasma and mesenteric lymph protein DAMPs profiles

 Acute pancreatitis Sepsis 
Intestinal ischemia-
reperfusion injury 

Plasma protein DAMPs in 
disease vs sham (between 
non-ML drainage disease 
vs sham) 

HMGB1 17x - - 

S100A8/A9 - - - 

Mesenteric lymph protein 
DAMPs in disease vs 
sham 

HMGB1 

 

Lymph0-150 - - - 

Lymph150-300 - - - 

S100A8/A9 

Lymph0-150 - - - 

Lymph150-300 - - - 

Effects of ML drainage on 
plasma protein DAMPs 
(between ML drainage 
disease vs sham) 

HMGB1 21x - - 

S100A8/A9 - - - 

The arrows ‘↑’, ‘↓’ refer to the level of nucleic acid DAMPs in the disease group compared to the respective sham.
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 Gene expression profile of lungs during different CIs and the effect of ML drainage 

Lungs are known to be the first organ to be affected during a range of acute CI states [17]. However, 

the underlying mechanism that is responsible for the development of the pulmonary dysfunction in CI 

settings is poorly understood, and there is no specific agent that can treat the condition [567]. Supportive 

treatment has remained the main treatment modality for acute respiratory failure in CI [568]. Analysing 

the changes in gene expression profile in lungs during CI could provide valuable information to further 

understand how SIRS leads to the development of acute respiratory failure. The use of gene arrays to 

investigate how each different disease model influences the gene expression of the lungs can give 

insights into both disease specific and common pathways of damage in this organ. The obvious 

extension of this is the support of the development for new common pathway targets. To date, no one 

has done a comprehensive comparison of three different CI states to look for common lung damage 

pathways. 

In Chapter 6, I looked in detail at the gene changes for the individual diseases. Here I now focus on any 

common elements in those data between various combinations of the diseases. The Venn diagram 

(Figure 7.1) shows the number of DEGs identified in each disease model compared to their respective 

sham by exploratory approach and the number of DEGs overlapped by three disease models. There 

were only three overlapping DEGs among the three disease models – Rgs1, Rgs2 and Ccl3. Rgs1 and 

Rgs2 genes encode regulator of G-protein signalling 1 and 2, respectively. They are negative regulators 

of G-protein coupled receptors, which involve in multiple cellular processes, including regulation of 

immune system activity and inflammation. They are thought to be associated with a protective 

mechanism against the inflammatory process, and a lack of Rgs2 genes was associated with higher 

susceptibility to LPS-induced lung injury [685]. Ccl3 encodes chemokine ligand 3 protein (also known 

as macrophage inflammatory protein-1-alpha). It involves in the acute inflammatory process and 

activates inflammatory cells, especially polymorphonuclear leukocytes [686]. There are also known 

associations between the chemokine ligand 3 and CI-induced acute lung injury [525, 687-689]. I am not 

aware of any publications that have linked these three genes in a united fashion with a broad spectrum 

of CI-induced acute lung injury. This study is the first attempt to do so, and provided a rationale to hunt 

for universal or potential common therapeutic targets for acute CI-induced pulmonary dysfunction. 

It was also interesting to note that sepsis produced the highest number of DEGs, and about one-fourth 

of the genes were overlapped with either AP and/or IRI. In other words, sepsis induced the gene 

expression pattern that could be found with AP or IRI-induced lung injury, in addition to the 687 DEGs 

unique to the sepsis. This wide variation in gene expression effects presumably reflects that the sepsis 

animals were often the most physiologically deranged among the three disease models studied. This 

severity was therefore reflected in the highest degree of gene expression changes in the lungs. In AP, 

about 60% of the DEGs were shared with sepsis, whereas about 85% of DEGs in IRI were shared with 

sepsis. Therefore, most of the gene expression changes in IRI were similar to part of the sepsis-induced 

changes. On the other hand, there were only four DEGs overlapped between AP and IRI. These findings 

indicated that these two models could have different mechanisms that initiate pulmonary effects and 

point the value of my approach to use multiple CI models. 
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Next, I analysed the effect of ML drainage on the gene expression of the lungs since the diversion of 

ML reduced lung injury in previous animal studies of CI [471, 477] and in human studies [690]. In my 

study, the ML drainage altered the gene expression pattern of the lungs in all three disease models in 

variable ways depending on the model. Most of the DEGs for the disease × ML drainage interaction are 

not from the coding region (about 50% for AP and nearly 90% for sepsis and IRI). It is an important 

observation, pointing out that the potential protective effect of the ML drainage during CI is likely derived 

from changes in expression of non-coding, microRNA or unassigned gene products. That also 

explained the challenge of discovering the targetable molecules to prevent or treat ALI/ARDS in CI 

since so much attention had been given to the protein targets/markers. There has been increased 

interest in the role of these non-coding/mRNA/unassigned genes in the pathogenesis of lung injury in 

CI [691-693]. The findings here further support to study of these forgotten portions of genes.  

On the other hand, the ML drainage alone, independent of the disease state, did not have a significant 

impact on the gene expression profile of the lungs.  This partly supports the data and view that drainage 

outside of a disease state setting is unlikely to itself induce lung damage and why it has been used 

clinically to undertake immune modulation in the early days of human transplants [690]. 

Understanding the effects of disease and of ML drainage on the lung gene expression in critical illness 

conditions could be helpful in identifying a newer therapeutic target and diagnostic marker to mitigate 

ARDS in critical illness.  

Figure 7.1: Venn diagram on differentially expressed genes for Sepsis, AP and IRI 

 

Figure shows the number of differentially expressed genes for Sepsis, AP and IRI compared to their respective sham (Exploratory 

method); DEGs with ANOVA p-value <0.005 and fold changes of more than 2.5 were considered significant and included in this 

diagram. For details see Chapter 6. 
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7.3 Significance of the study  

Overall, the present study demonstrated that a wide range of cytokines and DAMPs are dynamically 

changing over time in the plasma circulation within 5 hours of CI onset. While these mediators are 

increasingly well studied, the comparison of profiles across diverse CI diseases is far less explored as 

is the profile of cytokines and DAMPs in ML. My research found that the ML is a rich source of specific 

cytokines (and nucleic acid DAMPs in AP) and could contribute to the changes of these in systemic 

circulation. The drainage of ML altered (mostly attenuated) the circulatory plasma cytokine and DAMP 

profiles, which adds some new support for why the drainage of ML could be a potential therapeutic 

strategy to alter the disease course. The results from this study, however, could not fully explain the 

exact mechanism behind this observation. Not all the measured cytokines and DAMPs were elevated 

in ML. It is reasonable to assume that while ML may carry cytokines and DAMPs, it may also carry other 

as yet unidentified mediators that could stimulate the release of these cytokines and DAMPs in the 

systemic circulation during CI. Regardless, the findings in the study generally support the gut-lymph 

hypothesis of CI  [16, 96] and again highlight the critical role of ML in the pathophysiology of CI[694].   

In this study, the plasma and ML profiles of cytokines and DAMPs significantly varied in each disease 

model. It indicated that while some aspects of SIRS/MODS-causing mechanisms could be common to 

all three diseases, there are also unique differences in the mechanism of each disease; hence the same 

therapeutic and diagnostic strategy may not work on all kinds of CI. This points to the importance of 

undertaking detailed cross-diseases comparisons like I have attempted in this thesis.  

Likewise, the gene expression study in lungs also demonstrated the difference in nature of each CI 

model. Each disease was unique and produced a different set of DEGs, although with some overlapping 

genes between the three disease models. The ML drainage altered these gene expression profiles 

substantially and again indicated the likely critical role of ML in the pathophysiology of MODS in CI. It 

also indicated the potentially important influence of non-coding/microRNA/unassigned genes in MODS. 

The data from the gene expression study will help to identify the potential diagnostic and therapeutic 

targets for each type of CI for future research efforts in our laboratory. 

7.4 Novelty of the study  

This study is the first of its kind, attempting a comparative study of lymph composition in three different 

CI models (AP, sepsis and IRI). It explored the pattern changes of cytokines and DAMPs in two different 

extracellular fluid compartments, blood and ML at different time intervals. It showed that the plasma and 

ML profiles of cytokines and DAMPs varied with each disease model and proved that they produced 

SIRS and MODS in different mechanisms. It is also supported by the fact that each disease model 

produced a different set of DEGs in the lung. Hence, the same treatment approach may not work for all 

kinds of CI. Although the pattern of changes was different among disease models, ML drainage could 

attenuate or control the circulatory cytokines and DAMPs. It also produced substantial changes in gene 

expression in the lung. These novel findings support the validity of the Gut-lymph hypothesis and 

identify the ML as an important channel in carrying disease mediators in CI. It supports that the ML 
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drainage could be a common therapeutic strategy in CI to modulate the circulatory cytokines/DAMPs 

as well as the gene expression profile of the most common end-organ, the lung.  

7.5 Limitations of this study 

Like in all research, there are some limitations in my PhD study. First, the study was conducted in rodent 

models of acute CI. So, some of the findings in this study would not be expected in CI patients, which 

include effects from general anaesthesia, mechanical ventilation, constant intravenous fluid infusion 

rate and laparotomy. Regardless, the models I established for this study do have support in the literature 

as they are known to mimic most of the clinical scenarios of sepsis, AP or IRI [433, 483, 492, 533-535].  

Second, there was a limitation with the volume of the plasma sample that could be collected. Only 500 

µl of the blood was withdrawn from the femoral line at two timepoints to prevent a sudden drop in 

circulatory volume, providing only ~250 µl each available for Plasma0 and Plasma150 after centrifugation. 

Thus, only a limited number of assays could be performed on these two samples. The use of larger 

animal models would allow the collection of more sample volume at multiple time points, to study the 

changes in these cytokines and DAMPs over time in depth. 

Third, all the rats were exposed to general anaesthesia (isoflurane). It could induce baseline changes 

in all animals, which would not be the case in the clinical setting or recovery models. However, this 

confounding factor would not significantly impact the result as all the rats (both disease and sham) 

received the same amount of the same anaesthetic over the same duration. 

Fourth, the animal models used in the study were expected to have SIRS/MODS within a few hours of 

disease induction. The whole experiment took only 5 hours, compared to the clinical setting, where the 

disease process can take days to a week. Likewise, the models did not allow for time to see the full 

physiological benefits from ML drainage. My project was therefore targeted at characterising the 

changes in plasma and lymph composition very early in SIRS onset and realistically would not have 

reflected the full range of changes that occurred in CI patients. Overall, I explored an accelerated 

version of the early phase of the clinical CI process by using these animal models. 

It was noted that some ML drainage rats had a higher degree of hypotension and tachycardia, especially 

at the last 2 hours of the experiment. It is a paradoxical finding as the ML drainage during CI has been 

shown to attenuate end organ dysfunction [391, 695] and is expected to improve the physiological 

parameters. I think it is most likely due to the fluid loss from the ML drainage in my model. For future 

experiments, I suggest the administration of an equal volume of fluid lost by the ML drainage, which 

would probably eliminate the extra changes in the ML and plasma due to relative dehydration, compared 

to the non-drainage model. 

Nonetheless, critical information for generating hypotheses for future clinical studies can be generated 

from these animal studies. As stated above, these animal models were validated in the literature and 

recognised as the gold standard for studying acute CI. 
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7.6 Further work 

The current study identified a possible role of ML drainage in limiting the early elevation of various 

circulatory cytokines and nucleic acid DAMPs during CI. Further research should be performed in a 

clinical setting to study the content and profile of cytokine/DAMP changes in human lymph during acute 

CI. It would help to identify a new potential therapeutic target(s) to reduce the systemic inflammation or 

justify the use of drainage of ML to reduce or prevent the elevation of certain cytokines and DAMPs in 

the circulation. It is hoped that in clinical settings, ML drainage may reduce the severity and improve 

survival outcomes in severe acute CI. 

It is of note there is modest but varied clinical literature on the safety and efficacy of ML drainage in 

humans. Much of this work was done 20years ago prior to our advanced analytical techniques. The 

overall findings suggest that seven days of drainage is a safe intervention and that in some disease 

states, it can improve lung function and other severity markers [690]. 

Of note, we have recently obtained ethics to undertake seven days of thoracic duct drainage in human 

sepsis patients in Intensive Care. The study is to be carried out in collaboration with medical staff at 

UPENN Hospital in Philadelphia, who have extensive experience in accessing and draining the 

lymphatic system [696-698].  Lymph from this study will be collected with matching plasma samples so 

that my findings can be validated in a human study. This will greatly advance our understanding of ML, 

its changes in composition and its role in CI. 

My study also identified a list of DEGs in the lungs for each disease model and for the effect of ML 

drainage. These findings should be confirmed and/or validated by other methods (e.g. qRT-PCR) with 

larger sample sizes, as it would help to identify the new therapeutic target and disease marker for 

pulmonary dysfunction in acute CI.   

7.7 Conclusion 

My study has shown that both cytokines and nucleic acid DAMPs were elevated in circulation during 

acute CI and the drainage of ML altered the extent and pattern of changes. It was found that the ML 

was a carrier of some circulatory cytokines during acute CI. In terms of DAMPS, I did not find the ML to 

be a major direct source of DAMPs into the systemic circulation.  

Many significant gene expression changes were noted in the lungs during acute CI. Some of the 

changes were common across various combinations of the disease state, but there were many diseases 

specific changes induced as well in the lungs. The ML drainage also altered the gene expression in the 

lungs of the disease models. The lists of DEGs will be valuable in understanding the mechanism of 

pulmonary dysfunction in acute CI and identifying a new therapeutic and diagnostic target for study.  

Overall, my PhD findings add still further evidence to support the emerging importance of ML in the 

pathogenesis of a wide range of CI states and its relevance as a therapeutic axis for more intensive 

research. 
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Appendices 

Appendix 1: Full list of DEGs in acute pancreatitis vs sham_ exploratory method  

 

ID AP Avg (log2) SAP Avg (log2) Fold Change P-val FDR P-val Gene Symbol Group

TC0400003829.rn.1 13.01 10.71 4.93 7.94E-06 0.1362 Fkbp4 Coding

TC0100000269.rn.1 5.16 6.69 -2.89 9.64E-06 0.1362 shufly Unassigned

TC0700003724.rn.1 5.86 7.75 -3.72 1.38E-05 0.1362 Abcd2 Coding

TC0600001239.rn.1 13.99 11.96 4.1 2.25E-05 0.1632 Ahsa1 Coding

TC0100007187.rn.1 15.39 12.71 6.43 2.43E-05 0.1632 Stip1 Coding

TC0100006114.rn.1 13.97 11.84 4.37 2.66E-05 0.1632 Serpinh1 Coding

TC0500002316.rn.1 10.93 9.23 3.25 3.95E-05 0.1787 LOC688546 Pseudogene

TC0100005735.rn.1 9.57 8.18 2.62 4.20E-05 0.1787 Arrdc4 Coding

TC2000000179.rn.1 10.94 5.71 37.41 6.32E-05 0.1787 NONMMUG018155 NonCoding

TC0800001992.rn.1 8.16 5.95 4.61 6.41E-05 0.1787 smarpoy Unassigned

TC2000001006.rn.1 14.19 8.26 61.07 7.42E-05 0.1787 Hspa1a Coding

TC1300001731.rn.1 15.15 12.19 7.82 7.65E-05 0.1787 Cacybp Coding

TC0600002355.rn.1 13.51 11.78 3.31 7.74E-05 0.1787 LOC100362999; nuter; TPR_1.3 Pseudogene

TC0800001207.rn.1 13.97 12.24 3.33 8.23E-05 0.1787 LOC679973 Unassigned

TC1300001556.rn.1 12.9 10.52 5.21 8.49E-05 0.1787 Rgs1; Rgs13 Coding

TC0700003544.rn.1 13.52 11.71 3.49 9.33E-05 0.1787 St13 Coding

TC1400002475.rn.1 12.3 10.98 2.5 9.41E-05 0.1787 Tmem33; Slc30a9 Coding

TC0100000011.rn.1 8.64 6.92 3.3 0.0001 0.1787 LOC102547056 Coding

TC0600003340.rn.1 12.16 14.16 -4.02 0.0001 0.1787 V-set.28 Coding

TC1400002373.rn.1 10.7 8.12 5.98 0.0001 0.1787 Ahsa2 Coding

TC0800000140.rn.1 13.6 10.79 7 0.0001 0.1787 Chordc1 Coding

TC1300000593.rn.1 13.58 9.91 12.71 0.0001 0.1787 derla Unassigned

TC1700001655.rn.1 10.14 12.91 -6.81 0.0001 0.1787 Coding

TC2000001088.rn.1 14.18 7.95 74.98 0.0001 0.1787 Hspa1a Coding

TC0100004987.rn.1 8.24 6.44 3.48 0.0001 0.1787 Dedd2 Coding

TC1800000021.rn.1 16.27 12.2 16.88 0.0001 0.1787 Pseudogene

TC1900000764.rn.1 9.78 8.44 2.53 0.0001 0.1787 Banp Coding

TC1200000609.rn.1 9.45 6.32 8.76 0.0001 0.1787 skarler Unassigned

TC1400002382.rn.1 11.3 9.8 2.83 0.0001 0.1787 Rel Coding

TC1000003430.rn.1 12.64 9.93 6.54 0.0001 0.1787 Ccl3 Coding

TC0200000488.rn.1 8.61 7.2 2.65 0.0002 0.1803 C6 Coding

TC0400001154.rn.1 7.83 9.48 -3.13 0.0002 0.181 Coding

TC1700001654.rn.1 8.15 11.31 -8.95 0.0002 0.181 Coding

TC1200000608.rn.1 10.93 8.3 6.2 0.0002 0.181 Niacr1; Hcar2 Coding

TC0100000012.rn.1 7.31 5.88 2.69 0.0002 0.2005 NonCoding

TC0600003323.rn.1 15.93 18.12 -4.54 0.0002 0.2005 ENSMUSG00000095565; MGI:4439519 Coding

TC0300001038.rn.1 12.75 11.21 2.9 0.0002 0.2005 LOC685772 Pseudogene

TC0600003310.rn.1 12.43 14.63 -4.61 0.0002 0.2005 MGI:3643263; ENSMUSG00000095866 Coding

TC0100004430.rn.1 8.11 6.61 2.83 0.0002 0.2005 Tagap Coding

TC1100001138.rn.1 15.98 14.47 2.85 0.0002 0.2005 ENSMUSG00000097554 NonCoding

TC0100000013.rn.1 8.18 6.63 2.93 0.0002 0.2005 cheeflo; shuflo Unassigned

TC1000004382.rn.1 10.08 8.62 2.75 0.0002 0.2005 Igsf7 Coding

TC0600003305.rn.1 15.92 18.14 -4.68 0.0003 0.202 ENSMUSG00000096464 Coding

TC0400000861.rn.1 11.04 12.41 -2.58 0.0003 0.202 Gimap4 Coding

TC0200004857.rn.1 13.22 10.93 4.9 0.0003 0.202 Cyr61 Coding

TC1200000411.rn.1 15.39 8.65 106.81 0.0003 0.202 NONMMUG034030 NonCoding

TC0100002112.rn.1 10.82 9.02 3.49 0.0003 0.202 NCBI_Gene:100861604; uc009iln.1 NonCoding

TC1000004381.rn.1 11.45 9.61 3.56 0.0003 0.202 RGD1559482 Coding

TC0X00002116.rn.1 10.58 9.07 2.86 0.0003 0.2074 daber Unassigned

TC0600001186.rn.1 7.51 9.01 -2.82 0.0003 0.2081 fuva Unassigned

TC0600001565.rn.1 14.76 9.92 28.59 0.0004 0.2173 NCBI_Gene:100861856 NonCoding

TC0600003319.rn.1 14.1 16.54 -5.41 0.0004 0.2173 Coding

TC0600003326.rn.1 10.42 12.01 -3.02 0.0004 0.2173 LOC100360374 Coding

TC0900001994.rn.1 16.05 12.32 13.25 0.0004 0.2173 Hspd1 Coding

TC1200000977.rn.1 18.32 13.36 31.2 0.0004 0.2266 Hsph1 Coding

TC1900000145.rn.1 14.34 9.99 20.39 0.0004 0.2307 Hmox1 Coding

TC1300000461.rn.1 10.44 8.64 3.5 0.0004 0.2357 Trmt1l Coding

TC1300001553.rn.1 13.38 10.43 7.71 0.0005 0.2357 Rgs2 Coding

TC0100004986.rn.1 8.78 6.49 4.9 0.0005 0.2357 MGI:5011965 NonCoding

TC1000001964.rn.1 8.9 7.36 2.91 0.0005 0.2357 RGD1561778; Cd300c Coding

TC1400000440.rn.1 9.41 7.65 3.39 0.0005 0.2415 Ociad2 Coding

TC0600003324.rn.1 12.69 15.02 -5.04 0.0006 0.2568 V-set.51 Unassigned

TC0600003193.rn.1 19.01 17.14 3.67 0.0006 0.2606 Hsp90aa1 Coding

TC0600003314.rn.1 10.58 12.95 -5.18 0.0006 0.2606 LOC100911906 Coding

TC0100002689.rn.1 13.07 8.24 28.63 0.0006 0.2606 Bag3 Coding

TC0400002973.rn.1 12.69 9.61 8.46 0.0007 0.2641 LOC102553321 NonCoding

TC1900001429.rn.1 8.07 9.42 -2.55 0.0007 0.2641 mordey Unassigned

TC2000001175.rn.1 3.09 6.33 -9.47 0.0007 0.2643 uc008bia.2 NonCoding

TC0900000667.rn.1 15.62 12.06 11.79 0.0007 0.2654 Hspe1 Coding

TC0300000985.rn.1 8.93 11.02 -4.23 0.0007 0.2654 Aplnr Coding

TC1400000649.rn.1 10.96 7.91 8.32 0.0007 0.2654 Hspd1-ps4 Pseudogene

TC0400003110.rn.1 10.01 12.43 -5.33 0.0007 0.266 Coding

TC0400003111.rn.1 10.01 12.43 -5.33 0.0007 0.266 Coding

TC0800000740.rn.1 12.14 9.51 6.19 0.0008 0.2668 Dnaja4 Coding

TC1400001744.rn.1 12.71 11.2 2.86 0.0008 0.2674 sweyka Unassigned

TC1200000297.rn.1 13.04 8.57 22.2 0.0008 0.2696 Zfand2a Coding

TC0600003195.rn.1 19.73 18 3.33 0.0008 0.2703 Hsp90aa1 Coding

TC0300003140.rn.1 9.42 7.98 2.71 0.0009 0.2703 Nr4a2 Coding

TC0600003307.rn.1 11.29 13.39 -4.3 0.0009 0.2703 Coding
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ID AP Avg (log2) SAP Avg (log2) Fold Change P-val FDR P-val Gene Symbol Group

TC0500000473.rn.1 13.8 10.17 12.37 0.0009 0.2733 Dnaja1; Mir207 Multiple_Complex

TC0100005397.rn.1 8.7 6.21 5.64 0.0009 0.2733 Ppp1r15a Coding

TC1100001321.rn.1 6.72 5.34 2.61 0.001 0.2824 dymy Unassigned

TC0200001450.rn.1 13.4 12.05 2.55 0.001 0.2843 flarblaw Unassigned

TC0300000607.rn.1 15.06 13.57 2.81 0.0011 0.2843 nychaw Unassigned

TC0X00001897.rn.1 4.72 10.69 -62.66 0.0011 0.2843 Vsig4 Coding

TC1300001127.rn.1 16.18 13.8 5.22 0.0011 0.2843 LOC680491 Pseudogene

TC0600003334.rn.1 10.16 12.24 -4.21 0.0012 0.2843 V-set.20 Coding

TC0600001665.rn.1 9.85 12.22 -5.16 0.0012 0.2843 LOC100912547 Coding

TC1200000752.rn.1 9.3 6.72 5.97 0.0012 0.2843 Hspb8 Coding

TC1200001340.rn.1 12.2 7.98 18.58 0.0012 0.2866 Hspb1 Coding

TC0X00000541.rn.1 15.54 13.97 2.97 0.0012 0.2872 RGD1563322 Unassigned

TC0200001451.rn.1 9.49 7.72 3.41 0.0012 0.2872 LOC499644 Unassigned

TC0400003112.rn.1 6.32 8.17 -3.59 0.0012 0.288 Pseudogene

TC0600003317.rn.1 12.37 14.49 -4.36 0.0012 0.2895 Coding

TC0100000308.rn.1 10.59 8.13 5.49 0.0012 0.2895 ENSRNOG00000014517 Coding

TC1200001004.rn.1 11.16 8.29 7.3 0.0013 0.2895 Uspl1 Coding

TC1400002173.rn.1 10.82 9.08 3.34 0.0013 0.2904 Ccdc117 Coding

TC1800001325.rn.1 6.04 4 4.11 0.0014 0.3096 NONMMUG019773 NonCoding

TC1000001235.rn.1 13.1 9.39 13.14 0.0015 0.3135 Coding

TC0800003356.rn.1 8.76 6.64 4.37 0.0015 0.3158 Gnat1 Coding

TC0X00000208.rn.1 9.96 8.04 3.76 0.0016 0.3192 LOC100362724; slerbo Coding

TC0800003556.rn.1 7.75 5.82 3.81 0.0016 0.3192 Csrnp1 Coding

TC2000000646.rn.1 15.37 13.33 4.11 0.0016 0.3236 P4ha1 Coding

TC0600001668.rn.1 12.45 14.69 -4.71 0.0017 0.3332 LOC100361945 Coding

TC1500000339.rn.1 13.87 11.17 6.51 0.0017 0.3354 LOC691091 Multiple_Complex

TC0600003337.rn.1 10.51 12.01 -2.81 0.0017 0.336 ENSMUSG00000096638; MGI:4439624 Coding

TC0100004594.rn.1 6.99 5.55 2.72 0.0018 0.336 Has1 Coding

TC0300000419.rn.1 5.81 7.38 -2.96 0.0019 0.3363 Pseudogene

TC1100000925.rn.1 8.85 7.52 2.53 0.0019 0.3363 Ribosomal

TC1700000212.rn.1 6.92 5.53 2.61 0.0019 0.3363 Nfil3 Coding

TC1700001657.rn.1 8.82 10.42 -3.03 0.002 0.3408 Coding

TC0100002973.rn.1 7.89 9.28 -2.62 0.0021 0.3477 Cpt1a Coding

TC1000003366.rn.1 9.65 11.07 -2.67 0.0021 0.3477 Evi2b Coding

TC0200004903.rn.1 11.47 9.6 3.66 0.0022 0.3488 Dnajb4 Coding

TC0400003118.rn.1 5.81 7.45 -3.12 0.0022 0.3488 Coding

TC1300000424.rn.1 9.04 6.78 4.82 0.0023 0.3488 NCBI_Gene:100861894 NonCoding

TC1900000300.rn.1 14.67 9.84 28.59 0.0023 0.3488 Dnajb1 Coding

TC0X00000210.rn.1 13.56 11.56 4.02 0.0023 0.3488 LOC100361713 Coding

TC0800002252.rn.1 9.71 8.37 2.54 0.0023 0.3488 Ribosomal

TC0800000141.rn.1 9.65 6.93 6.57 0.0023 0.3488 smeepoy Unassigned

TC0400001634.rn.1 15.7 13.67 4.1 0.0023 0.3488 LOC500299 Unassigned

TC2000000712.rn.1 7.35 5.31 4.11 0.0023 0.3488 Pseudogene

TC0400001640.rn.1 8.63 11.29 -6.31 0.0023 0.3488 LOC500300 Coding

TC0800003046.rn.1 12.24 10.12 4.37 0.0024 0.3514 Fam46a Coding

TC0500000617.rn.1 8.4 5.96 5.43 0.0024 0.3514 Nr4a3 Coding

TC0900002586.rn.1 12.38 10.93 2.74 0.0026 0.3607 Ribosomal

TC1100000272.rn.1 10.26 7.53 6.6 0.0027 0.3616 doymy Unassigned

TC0400001160.rn.1 9.35 10.93 -2.99 0.0027 0.3616 Coding

TC1100001171.rn.1 18.42 17.05 2.58 0.0028 0.3616 LOC498045; LOC102549957 Multiple_Complex

TC0100002120.rn.1 6.84 8.34 -2.82 0.0028 0.3616 smoyglaw Unassigned

TC1400000478.rn.1 9.59 7.17 5.35 0.0029 0.3616 Hspd1-ps2 Pseudogene

TC0300000355.rn.1 7.04 9.31 -4.83 0.003 0.3616 RGD1564184 Coding

TC0400002826.rn.1 18.47 15.56 7.51 0.0031 0.3616 MGI:97946; KnowTID_00006300; Rn4.5s NonCoding

TC0200003479.rn.1 10.33 8.89 2.72 0.0031 0.3618 NonCoding

TC1300002212.rn.1 9.46 6.82 6.24 0.0035 0.3691 Atf3 Coding

TC0500000806.rn.1 9.82 8.39 2.7 0.0035 0.3691 Pseudogene

TC1300001618.rn.1 12.22 10.88 2.53 0.0035 0.3691 Swt1 Coding

TC1000001086.rn.1 4.64 7.79 -8.88 0.0037 0.3711 ENSMUSG00000077649 Small_RNA

TC0400001181.rn.1 7.17 8.96 -3.44 0.0038 0.3773 Coding

TC0400003037.rn.1 10.08 11.6 -2.87 0.0039 0.3773 Tacstd2 Coding

TC1100000270.rn.1 11.8 9.36 5.44 0.0041 0.3794 Slc5a3 Coding

TC0300000408.rn.1 11.1 13.39 -4.9 0.0041 0.3794 Coding

TC1000001431.rn.1 6.26 4.81 2.74 0.0041 0.3794 shoynaw Unassigned

TC0600001192.rn.1 11.86 9.07 6.93 0.0042 0.3829 Fos Coding

TC0100000136.rn.1 10.6 8.57 4.09 0.0042 0.3829 LOC365050 Pseudogene

TC1200000113.rn.1 8.6 6.2 5.3 0.0043 0.3829 KnowTID_00006020 NonCoding

TCUn_KL568199v100000001.rn.1 6.61 4.87 3.33 0.0043 0.3829 Coding

TC0300001313.rn.1 12.01 13.54 -2.88 0.0044 0.3851 nachor Unassigned

TC1100001060.rn.1 10.32 8.21 4.34 0.0044 0.3851 MGC95208 Coding

TC1700001289.rn.1 5.73 7.14 -2.65 0.0045 0.3851 skawfey Unassigned

TC1700001392.rn.1 9.64 7.65 3.99 0.0045 0.3851 Gadd45g Coding

TC1600000591.rn.1 6.81 8.23 -2.67 0.0047 0.3856 Tlr3 Coding

TC0600003329.rn.1 9.97 11.9 -3.82 0.0049 0.3906 ENSMUSG00000096824 Coding
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Appendix 2: Full list of DEGs in sepsis vs sham_ exploratory method  

 

ID S Avg (log2) SS Avg (log2) Fold Change P-val FDR P-val Gene Symbol Group

TC1700000812.rn.1 9.12 6.87 4.75 8.76E-11 6.03E-06 Crem Coding

TC1400001503.rn.1 11.01 4.78 75.05 2.24E-10 7.72E-06 Cxcl2 Coding

TC0400000061.rn.1 14.07 4.74 641.49 6.21E-10 1.34E-05 Il6 Coding

TC0400003371.rn.1 13.18 9.92 9.61 9.29E-10 1.34E-05 Adamts9 Coding

TC0100004434.rn.1 11.8 8.09 13.12 1.09E-09 1.34E-05 NonCoding

TC0600001996.rn.1 10.3 7.77 5.75 1.20E-09 1.34E-05 Fosl2 Coding

TC0800001593.rn.1 14.47 4.76 832.8 1.56E-09 1.34E-05 Ngp Coding

TC1000004199.rn.1 14.96 11.48 11.08 1.56E-09 1.34E-05 Socs3 Coding

TC0900001487.rn.1 10.29 4.42 58.3 2.30E-09 1.76E-05 Ebi3 Coding

TC0500001342.rn.1 12.95 8.97 15.76 3.62E-09 2.42E-05 Slc2a1 Coding

TC0200002919.rn.1 9.14 7.12 4.05 3.87E-09 2.42E-05 Snx18 Coding

TC0900001523.rn.1 12.19 9.38 6.98 4.76E-09 2.73E-05 Trem1 Coding

TC0100006513.rn.1 13.53 9.45 17.01 5.94E-09 3.15E-05 skogler Unassigned

TC1400001504.rn.1 14.72 8.42 78.73 6.83E-09 3.22E-05 Cxcl1 Coding

TC0400001432.rn.1 11.88 7.98 14.84 7.02E-09 3.22E-05 flazee Unassigned

TC0400003037.rn.1 8.33 12.07 -13.38 9.97E-09 4.29E-05 Tacstd2 Coding

TC1500002045.rn.1 14 9.88 17.34 1.17E-08 4.29E-05 plerry Unassigned

TC1300001553.rn.1 13.16 9.63 11.56 1.33E-08 4.29E-05 Rgs2 Coding

TC0100001770.rn.1 14.42 10.82 12.14 1.42E-08 4.29E-05 fluglo Unassigned

TC1000001880.rn.1 14.42 10.82 12.14 1.42E-08 4.29E-05 floyney Unassigned

TC0300004271.rn.1 13.63 9.52 17.3 1.47E-08 4.29E-05 meeshy Unassigned

TC1800001162.rn.1 13.63 9.52 17.3 1.47E-08 4.29E-05 gawfy Unassigned

TC1600000050.rn.1 13.98 10.42 11.75 1.54E-08 4.29E-05 snygar Unassigned

TC0300004882.rn.1 8.95 7.38 2.97 1.55E-08 4.29E-05 Zfp217 Coding

TC1100000340.rn.1 13.38 10.44 7.66 1.57E-08 4.29E-05 Ets2 Coding

TC2000000915.rn.1 15.06 11.89 8.99 1.66E-08 4.29E-05 stodo Unassigned

TC2000000703.rn.1 14.28 10.82 11.06 1.72E-08 4.29E-05 tudu Unassigned

TC1000001174.rn.1 14.32 7.65 102.04 1.75E-08 4.29E-05 Nos2 Coding

TC0200000057.rn.1 12.75 10.19 5.91 1.91E-08 4.52E-05 pysher Unassigned

TC0800000135.rn.1 14.5 11.02 11.18 2.04E-08 4.53E-05 skarpoy Unassigned

TC1200000763.rn.1 14.5 11.02 11.18 2.04E-08 4.53E-05 swaley Unassigned

TC1200000994.rn.1 12 8.79 9.26 2.19E-08 4.70E-05 Medag Coding

TC1600002057.rn.1 7.58 5.92 3.16 2.35E-08 4.79E-05 speegoy Unassigned

TC0100005034.rn.1 7.39 5.45 3.84 2.37E-08 4.79E-05 Itpkc Coding

TC1100001143.rn.1 13.67 9.25 21.33 2.45E-08 4.81E-05 Samsn1 Coding

TC0100000093.rn.1 13.38 11.42 3.88 2.66E-08 5.08E-05 Hivep2 Coding

TC1000003430.rn.1 15.19 8.72 88.62 2.75E-08 5.11E-05 Ccl3 Coding

TC0100002821.rn.1 12.11 9.56 5.88 2.83E-08 5.13E-05 ployglor Unassigned

TC1900000958.rn.1 11.44 8.63 7.05 3.01E-08 5.18E-05 plordar Unassigned

TC1000003953.rn.1 5.7 7.07 -2.59 3.06E-08 5.18E-05 Icam2 Coding

TC0100007874.rn.1 16.19 12.88 9.9 3.15E-08 5.18E-05 skuklaw Unassigned

TC0300004994.rn.1 9.07 6.9 4.48 3.19E-08 5.18E-05 Ppp1r3d Coding

TC1700000924.rn.1 11.67 9.24 5.4 3.24E-08 5.18E-05 Pfkfb3 Coding

TC0X00000031.rn.1 7.28 4.71 5.93 3.45E-08 5.21E-05 Mir221 Multiple_Complex

TC1500001176.rn.1 15.28 12.12 8.97 3.51E-08 5.21E-05 klarjer Unassigned

TC0900001318.rn.1 13.94 9.89 16.61 3.56E-08 5.21E-05 gypey Unassigned

TC1100000492.rn.1 11.67 7.59 16.85 3.56E-08 5.21E-05 Nfkbiz Coding

TC0700003071.rn.1 13.4 10.08 10 3.84E-08 5.21E-05 gawser Unassigned

TC1500001195.rn.1 15.57 12.29 9.76 4.14E-08 5.21E-05 neeber Unassigned

TC0100007696.rn.1 11.35 8.63 6.61 4.27E-08 5.21E-05 Pik3ap1 Coding

TC0600002360.rn.1 13.6 10.14 10.97 4.42E-08 5.21E-05 pater Unassigned

TC1000001302.rn.1 7.35 9.4 -4.14 4.56E-08 5.21E-05 Tbx2 Coding

TC1700000804.rn.1 11.82 8.91 7.5 4.59E-08 5.21E-05 Map3k8 Coding

TC0500003590.rn.1 9.3 6.52 6.87 4.61E-08 5.21E-05 Zc3h12a Coding

TC0X00000376.rn.1 13.79 12.31 2.79 4.67E-08 5.21E-05 Rps6ka3 Coding

TC0X00001195.rn.1 15.13 11.98 8.87 4.81E-08 5.21E-05 zoybey Unassigned

TC0500000733.rn.1 14.71 11.91 6.97 4.83E-08 5.21E-05 Ugcg Coding

TC0700001074.rn.1 13.88 11.01 7.35 4.85E-08 5.21E-05 klarroy Unassigned

TC0400001528.rn.1 13.01 9.02 15.89 4.98E-08 5.21E-05 choyzer Unassigned

TC0X00000438.rn.1 13.01 9.02 15.89 4.98E-08 5.21E-05 barbaw Unassigned

TC0X00000832.rn.1 13.01 9.02 15.89 4.98E-08 5.21E-05 lorber Unassigned

TC1100000767.rn.1 13.01 9.02 15.89 4.98E-08 5.21E-05 rarmar Unassigned

TC1000001175.rn.1 12.87 7.31 46.99 5.06E-08 5.21E-05 Nos2 Unassigned

TC0400002253.rn.1 13.63 10.03 12.11 5.19E-08 5.21E-05 klerwor Unassigned

TC0200000891.rn.1 9.25 11.8 -5.84 5.27E-08 5.21E-05 Tnfsf10 Coding

TC0300004820.rn.1 11.64 8.79 7.19 5.27E-08 5.21E-05 B4galt5 Coding

TC1500001458.rn.1 12.82 8.94 14.73 5.29E-08 5.21E-05 chyju Unassigned

TC1700002062.rn.1 12.74 14.89 -4.45 5.39E-08 5.21E-05 Akr1cl Coding

TC1300001226.rn.1 12.45 8.54 15.1 5.44E-08 5.21E-05 rorker; snoypar Unassigned

TC0600000911.rn.1 14.79 11.75 8.2 5.44E-08 5.21E-05 jutor Unassigned

TC0400001185.rn.1 15.25 11.64 12.23 5.45E-08 5.21E-05 sweysey Unassigned

TC1000002413.rn.1 14.82 11.58 9.47 6.09E-08 5.67E-05 germor Unassigned

TC1500001310.rn.1 14.82 11.58 9.47 6.09E-08 5.67E-05 warjy Unassigned

TC0100001041.rn.1 9.39 7.47 3.78 6.25E-08 5.74E-05 Plaur Coding

TC0300000572.rn.1 8.02 4.86 8.95 6.67E-08 5.97E-05 Tnfaip6 Coding

TC4_KL567939v1_random00000007.rn.1 8.41 10.55 -4.38 6.76E-08 5.97E-05 Coding

TC0200003297.rn.1 7.48 5.06 5.36 6.76E-08 5.97E-05 LOC102549378; XLOC_025117 NonCoding

TC0600000261.rn.1 7.63 5.79 3.56 7.04E-08 6.00E-05 NONMMUG032136 NonCoding

TC0100001785.rn.1 14.81 11.69 8.73 7.06E-08 6.00E-05 sneychey Unassigned



253 

 

 

ID S Avg (log2) SS Avg (log2) Fold Change P-val FDR P-val Gene Symbol Group

TC1400000609.rn.1 14.81 11.69 8.73 7.06E-08 6.00E-05 stuky Unassigned

TC1800000716.rn.1 15.78 12.5 9.69 7.34E-08 6.16E-05 flawfar Unassigned

TC1800001160.rn.1 14.85 11.58 9.63 7.79E-08 6.46E-05 gyfy Unassigned

TC1600000052.rn.1 15.54 12.31 9.42 8.32E-08 6.79E-05 smeygar Unassigned

TC0600000260.rn.1 6.87 4.94 3.8 8.55E-08 6.79E-05 LOC102554486 NonCoding

TC0900001522.rn.1 11.86 9.59 4.8 8.59E-08 6.79E-05 lerpa Unassigned

TC1500000208.rn.1 14.89 11.79 8.56 8.65E-08 6.79E-05 zyju Unassigned

TC0X00001404.rn.1 13.25 10.63 6.19 8.68E-08 6.79E-05 loybu Unassigned

TC1300001154.rn.1 14.43 12.11 5 8.84E-08 6.79E-05 lyblaw; skerkee Unassigned

TC0400001183.rn.1 12.54 9.58 7.75 8.88E-08 6.79E-05 NonCoding

TC0300004270.rn.1 13.66 10.8 7.27 9.03E-08 6.83E-05 moshy Unassigned

TC1800000528.rn.1 14.04 9.79 18.9 9.43E-08 7.06E-05 zyfo Unassigned

TC1300000651.rn.1 15.59 6.63 498.57 1.00E-07 7.40E-05 Selp Coding

TC1300001145.rn.1 12.19 9.52 6.37 1.03E-07 7.53E-05 klykee Unassigned

TC0900001521.rn.1 9.96 7.99 3.91 1.08E-07 7.76E-05 Trem3 Coding

TC1200000765.rn.1 14.39 11.36 8.17 1.10E-07 7.76E-05 swarley Unassigned

TC0200002628.rn.1 11.05 9.08 3.9 1.11E-07 7.76E-05 Scamp1 Coding

TC1300001723.rn.1 14.98 11.62 10.28 1.11E-07 7.76E-05 berla Unassigned

TC1300000500.rn.1 7.85 5.38 5.56 1.12E-07 7.76E-05 Rgs16 Coding

TC0200004748.rn.1 13.22 11.1 4.34 1.13E-07 7.79E-05 Nfkb1 Coding

TC0400002229.rn.1 12.69 9.51 9.03 1.16E-07 7.89E-05 zywor Unassigned

TC0600000875.rn.1 14.67 11.56 8.64 1.17E-07 7.89E-05 smutey Unassigned

TC2000000320.rn.1 12.98 9.84 8.81 1.23E-07 8.20E-05 Pim1 Coding

TC0100002822.rn.1 11.83 9.1 6.64 1.24E-07 8.20E-05 skyglor Unassigned

TC1900000828.rn.1 14.21 11.94 4.84 1.27E-07 8.24E-05 skador Unassigned

TC0X00000372.rn.1 14.3 11.18 8.68 1.29E-07 8.24E-05 blybar Unassigned

TC0500001521.rn.1 12.49 9.86 6.21 1.29E-07 8.24E-05 Rnf19b Coding

TC0200000058.rn.1 9.6 7.79 3.5 1.30E-07 8.24E-05 posher Unassigned

TC0700000216.rn.1 10.9 8.63 4.84 1.31E-07 8.24E-05 Sbno2 Coding

TC0400003158.rn.1 10.5 7.82 6.43 1.36E-07 8.50E-05 Hk2 Coding

TC0500002556.rn.1 12.02 10.51 2.84 1.37E-07 8.50E-05 B4galt1 Coding

TC0800003405.rn.1 9.73 5.53 18.29 1.38E-07 8.50E-05 Camp Coding

TC0400003935.rn.1 10.15 8.09 4.17 1.41E-07 8.51E-05 Dusp16 Coding

TC0200000059.rn.1 15.61 12.32 9.76 1.41E-07 8.51E-05 parsher Unassigned

TC0300002932.rn.1 13.77 12.16 3.05 1.42E-07 8.51E-05 Stom Coding

TC0500001343.rn.1 7.26 4.66 6.04 1.46E-07 8.56E-05 LOC680035 Unassigned

TC1800000529.rn.1 15.55 11.76 13.81 1.46E-07 8.56E-05 gerchu Unassigned

TC1100000870.rn.1 12.4 10.53 3.67 1.47E-07 8.56E-05 Bcl6 Coding

TC0800001288.rn.1 11.06 7.81 9.52 1.56E-07 9.00E-05 Plscr1 Coding

TC0200004547.rn.1 7.57 9.08 -2.85 1.67E-07 9.58E-05 Palmd Coding

TC0400002027.rn.1 12.42 10.58 3.58 1.82E-07 0.0001 Etnk1 Coding

TC1800001678.rn.1 13.49 10.22 9.65 1.83E-07 0.0001 loyfaw Unassigned

TC1000002411.rn.1 13.72 10.7 8.14 1.84E-07 0.0001 gumor Unassigned

TC0700001184.rn.1 10.19 7.95 4.73 1.96E-07 0.0001 Trib1 Coding

TC0600000560.rn.1 6.46 4.91 2.92 1.97E-07 0.0001 Fam110c Coding

TC0800003097.rn.1 10.38 8.43 3.87 2.00E-07 0.0001 swawree Unassigned

TC0500003994.rn.1 15.16 12.16 7.99 2.05E-07 0.0001 smeywaw Unassigned

TC0200001686.rn.1 13.32 10.61 6.56 2.10E-07 0.0001 jorbler Unassigned

TC1800001272.rn.1 12.04 8.97 8.35 2.18E-07 0.0001 Cd14 Coding

TC0300001092.rn.1 12.67 10.59 4.21 2.18E-07 0.0001 LOC499828 Unassigned

TC0900000039.rn.1 16.17 14.68 2.82 2.26E-07 0.0001 RGD1566035 Coding

TC0100001771.rn.1 12.8 10.42 5.2 2.32E-07 0.0001 fleeglo Unassigned

TC1100000769.rn.1 14.23 11.54 6.44 2.37E-07 0.0001 rormar Unassigned

TC1900000889.rn.1 15 11.99 8.05 2.37E-07 0.0001 kardoy Unassigned

TC0900000665.rn.1 11.63 8.55 8.49 2.42E-07 0.0001 Coq10b Coding

TC1400000610.rn.1 13.25 10.77 5.56 2.49E-07 0.0001 steeky Unassigned

TC1200000991.rn.1 13.26 10.55 6.58 2.50E-07 0.0001 sharlar Unassigned

TC0100003443.rn.1 13.95 11.23 6.57 2.51E-07 0.0001 Jak2 Coding

TC0100000994.rn.1 8 6.41 3.01 2.51E-07 0.0001 Gpr4 Coding

TC1200000970.rn.1 12.41 10.7 3.28 2.56E-07 0.0001 snulo Unassigned

TC1800000530.rn.1 15.22 13.17 4.14 2.59E-07 0.0001 zofo Unassigned

TC0600000912.rn.1 13.05 10.3 6.7 2.71E-07 0.0001 jartor Unassigned

TC1400001419.rn.1 15.03 11.86 9.02 2.73E-07 0.0001 stawjor Unassigned

TC1000004327.rn.1 14.11 11.07 8.2 2.81E-07 0.0001 charpey Unassigned

TC0400002008.rn.1 15.26 12.25 8.05 2.92E-07 0.0001 stozoy Unassigned

TC0600002359.rn.1 13.83 11.58 4.74 2.95E-07 0.0001 nerter Unassigned

TC1800001628.rn.1 10.81 9.09 3.3 2.99E-07 0.0001 Ptpn2; PTPN2 Coding

TC1700001064.rn.1 12.52 11.01 2.85 3.04E-07 0.0001 Arl5b Coding

TC2000001006.rn.1 13.65 7.42 75.28 3.16E-07 0.0001 Hspa1a Coding

TC1100001566.rn.1 13.03 10.84 4.56 3.17E-07 0.0001 glawmu Unassigned

TC0100004940.rn.1 8.83 6.26 5.92 3.21E-07 0.0001 Bcl3 Coding

TC1900001016.rn.1 7.9 5.72 4.53 3.24E-07 0.0001 Mt1a Coding

TC0200004808.rn.1 13.58 10.71 7.32 3.30E-07 0.0001 garfla Unassigned

TC1500001455.rn.1 13.25 10.1 8.89 3.36E-07 0.0001 joyvaw Unassigned

TC0100001787.rn.1 15.07 11.99 8.5 3.38E-07 0.0001 kavaw Unassigned

TC0400002498.rn.1 9.55 6.76 6.91 3.39E-07 0.0001 Tfec Coding

TC1700001392.rn.1 10.8 7.27 11.55 3.64E-07 0.0002 Gadd45g Coding

TC0200002168.rn.1 6.98 5.56 2.67 3.72E-07 0.0002 Tifa Coding

TC0400001933.rn.1 8.32 5.81 5.72 3.73E-07 0.0002 Apold1 Coding

TC0500000361.rn.1 14.4 11.54 7.25 3.84E-07 0.0002 peever Unassigned
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TC0700001411.rn.1 13.6 9.9 12.97 3.90E-07 0.0002 Csf2rb Coding

TC1500000206.rn.1 14.75 12.29 5.49 3.98E-07 0.0002 weyju Unassigned

TC0500002176.rn.1 13.02 10 8.08 4.00E-07 0.0002 NonCoding

TC1700001531.rn.1 11.01 9.18 3.56 4.21E-07 0.0002 Gcnt2 Coding

TC0400002007.rn.1 13.05 10.92 4.36 4.30E-07 0.0002 stuzoy Unassigned

TC1100001198.rn.1 8.43 9.99 -2.95 4.41E-07 0.0002 NONMMUG017034 NonCoding

TC0400000265.rn.1 15.58 12.46 8.69 4.48E-07 0.0002 reywoy Unassigned

TC1800001443.rn.1 9.85 7.23 6.14 4.54E-07 0.0002 weefo Unassigned

TC0300004737.rn.1 17.09 9.79 158.44 4.56E-07 0.0002 Slpi Coding

TC0100001161.rn.1 12.85 9.8 8.27 4.57E-07 0.0002 Zfp36 Coding

TC0400002251.rn.1 13.54 10.83 6.56 4.59E-07 0.0002 klowor Unassigned

TC1400002340.rn.1 8.76 6.38 5.21 4.62E-07 0.0002 dykaw Unassigned

TC0200000892.rn.1 7.25 9.84 -6.02 4.62E-07 0.0002 lorblu Unassigned

TC1300001155.rn.1 13.93 12.02 3.76 4.70E-07 0.0002 koyblaw; skeykee; skorkee Unassigned

TC0500000217.rn.1 10.81 7.11 12.98 4.81E-07 0.0002 Gem Coding

TC1700000212.rn.1 6.92 5.22 3.23 4.83E-07 0.0002 Nfil3 Coding

TC0200001813.rn.1 13.87 10.77 8.58 5.14E-07 0.0002 smawbler Unassigned

TC0700003717.rn.1 11.97 10.43 2.9 5.21E-07 0.0002 Cpne8 Coding

TC1300001220.rn.1 14.73 11.8 7.59 5.22E-07 0.0002 peeker; warpey Unassigned

TC0300000017.rn.1 14.05 9.22 28.38 5.31E-07 0.0002 Il1rn Coding

TC0200000228.rn.1 9.22 7.66 2.94 5.80E-07 0.0002 Enc1 Coding

TC0X00001595.rn.1 8.69 7.17 2.86 5.86E-07 0.0002 Mid1 Coding

TC0700003065.rn.1 15.43 12.29 8.83 5.99E-07 0.0002 gyser Unassigned

TC1700002055.rn.1 14.77 12.82 3.86 6.01E-07 0.0002 wygu Unassigned

TC0300004146.rn.1 14.48 10.74 13.33 6.03E-07 0.0002 Il1a Coding

TC1600001566.rn.1 7.41 10.75 -10.14 6.36E-07 0.0002 Hpgd Coding

TC0100007873.rn.1 14.33 11.49 7.16 6.43E-07 0.0002 skaklaw Unassigned

TC1500001456.rn.1 14.93 11.85 8.46 6.55E-07 0.0002 zerju Unassigned

TC0X00002585.rn.1 13.79 10.92 7.31 6.62E-07 0.0002 snarbey Unassigned

TC0100004945.rn.1 11.74 9.75 3.97 6.81E-07 0.0002 PVR Coding

TC0X00001743.rn.1 10.83 9.14 3.24 6.86E-07 0.0002 Prkx Coding

TC0800003272.rn.1 12.63 10.8 3.56 6.93E-07 0.0002 Tf; Srprb Coding

TC0300004734.rn.1 7.48 4.64 7.17 6.95E-07 0.0002 RGD1563818 Coding

TC1600000051.rn.1 13.43 11.08 5.11 6.96E-07 0.0002 smorgar Unassigned

TC1400000542.rn.1 9.87 6.94 7.57 7.71E-07 0.0003 Tlr1 Coding

TC0400002307.rn.1 14.62 11.94 6.38 7.93E-07 0.0003 duwoy Unassigned

TC1000001655.rn.1 6.55 8.69 -4.42 8.00E-07 0.0003 Ramp2 Coding

TCUn_AABR07024222v100000001.rn.1 10.09 7.52 5.94 8.00E-07 0.0003 LOC100911620 Coding

TC1300000093.rn.1 7.02 3.91 8.61 8.09E-07 0.0003 Serpinb2 Coding

TC2000001364.rn.1 10.61 7.49 8.69 8.27E-07 0.0003 Adora2a Coding

TC1800001567.rn.1 9.88 8.06 3.54 8.55E-07 0.0003 Atp8b1 Coding

TC0800001899.rn.1 10.02 6.76 9.61 8.60E-07 0.0003 Birc3 Coding

TC0400002388.rn.1 9.22 4.94 19.36 8.71E-07 0.0003 Tfpi2 Coding

TC2000001088.rn.1 13.49 7.58 60.16 8.87E-07 0.0003 Hspa1a Coding

TC0700002836.rn.1 9.94 7.89 4.14 8.91E-07 0.0003 Irak3 Coding

TC1000003816.rn.1 16.14 14.75 2.61 9.30E-07 0.0003 Stat3 Coding

TC0500003203.rn.1 14.6 12.46 4.41 9.65E-07 0.0003 sawfla; spawa Unassigned

TC0500003201.rn.1 13.42 10.44 7.92 9.70E-07 0.0003 sneewa Unassigned

TC0700002394.rn.1 11.26 9.71 2.94 9.73E-07 0.0003 Txnrd1 Coding

TC1500000106.rn.1 12.81 10.83 3.95 1.00E-06 0.0003 ploygler; skeejy Unassigned

TC0X00001675.rn.1 12.7 8.28 21.39 1.02E-06 0.0003 Mt1f Multiple_Complex

TC0200000211.rn.1 13.48 9.54 15.26 1.03E-06 0.0003 F2rl2 Coding

TC0400001184.rn.1 10.78 8.64 4.42 1.03E-06 0.0003 sperzar Unassigned

TC0X00002131.rn.1 13.1 11.28 3.54 1.04E-06 0.0003 jarber Unassigned

TC1400000722.rn.1 14.01 12.27 3.36 1.06E-06 0.0003 Fbxl5 Coding

TC1300001156.rn.1 13.63 11.23 5.28 1.06E-06 0.0003 korblaw Unassigned

TC0100003210.rn.1 11.36 9.46 3.72 1.07E-06 0.0003 Slc15a3 Coding

TC0X00001371.rn.1 11.79 8.93 7.25 1.08E-06 0.0003 Timp1 Coding

TC0600002468.rn.1 11.26 9.3 3.89 1.11E-06 0.0003 Baz1a Coding

TC1000000056.rn.1 12.05 9.83 4.65 1.11E-06 0.0003 Litaf Coding

TC1000001585.rn.1 7.49 3.75 13.4 1.11E-06 0.0003 Csf3 Coding

TC1200000990.rn.1 12.93 9.96 7.86 1.13E-06 0.0003 shylar Unassigned

TC1300000243.rn.1 9.44 8.03 2.65 1.13E-06 0.0003 Slc41a1 Coding

TC0400002252.rn.1 15.36 13.5 3.64 1.13E-06 0.0003 klarwor Unassigned

TC1200000992.rn.1 15.36 13.5 3.64 1.13E-06 0.0003 shawlar Unassigned

TC0100001786.rn.1 12.96 10.9 4.16 1.14E-06 0.0003 spychey Unassigned

TC0700001675.rn.1 12.86 11.18 3.19 1.20E-06 0.0003 tawta Unassigned

TC0700001972.rn.1 12.41 10.79 3.07 1.21E-06 0.0003 smysa; teebu Unassigned

TC2000001267.rn.1 12.73 10.34 5.21 1.25E-06 0.0003 Sik1 Coding

TC0400003031.rn.1 12.05 9.77 4.87 1.26E-06 0.0003 Gadd45a Coding

TC1200001461.rn.1 14.28 12.18 4.3 1.30E-06 0.0004 meeler Unassigned

TC1500001726.rn.1 7.8 6.11 3.23 1.35E-06 0.0004 Ripk3 Coding

TC0700002329.rn.1 13.52 15.73 -4.62 1.36E-06 0.0004 Timp3 Coding

TC0300004269.rn.1 13.42 10.39 8.18 1.38E-06 0.0004 myshy Unassigned

TC0100005090.rn.1 10.16 8.24 3.79 1.39E-06 0.0004 Nfkbib Coding

TC0900000473.rn.1 10.47 8.43 4.11 1.41E-06 0.0004 Arid5a Coding

TC0300000287.rn.1 17 15.32 3.21 1.41E-06 0.0004 Hspa5 Coding

TC0800002518.rn.1 6.78 8.14 -2.57 1.43E-06 0.0004 LOC689959 Coding

TC0900000634.rn.1 11.27 9.12 4.43 1.47E-06 0.0004 Nabp1 Coding

TC0400002004.rn.1 13.15 10.88 4.82 1.49E-06 0.0004 spoyzoy Unassigned
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TC1800000151.rn.1 13.15 10.88 4.82 1.49E-06 0.0004 slyfa Unassigned

TC1300001224.rn.1 14.67 12.66 4.05 1.53E-06 0.0004 ruker Unassigned

TC1600001537.rn.1 14.94 12.94 3.99 1.56E-06 0.0004 blyger Unassigned

TC0200000021.rn.1 11.1 9.49 3.06 1.60E-06 0.0004 Ell2 Unassigned

TC1000001850.rn.1 14.1 12.41 3.21 1.60E-06 0.0004 Gna13 Coding

TC1600000097.rn.1 8.68 10.76 -4.22 1.61E-06 0.0004 wygaw Unassigned

TC0700000017.rn.1 13.7 12.26 2.71 1.65E-06 0.0004 Ptges3 Coding

TC1400000541.rn.1 9.75 7.46 4.92 1.68E-06 0.0004 LOC102550952 NonCoding

TC1300001225.rn.1 15.16 12.95 4.65 1.70E-06 0.0004 neenoy; saker; spapar; suker; syker Unassigned

TC0400003337.rn.1 4.55 5.91 -2.58 1.81E-06 0.0004 Wnt7a Coding

TC2000000725.rn.1 15.27 12.21 8.32 1.81E-06 0.0004 skoklaw Unassigned

TC1900000830.rn.1 13.76 10.87 7.4 1.85E-06 0.0005 skudor; spujoy Unassigned

TC0400001997.rn.1 6.83 8.15 -2.51 1.90E-06 0.0005 KnowTID_00006220 NonCoding

TC1400002351.rn.1 15.31 13.19 4.36 1.92E-06 0.0005 jarkaw Unassigned

TC1100001652.rn.1 6.6 5.13 2.78 1.93E-06 0.0005 Cd80 Coding

TC0100004082.rn.1 14.92 9.64 38.72 1.95E-06 0.0005 Tnfaip3 Coding

TC2000000914.rn.1 13.52 11.23 4.89 1.97E-06 0.0005 skeypoy Unassigned

TC0100000064.rn.1 11.35 9.72 3.11 2.02E-06 0.0005 spoyflo Unassigned

TC1000001227.rn.1 10.78 6.48 19.72 2.03E-06 0.0005 Ccl7 Coding

TC0100003446.rn.1 10.8 8.29 5.7 2.04E-06 0.0005 Cd274 Coding

TC0200003626.rn.1 8.09 5.52 5.96 2.04E-06 0.0005 Slc7a11 Coding

TC1600000591.rn.1 6.21 8.16 -3.86 2.05E-06 0.0005 Tlr3 Coding

TC0500001482.rn.1 7.65 9.46 -3.52 2.08E-06 0.0005 glowo Unassigned

TC2000000517.rn.1 13.07 11.42 3.14 2.10E-06 0.0005 rydy Unassigned

TC1900000829.rn.1 16.21 14.14 4.19 2.14E-06 0.0005 skydor Unassigned

TSUnmapped00000104.rn.1 6.94 4.83 4.33 2.16E-06 0.0005 Slpil2 Coding

TC1600001011.rn.1 10.4 8.42 3.93 2.18E-06 0.0005 Irs2; spygoy Coding

TC2000000375.rn.1 7.27 5.49 3.44 2.20E-06 0.0005 LOC102550542 NonCoding

TC0700003636.rn.1 8.2 5.74 5.5 2.28E-06 0.0005 tosa Unassigned

TC0700003731.rn.1 13.13 11.37 3.4 2.29E-06 0.0005 tata Unassigned

TC1500002369.rn.1 11.3 9.63 3.17 2.30E-06 0.0005 rujer Unassigned

TC1300000754.rn.1 8.29 5.13 8.95 2.33E-06 0.0005 Adamts4 Coding

TC0100006512.rn.1 14.99 12.71 4.85 2.36E-06 0.0005 skagler Unassigned

TC0X00002586.rn.1 14.99 12.71 4.85 2.36E-06 0.0005 snawbey Unassigned

TC0600000913.rn.1 15 12.05 7.74 2.38E-06 0.0005 jertor Unassigned

TC0800000136.rn.1 15 12.05 7.74 2.38E-06 0.0005 slapoy Unassigned

TC1100000770.rn.1 15 12.05 7.74 2.38E-06 0.0005 plury; samar Unassigned

TC1400000526.rn.1 10.14 7.51 6.18 2.40E-06 0.0005 Ugdh Coding

TC2000000589.rn.1 13.5 11.69 3.5 2.44E-06 0.0005 sloydy Unassigned

TC0300002628.rn.1 13.63 10.57 8.37 2.46E-06 0.0005 gawchu Unassigned

TC0400000063.rn.1 15.38 13.22 4.48 2.50E-06 0.0005 shuzer Unassigned

TC0900001319.rn.1 15.38 13.22 4.48 2.50E-06 0.0005 gawpey Unassigned

TC1100000768.rn.1 15.38 13.22 4.48 2.50E-06 0.0005 reymar Unassigned

TC0500003987.rn.1 12.9 11.37 2.9 2.65E-06 0.0006 slawwaw Unassigned

TC0300000669.rn.1 9.57 8.07 2.83 2.65E-06 0.0006 Tank Coding

TC0400001873.rn.1 13.99 12.05 3.83 2.68E-06 0.0006 styzor Unassigned

TC0100002973.rn.1 7.43 9.31 -3.68 2.72E-06 0.0006 Cpt1a Coding

TC1300001459.rn.1 8.55 6.08 5.52 2.76E-06 0.0006 Elf3 Coding

TC0800001440.rn.1 14.03 11.04 7.94 2.78E-06 0.0006 kyrey Unassigned

TC1400001420.rn.1 14.92 12.71 4.63 2.85E-06 0.0006 sterjor Unassigned

TC0100007663.rn.1 13.95 11.99 3.9 2.90E-06 0.0006 NonCoding

TC0100003353.rn.1 12.9 11.24 3.17 2.92E-06 0.0006 Tmem2 Coding

TC0900001519.rn.1 8.35 6.36 3.99 2.99E-06 0.0006 Treml2 Coding

TC0500001567.rn.1 9.91 11.54 -3.1 3.01E-06 0.0006 Sdc3 Coding

TC0200004901.rn.1 7.03 8.46 -2.71 3.07E-06 0.0006 Gipc2 Coding

TC0600000246.rn.1 7.26 8.98 -3.28 3.08E-06 0.0006 Lbh Coding

TC0100004821.rn.1 14.88 13.02 3.63 3.09E-06 0.0006 koflor Unassigned

TC0X00000410.rn.1 13.46 11.68 3.43 3.10E-06 0.0006 Sat1 Coding

TC1300000444.rn.1 9.79 6.75 8.21 3.10E-06 0.0006 Ptgs2 Coding

TC1200000153.rn.1 9.29 7.39 3.73 3.12E-06 0.0006 slorlar Unassigned

TC0900002683.rn.1 10.81 7.77 8.2 3.29E-06 0.0006 Emilin2 Coding

TC1600000096.rn.1 7.34 9.35 -4.05 3.33E-06 0.0007 Sema3g Coding

TC0500001458.rn.1 12.08 9.74 5.07 3.33E-06 0.0007 Csf3r Coding

TC0X00000440.rn.1 14.94 12 7.7 3.35E-06 0.0007 beybaw Unassigned

TC1000002156.rn.1 15.5 13.71 3.47 3.43E-06 0.0007 woymer Unassigned

TC1300000424.rn.1 8.98 6.57 5.29 3.43E-06 0.0007 NCBI_Gene:100861894 NonCoding

TC0600000218.rn.1 8.52 6.63 3.72 3.45E-06 0.0007 Nlrc4 Coding

TC0200001912.rn.1 8.54 7.12 2.67 3.47E-06 0.0007 Slc16a1 Coding

TC1700001024.rn.1 17.71 12.99 26.36 3.52E-06 0.0007 Mt1a Coding

TC1900000888.rn.1 13.33 10.99 5.04 3.52E-06 0.0007 kodoy Unassigned

TC0200002563.rn.1 11.96 10.22 3.34 3.53E-06 0.0007 plosher Unassigned

TC0600002752.rn.1 15.27 13.73 2.92 3.58E-06 0.0007 Zfp36l1 Coding

TC1000001695.rn.1 9.02 11.61 -6.03 3.62E-06 0.0007 Fzd2 Coding

TC1400001333.rn.1 12.35 10.69 3.17 3.62E-06 0.0007 Aff1 Coding

TC1100001039.rn.1 13.63 11.33 4.94 3.65E-06 0.0007 Cebpd Coding

TC1200000143.rn.1 9.33 7.36 3.9 3.76E-06 0.0007 Slc7a1 Coding

TC0900001607.rn.1 9.14 7.24 3.75 3.79E-06 0.0007 Nfkbie Coding

TC0900002118.rn.1 7.11 8.78 -3.17 3.81E-06 0.0007 terpar Unassigned

TC2000000913.rn.1 14.2 12.33 3.66 3.82E-06 0.0007 skerpoy Unassigned

TC0300002381.rn.1 10.16 7.94 4.67 3.82E-06 0.0007 Ptpn1 Coding
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TC1300002126.rn.1 10.19 8.63 2.95 4.02E-06 0.0007 Hlx Coding

TC1100001138.rn.1 16.4 14.51 3.7 4.03E-06 0.0007 ENSMUSG00000097554 NonCoding

TC0300002372.rn.1 9.09 7.38 3.27 4.07E-06 0.0007 Cebpb Coding

TC0300003710.rn.1 11.58 9.56 4.05 4.11E-06 0.0007 RGD1564664 Multiple_Complex

TC0400000283.rn.1 14.98 12.71 4.82 4.12E-06 0.0007 sapar Unassigned

TC1400001370.rn.1 7.87 6.51 2.57 4.23E-06 0.0008 pleejor Unassigned

TC1200001446.rn.1 11.95 10.45 2.82 4.28E-06 0.0008 Cct6a Coding

TC1500001719.rn.1 9.14 6.38 6.76 4.36E-06 0.0008 Tgm1 Coding

TC1500001485.rn.1 11.99 8.99 7.98 4.42E-06 0.0008 Gch1 Coding

TC1700001530.rn.1 9.06 7.06 4.01 4.43E-06 0.0008 Pak1ip1 Coding

TC0500003202.rn.1 13.8 11.62 4.53 4.46E-06 0.0008 snoywa Unassigned

TC1000002412.rn.1 13.8 11.62 4.53 4.46E-06 0.0008 gomor Unassigned

TC1300000633.rn.1 6.34 8.87 -5.77 4.58E-06 0.0008 serkee Unassigned

TC0100004435.rn.1 16.12 13.07 8.26 4.64E-06 0.0008 Sod2 Coding

TC0300000985.rn.1 7.29 11.11 -14.2 4.64E-06 0.0008 Aplnr Coding

TC0500001525.rn.1 9.7 8.33 2.59 4.66E-06 0.0008 Yars Coding

TC1700001398.rn.1 8.22 5.55 6.36 4.69E-06 0.0008 Cks2 Coding

TC0400004065.rn.1 9.7 6.16 11.64 4.77E-06 0.0008 Bcat1 Coding

TC1400002382.rn.1 11.72 9.47 4.76 4.82E-06 0.0008 Rel Coding

TC1100000567.rn.1 8.22 9.69 -2.77 4.85E-06 0.0008 Phldb2 Coding

TC1500001577.rn.1 7.34 8.86 -2.86 4.92E-06 0.0008 Ndrg2 Coding

TC0500004011.rn.1 13.84 10.96 7.34 4.99E-06 0.0008 Tnfrsf1b Coding

TC1800001161.rn.1 14.32 12.45 3.65 5.00E-06 0.0008 gufy Unassigned

TC0100005735.rn.1 10.37 8.14 4.72 5.03E-06 0.0008 Arrdc4 Coding

TC0300003747.rn.1 13.29 11.17 4.36 5.18E-06 0.0009 skachey Unassigned

TC1100000244.rn.1 13.5 11.5 4 5.21E-06 0.0009 Ifnar2 Coding

TC0100002676.rn.1 11.68 8.34 10.11 5.24E-06 0.0009 Itgam Coding

TC2000001453.rn.1 12.35 10.99 2.58 5.30E-06 0.0009 Jmjd1c Coding

TC1500001457.rn.1 14.81 12.81 4 5.31E-06 0.0009 zorju Unassigned

TC0600002972.rn.1 15.14 13.3 3.59 5.79E-06 0.0009 skerva Unassigned

TC1000002610.rn.1 4.58 3.13 2.74 5.83E-06 0.0009 Mir146a Precursor_microRNA

TC1700000859.rn.1 5.81 7.14 -2.51 5.98E-06 0.001 Fzd8 Coding

TC0700001200.rn.1 9.88 7.93 3.87 5.98E-06 0.001 Myc Coding

TC0500001086.rn.1 10.91 8.36 5.83 6.03E-06 0.001 Pde4b Coding

TC0200001589.rn.1 7.85 9.27 -2.67 6.06E-06 0.001 She Coding

TC2000001049.rn.1 15.76 10.72 32.93 6.07E-06 0.001 ENSRNOG00000030676 Coding

TC0700004036.rn.1 12.25 10.81 2.7 6.11E-06 0.001 Atf4 Coding

TC0300004735.rn.1 6.2 4.78 2.67 6.31E-06 0.001 Slpil2 Coding

TC1500000926.rn.1 8.8 10.85 -4.15 6.35E-06 0.001 Pcdh17 Coding

TC0300003427.rn.1 14.01 16.35 -5.06 6.39E-06 0.001 Calcrl Coding

TC1300001724.rn.1 13.67 11.11 5.92 6.39E-06 0.001 beyla Unassigned

TC0900001952.rn.1 10.78 14.41 -12.36 6.42E-06 0.001 Sdpr Coding

TC0600000988.rn.1 14.68 12.8 3.68 6.43E-06 0.001 Hif1a Coding

TC1300001798.rn.1 5.73 4.41 2.51 6.45E-06 0.001 ENSMUSG00000090081; NONMMUG002278 NonCoding

TC0400002006.rn.1 16 14.29 3.28 6.51E-06 0.001 styzoy Unassigned

TC0X00002421.rn.1 14.25 12.13 4.34 6.60E-06 0.001 stoflaw Unassigned

TC0100000269.rn.1 4.98 6.94 -3.88 6.61E-06 0.001 shufly Unassigned

TC1300000261.rn.1 9.7 7.21 5.6 6.69E-06 0.001 Nuak2 Coding

TC0400000618.rn.1 12.11 8.59 11.48 6.78E-06 0.001 Akr1b8 Coding

TC1800001697.rn.1 8.67 6.75 3.81 6.79E-06 0.001 tufaw Unassigned

TC1500000776.rn.1 9.98 11.9 -3.79 6.81E-06 0.001 Lgi3 Coding

TC2000001494.rn.1 7.99 6.57 2.67 6.82E-06 0.001 Dse Coding

TC0400002073.rn.1 8.25 9.92 -3.16 6.86E-06 0.001 veecha Unassigned

TC1800001704.rn.1 8.56 5.93 6.2 7.08E-06 0.0011 Lipg Coding

TC0600001198.rn.1 10.06 5.98 16.92 7.18E-06 0.0011 Batf Coding

TC1200000977.rn.1 17.49 12.35 35.15 7.28E-06 0.0011 Hsph1 Coding

TC1700000659.rn.1 13.93 12.09 3.57 7.37E-06 0.0011 slyga Unassigned

TC1100001209.rn.1 13.65 11.45 4.59 7.41E-06 0.0011 Adamts1 Coding

TC0400000326.rn.1 8.67 10.16 -2.8 7.48E-06 0.0011 plawoy Unassigned

TC1300001725.rn.1 14.77 13 3.42 7.52E-06 0.0011 borla Unassigned

TC1400002381.rn.1 8.97 7.26 3.27 7.60E-06 0.0011 ENSMUSG00000093470 NonCoding

TC0400004032.rn.1 8.1 5.83 4.79 7.64E-06 0.0011 Kcnj8 Coding

TC0200000803.rn.1 7.56 10.38 -7.08 7.83E-06 0.0011 Hey1 Coding

TC1100001567.rn.1 12.95 11.38 2.98 8.17E-06 0.0012 gleemu; poyda Unassigned

TC0600001062.rn.1 11.93 10.49 2.72 8.26E-06 0.0012 ENSMUSG00000097417 NonCoding

TC1800001237.rn.1 14.49 13.02 2.77 8.34E-06 0.0012 Hspa9 Coding

TC0500002845.rn.1 8.92 6.78 4.43 8.49E-06 0.0012 NONMMUG029403 NonCoding

TC1900001017.rn.1 17.95 16.13 3.53 8.56E-06 0.0012 Mt2A Coding

TC0300001470.rn.1 17.03 13.42 12.21 8.60E-06 0.0012 Thbs1 Coding

TC0900001440.rn.1 9.53 6.3 9.36 8.75E-06 0.0012 Adgre1 Coding

TC0800001906.rn.1 13.45 11.11 5.07 8.77E-06 0.0012 mypoy Unassigned

TC1500001518.rn.1 13.45 11.11 5.07 8.77E-06 0.0012 slorju Unassigned

TC2000001435.rn.1 9.67 11.58 -3.75 8.81E-06 0.0012 Tmem26 Coding

TC0200001792.rn.1 9.97 7.62 5.1 8.96E-06 0.0012 Fmo5 Coding

TC0200003724.rn.1 8.98 6.8 4.56 9.03E-06 0.0012 Tm4sf1 Coding

TC0100006749.rn.1 8.61 9.99 -2.61 9.10E-06 0.0012 Fgfr2 Coding

TC0400000919.rn.1 5.74 7.2 -2.76 9.21E-06 0.0012 muzo Unassigned

TC1400001811.rn.1 10.59 8.19 5.25 9.23E-06 0.0012 cheeky Unassigned

TC1200001883.rn.1 11.33 9.62 3.27 9.28E-06 0.0012 LOC100910497 Coding

TC1400002352.rn.1 13.36 11.49 3.68 9.46E-06 0.0013 jawkaw Unassigned
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TC0300000122.rn.1 6.51 5.07 2.72 9.49E-06 0.0013 LOC102554500 Coding

TC1500000539.rn.1 14.12 12.65 2.77 9.50E-06 0.0013 LOC691677 Unassigned

TC1300000902.rn.1 10.07 11.6 -2.88 9.54E-06 0.0013 folu Unassigned

TC0400001936.rn.1 9.72 11.76 -4.12 9.61E-06 0.0013 Gprc5a Coding

TC0400000062.rn.1 14.87 13.21 3.15 9.74E-06 0.0013 shyzer Unassigned

TC1700001156.rn.1 8.93 10.46 -2.9 9.75E-06 0.0013 LOC102551451 Coding

TC2000000120.rn.1 19.81 17.54 4.85 9.80E-06 0.0013 Mt1m Coding

TC0900000892.rn.1 11.15 9.21 3.85 9.92E-06 0.0013 Cxcr2 Coding

TC0100002136.rn.1 7.75 9.72 -3.91 9.96E-06 0.0013 Pgm2l1 Coding

TC0100003732.rn.1 8.99 6.93 4.16 1.03E-05 0.0013 Nfkb2 Coding

TC1800000712.rn.1 7.87 6.35 2.85 1.08E-05 0.0014 Pmaip1 Coding

TC1100001334.rn.1 10.1 8.33 3.41 1.09E-05 0.0014 Rcan1 Coding

TC0600002367.rn.1 13.6 12.01 3.01 1.09E-05 0.0014 Ifrd1 Coding

TC0700002524.rn.1 12.56 8.98 11.92 1.10E-05 0.0014 barsar Unassigned

TC0700003724.rn.1 5.1 7.01 -3.74 1.11E-05 0.0014 Abcd2 Coding

TC0500002108.rn.1 13.58 8.85 26.43 1.11E-05 0.0014 Pi15 Coding

TC0400003254.rn.1 13.2 10.61 6 1.11E-05 0.0014 Mxd1 Coding

TC1700001007.rn.1 14.95 13.23 3.28 1.11E-05 0.0014 jeego Unassigned

TC1200000764.rn.1 14.9 13.08 3.55 1.13E-05 0.0014 swuley Unassigned

TC1500000207.rn.1 14.9 13.08 3.55 1.13E-05 0.0014 zaju Unassigned

TC1300001776.rn.1 9.4 11.78 -5.2 1.14E-05 0.0014 Fmo1 Coding

TC1400001248.rn.1 12.34 10.77 2.97 1.17E-05 0.0014 Coding

TC0100002118.rn.1 8.83 10.48 -3.14 1.17E-05 0.0014 Arrb1 Coding

TC1300001374.rn.1 14.68 12.66 4.06 1.17E-05 0.0014 Mapkapk2 Coding

TC1600001816.rn.1 10.59 8.38 4.64 1.19E-05 0.0015 Rnf122 Coding

TC1100001647.rn.1 9.86 7.93 3.81 1.21E-05 0.0015 B4galt4 Coding

TC0300001985.rn.1 9.98 7.26 6.62 1.22E-05 0.0015 Cst7 Coding

TC0200001685.rn.1 15.89 14.18 3.26 1.23E-05 0.0015 jeybler Unassigned

TC1700000405.rn.1 7.99 6.01 3.94 1.25E-05 0.0015 Cd83 Coding

TC1200000390.rn.1 13.77 9.5 19.41 1.27E-05 0.0015 Serpine1 Coding

TC1400000986.rn.1 11.5 9.98 2.86 1.29E-05 0.0015 Upp1 Coding

TC0800003356.rn.1 8.72 6.35 5.17 1.34E-05 0.0016 Gnat1 Coding

TC0800002879.rn.1 8.82 10.75 -3.82 1.36E-05 0.0016 Myzap Coding

TC1000001843.rn.1 6.83 8.33 -2.83 1.39E-05 0.0016 Axin2 Coding

TC1600001909.rn.1 15.35 13.62 3.32 1.42E-05 0.0017 Plat Coding

TC0200003818.rn.1 11.98 10.21 3.42 1.43E-05 0.0017 Ccnl1 Coding

TC1500001175.rn.1 14.57 13.03 2.9 1.47E-05 0.0017 klojer Unassigned

TC1000002777.rn.1 14.36 12.56 3.47 1.48E-05 0.0017 Hspa4 Coding

TC0100006110.rn.1 12.44 9.67 6.81 1.49E-05 0.0017 Dgat2 Coding

TC1000000507.rn.1 11.1 6.64 22.07 1.54E-05 0.0018 Gfpt2 Coding

TC1000002119.rn.1 9.41 7.36 4.15 1.57E-05 0.0018 Metrnl Coding

TC1300000031.rn.1 11.83 9.9 3.8 1.58E-05 0.0018 plorker Unassigned

TC2000000644.rn.1 10.28 8.51 3.41 1.60E-05 0.0018 Sowahc Coding

TC1500001672.rn.1 6.93 8.26 -2.5 1.65E-05 0.0019 Ajuba Coding

TC1800000555.rn.1 9.19 7.13 4.18 1.66E-05 0.0019 Lmnb1 Coding

TC1500001745.rn.1 8.94 6.04 7.49 1.71E-05 0.0019 Gzmb Coding

TC0300000165.rn.1 11.39 8.67 6.58 1.72E-05 0.0019 Ralgds Coding

TC0200000506.rn.1 10.57 8.4 4.52 1.73E-05 0.0019 Fyb Coding

TC1300001674.rn.1 10.04 8.64 2.64 1.75E-05 0.0019 Ier5 Coding

TC1600000862.rn.1 15.28 13.57 3.27 1.75E-05 0.0019 LOC100910418 Coding

TC1800001695.rn.1 9.63 6.25 10.42 1.76E-05 0.002 sladoy Unassigned

TC0600003195.rn.1 19.38 17.55 3.57 1.77E-05 0.002 Hsp90aa1 Coding

TC0700003855.rn.1 9.42 6.64 6.87 1.77E-05 0.002 Rnd1 Coding

TC1900001216.rn.1 11.85 9.59 4.78 1.81E-05 0.002 Junb Coding

TC0400002711.rn.1 12.6 10.97 3.09 1.82E-05 0.002 Zc3hav1 Coding

TC1900000730.rn.1 14.82 16.41 -3.01 1.84E-05 0.002 Foxf1 Coding

TC0100000001.rn.1 14.69 13.09 3.03 1.85E-05 0.002 blerpey Unassigned

TC0200004177.rn.1 8.55 10.49 -3.82 1.85E-05 0.002 Selenbp1 Coding

TC0200002755.rn.1 11.95 13.51 -2.96 1.89E-05 0.0021 Pik3r1 Coding

TC0700001073.rn.1 9.91 6.75 8.94 1.90E-05 0.0021 LOC102551659 Coding

TC0500001515.rn.1 10.96 8.86 4.3 1.90E-05 0.0021 smeewo Unassigned

TC0200001459.rn.1 14.66 12.8 3.62 1.94E-05 0.0021 Fgg Coding

TC1700001857.rn.1 10.92 8.9 4.03 1.98E-05 0.0021 Aoah Coding

TC0700002962.rn.1 8.82 10.17 -2.55 1.98E-05 0.0021 Nipal2 Coding

TC0400003290.rn.1 14.1 12.55 2.92 1.99E-05 0.0021 Tcp1-ps1 Unassigned

TC0X00000541.rn.1 15.51 13.26 4.76 2.01E-05 0.0021 RGD1563322 Unassigned

TC1000001226.rn.1 14.22 10.01 18.44 2.05E-05 0.0021 Ccl2 Coding

TC0X00001043.rn.1 15.07 13.6 2.77 2.06E-05 0.0021 Il13ra1 Coding

TC0500000043.rn.1 15.94 14.41 2.9 2.13E-05 0.0022 swavar Unassigned

TC1100001837.rn.1 9.13 7.72 2.66 2.13E-05 0.0022 Il1rap Coding

TC1000000868.rn.1 8.86 7.44 2.66 2.14E-05 0.0022 Gas7 Coding

TC0300004087.rn.1 7.26 5.01 4.74 2.15E-05 0.0022 Hdc Coding

TC1900000241.rn.1 12.59 10.7 3.71 2.17E-05 0.0022 N4bp1 Coding

TC0200001540.rn.1 13.55 12.01 2.9 2.18E-05 0.0022 Cct3 Coding

TC0300002057.rn.1 11.59 9.09 5.65 2.19E-05 0.0022 Hck Coding

TC0X00000661.rn.1 6.78 8.21 -2.69 2.25E-05 0.0023 Fam127b Coding

TC0300000762.rn.1 9.78 8.32 2.75 2.34E-05 0.0023 NonCoding

TC1800001310.rn.1 7.15 8.5 -2.56 2.34E-05 0.0023 Pcdh1 Coding

TC0500000007.rn.1 7.89 6.54 2.56 2.41E-05 0.0024 Cct6a-ps3 Coding

TC0500002363.rn.1 10.78 8.72 4.18 2.42E-05 0.0024 Ripk2 Coding
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TC1000002394.rn.1 8.65 10.29 -3.12 2.44E-05 0.0024 Slc9a3r2 Coding

TC0300001021.rn.1 12.32 10.9 2.69 2.45E-05 0.0024 LOC502646 Unassigned

TC0600001186.rn.1 6.71 8.87 -4.46 2.47E-05 0.0024 fuva Unassigned

TC0100008101.rn.1 8 6.33 3.18 2.50E-05 0.0024 Relb Coding

TC1400001136.rn.1 12.19 10.87 2.51 2.52E-05 0.0025 Cct4 Coding

TC0700003904.rn.1 8.76 10.21 -2.74 2.53E-05 0.0025 NONMMUG015487 NonCoding

TC0X00000572.rn.1 6.16 7.63 -2.78 2.55E-05 0.0025 smeybaw Unassigned

TC0400001581.rn.1 8.61 7.03 2.99 2.57E-05 0.0025 Irak2 Coding

TC1000003792.rn.1 10.93 12.34 -2.67 2.65E-05 0.0025 Jup Coding

TC0600000022.rn.1 7.75 9.13 -2.6 2.67E-05 0.0026 Rmdn2 Coding

TC0900000247.rn.1 7.14 8.94 -3.48 2.67E-05 0.0026 Slc29a1 Coding

TC0400003854.rn.1 9.2 7.29 3.76 2.72E-05 0.0026 Cd69 Coding

TC0800003637.rn.1 13.89 11.33 5.91 2.73E-05 0.0026 Ccr1 Coding

TC1000002816.rn.1 11.79 9.45 5.08 2.82E-05 0.0027 Tnip1 Coding

TC0300004147.rn.1 17.11 12.41 25.93 2.83E-05 0.0027 Il1b Coding

TC0X00001206.rn.1 7.77 6.43 2.54 2.83E-05 0.0027 Dtx2-ps1 Unassigned

TC0200003758.rn.1 8.5 6.1 5.29 2.87E-05 0.0027 Gpr171 Coding

TC0500001514.rn.1 10.3 8.47 3.54 2.97E-05 0.0028 A3galt2 Coding

TC1800001319.rn.1 9.81 8.43 2.61 3.02E-05 0.0028 Arhgap26 Coding

TC0700002376.rn.1 6.47 3.84 6.17 3.06E-05 0.0028 uc029ras.1 NonCoding

TC1300001127.rn.1 15.65 13.16 5.6 3.09E-05 0.0028 LOC680491 Pseudogene

TC0100008151.rn.1 8.69 7.33 2.57 3.12E-05 0.0029 Prdx5 Coding

TC1000003427.rn.1 12.14 9.4 6.67 3.22E-05 0.0029 Ccl9 Coding

TC0100006919.rn.1 8.06 5.07 7.94 3.24E-05 0.0029 Ifitm6 Coding

TC0600002537.rn.1 10.41 8.91 2.83 3.26E-05 0.003 Cyp51a1-ps1 Unassigned

TC1000001598.rn.1 13.11 10.71 5.27 3.31E-05 0.003 Igfbp4 Coding

TC1900000899.rn.1 10.76 12.22 -2.75 3.42E-05 0.003 Nrp1 Multiple_Complex

TC0100005434.rn.1 5.93 4.43 2.82 3.43E-05 0.003 LOC102552531; SAA.1 Coding

TC0100006029.rn.1 10.39 9.02 2.6 3.43E-05 0.003 NCBI_Gene:100862054; NONMMUG038664 NonCoding

TC1500001757.rn.1 8.9 6.34 5.89 3.56E-05 0.0031 Gzmbl2; Gzmb Coding

TC0700000929.rn.1 8.43 6.2 4.71 3.58E-05 0.0031 ENSMUSG00000083214 Multiple_Complex

TC1000001304.rn.1 8.08 9.46 -2.61 3.58E-05 0.0031 Tbx4 Coding

TC1300001144.rn.1 12.31 10.7 3.05 3.66E-05 0.0032 glorkee Unassigned

TC0200000360.rn.1 11.43 9.82 3.06 3.68E-05 0.0032 AABR07008066.2 Coding

TC0600002478.rn.1 13.75 11.92 3.57 3.71E-05 0.0032 Nfkbia Coding

TC0400003863.rn.1 12.15 9.54 6.07 3.74E-05 0.0033 Olr1 Coding

TC0200000416.rn.1 9.19 7.19 4.01 3.92E-05 0.0034 NCBI_Gene:100861641 NonCoding

TC0200004189.rn.1 8.84 10.83 -3.96 3.99E-05 0.0034 Selenbp1 Coding

TC0100003517.rn.1 7.96 6.44 2.87 4.01E-05 0.0034 Ifit3 Coding

TC1200000343.rn.1 7.84 6.45 2.61 4.01E-05 0.0034 LOC100909556 Coding

TC0700003999.rn.1 6.52 3.74 6.84 4.03E-05 0.0034 Gpr84 Coding

TC0400002228.rn.1 14.68 12.79 3.69 4.05E-05 0.0034 woywor Unassigned

TC0500002574.rn.1 6.55 8.3 -3.36 4.06E-05 0.0034 RGD1309821 Coding

TC0400002380.rn.1 9.2 10.53 -2.51 4.07E-05 0.0034 Samd9l; plawwoy Coding

TC1200000353.rn.1 12.2 10.23 3.91 4.09E-05 0.0034 Pilra; LOC685020; LOC100910669 Coding

TC0300003493.rn.1 14.13 12.45 3.19 4.10E-05 0.0034 LOC100912578 Coding

TC0600000585.rn.1 13.3 11.81 2.79 4.19E-05 0.0035 Nampt Coding

TC0600003193.rn.1 18.57 16.84 3.33 4.22E-05 0.0035 Hsp90aa1 Coding

TC0300004739.rn.1 12.22 10.58 3.13 4.24E-05 0.0035 Sdc4 Coding

TC0100004336.rn.1 10.95 7.96 7.95 4.25E-05 0.0035 LOC102549642; TLV_coat.0 Coding

TC0300004970.rn.1 14.46 12.44 4.05 4.50E-05 0.0037 Ctsz Coding

TC0400001291.rn.1 12.78 11.43 2.54 4.51E-05 0.0037 Cct7 Coding

TC0100007289.rn.1 10.25 7.43 7.06 4.58E-05 0.0037 Ms4a6a Coding

TC1900000726.rn.1 8.59 10.17 -3.01 4.61E-05 0.0037 RGD1304884 Coding

TC2000000360.rn.1 6.46 7.87 -2.65 4.63E-05 0.0037 Pde9a Coding

TC0100006265.rn.1 8.74 7.18 2.96 4.63E-05 0.0037 Trim5; Trim30 Coding

TC2000001040.rn.1 9.05 7.43 3.08 4.66E-05 0.0038 Ier3 Coding

TC0700001313.rn.1 7.65 8.97 -2.5 4.76E-05 0.0038 LOC686432; swarsey Coding

TC1500001060.rn.1 9.13 4.61 23.06 4.78E-05 0.0038 Irg1 Coding

TC1100001335.rn.1 10.46 8.91 2.91 4.80E-05 0.0038 Runx1 Coding

TC0800001207.rn.1 13.78 11.8 3.96 4.81E-05 0.0038 LOC679973 Unassigned

TC1100000272.rn.1 9.71 6.88 7.13 4.89E-05 0.0039 doymy Unassigned

TC0300004656.rn.1 7.96 6.27 3.23 4.92E-05 0.0039 Mafb Coding

TC0200001451.rn.1 9.44 6.98 5.5 4.99E-05 0.0039 LOC499644 Unassigned

TC1300000767.rn.1 8.5 6.14 5.13 5.02E-05 0.0039 Cd244; LOC685808 Coding

TC0100007007.rn.1 8.68 7.26 2.67 5.05E-05 0.004 Tnfrsf26 Coding

TC1000004168.rn.1 9.07 7.7 2.57 5.14E-05 0.004 Rhbdf2 Coding

TC0100007187.rn.1 15.5 12.07 10.77 5.19E-05 0.004 Stip1 Coding

TC1400002475.rn.1 12.73 10.69 4.12 5.20E-05 0.004 Tmem33; Slc30a9 Coding

TC0200002801.rn.1 6.61 7.98 -2.58 5.23E-05 0.004 pershor Unassigned

TC0500002279.rn.1 13.07 11.55 2.87 5.29E-05 0.0041 Car8 Coding

TC0100002523.rn.1 8.52 9.85 -2.51 5.42E-05 0.0041 Scnn1g Coding

TC0200002570.rn.1 14.47 11.1 10.38 5.43E-05 0.0041 Vcan Coding

TC0500000806.rn.1 9.99 8.01 3.96 5.47E-05 0.0042 Pseudogene

TC0100005397.rn.1 8.05 5.73 4.99 5.58E-05 0.0042 Ppp1r15a Coding

TC0400002973.rn.1 11.64 9.24 5.3 5.60E-05 0.0042 LOC102553321 NonCoding

TC2000001740.rn.1 6.56 7.99 -2.68 5.63E-05 0.0042 Mettl24 Coding

TC0700002244.rn.1 14.48 13.1 2.6 5.71E-05 0.0043 LOC691186 Pseudogene

TC1300001896.rn.1 14.31 10.21 17.14 5.71E-05 0.0043 Fcgr2b Coding

TC0700003460.rn.1 11.21 9.52 3.23 5.83E-05 0.0043 Rac2 Coding
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TC0600001239.rn.1 14.09 11.55 5.82 5.87E-05 0.0044 Ahsa1 Coding

TC1500002340.rn.1 4.7 6.37 -3.2 6.03E-05 0.0045 Slitrk6 Coding

TC1000000470.rn.1 8.32 6.94 2.61 6.09E-05 0.0045 Ifi47 Coding

TC0400000286.rn.1 11.02 9.57 2.74 6.14E-05 0.0045 Cyp51 Coding

TC1700001174.rn.1 8.01 9.47 -2.74 6.19E-05 0.0045 Ptch1 Coding

TC1400002081.rn.1 7.05 8.84 -3.47 6.29E-05 0.0046 Rgs12 Coding

TC0500002278.rn.1 11.82 10.08 3.33 6.45E-05 0.0046 swoyvaw Unassigned

TC0200003049.rn.1 9.05 7.3 3.37 6.55E-05 0.0047 Slc1a3 Coding

TC0600003154.rn.1 11.57 10.07 2.83 6.60E-05 0.0047 Wars Coding

TC0500000459.rn.1 17.6 15.73 3.66 6.67E-05 0.0048 LOC690801 Pseudogene

TC1000003783.rn.1 10.99 13.83 -7.15 6.81E-05 0.0048 Krt19 Coding

TC0100004176.rn.1 6.91 8.94 -4.09 7.32E-05 0.0051 Ctgf Coding

TC0200003080.rn.1 10.75 9.13 3.09 7.33E-05 0.0051 Tars Coding

TC1300000649.rn.1 8.89 5.55 10.09 7.36E-05 0.0051 Sele Coding

TC1100000253.rn.1 10.46 8.95 2.84 7.39E-05 0.0051 Ifngr2 Coding

TC1400000175.rn.1 14.92 11.88 8.25 7.55E-05 0.0052 Plac8 Coding

TC0200003027.rn.1 12.05 10.69 2.57 7.62E-05 0.0052 Osmr Coding

TC0200004633.rn.1 12.62 11.04 2.98 7.63E-05 0.0052 speeblor Unassigned

TC1000000445.rn.1 8.74 10.16 -2.66 7.66E-05 0.0053 Adam19 Coding

TC0300000607.rn.1 15.05 12.82 4.71 7.84E-05 0.0054 nychaw Unassigned

TC0200001296.rn.1 10.41 4.44 62.71 7.90E-05 0.0054 Ptx3 Coding

TC0200000867.rn.1 14.61 12.59 4.07 8.30E-05 0.0056 LOC295112 Pseudogene

TC0300000106.rn.1 6.67 8.47 -3.49 8.32E-05 0.0056 Egfl7; Mir126 Multiple_Complex

TC0400003965.rn.1 9.41 7.95 2.75 8.34E-05 0.0056 Plbd1 Coding

TC0800001293.rn.1 11.03 9.02 4.03 8.39E-05 0.0056 Plod2 Coding

TC1000003270.rn.1 7.76 9.81 -4.14 8.51E-05 0.0057 Slc6a4 Coding

TC0800001785.rn.1 11.48 13.98 -5.66 8.72E-05 0.0058 Vipr1 Coding

TC1400002279.rn.1 13.06 9.83 9.38 8.80E-05 0.0058 Plek Coding

TC0600000219.rn.1 8.13 6.71 2.68 8.82E-05 0.0058 glartar Unassigned

TC1300000121.rn.1 6.97 8.5 -2.88 8.84E-05 0.0058 Tfcp2l1 Coding

TC0100000637.rn.1 7.91 6.28 3.09 8.92E-05 0.0058 Fpr1 Coding

TC0300003386.rn.1 12.37 10.3 4.21 9.09E-05 0.0059 LOC366085 Pseudogene

TC0800000008.rn.1 7.19 5.77 2.69 9.10E-05 0.0059 Pseudogene

TC1100001171.rn.1 18.46 16.67 3.44 9.11E-05 0.0059 LOC498045; LOC102549957 Multiple_Complex

TC0300001936.rn.1 4.65 6.12 -2.78 9.88E-05 0.0063 Sstr4 Coding

TC0900000667.rn.1 14.42 11.84 5.97 9.90E-05 0.0063 Hspe1 Coding

TC1600000833.rn.1 13.69 12.04 3.14 9.91E-05 0.0063 Adam9 Coding

TC0100000136.rn.1 10.45 7.88 5.92 9.91E-05 0.0063 LOC365050 Pseudogene

TC2000001306.rn.1 13.31 11.97 2.54 0.0001 0.0064 Itgb2 Coding

TC0X00001325.rn.1 5.89 7.22 -2.51 0.0001 0.0064 Fam122b Coding

TC0700002245.rn.1 14.59 13.19 2.65 0.0001 0.0064 LOC691186; LOC687068 Pseudogene

TC0600001009.rn.1 11.76 13.9 -4.4 0.0001 0.0065 Akap5 Coding

TC1500000914.rn.1 11.27 6.05 37.34 0.0001 0.0065 Olfm4 Coding

TC1400001142.rn.1 16.3 14.9 2.64 0.0001 0.0066 LOC498426; morkaw Pseudogene

TC1500001748.rn.1 7.62 5.31 4.97 0.0001 0.0066 Gzmbl3 Coding

TC0900001114.rn.1 12.5 10.62 3.69 0.0001 0.0066 Ackr3 Coding

TC0800000565.rn.1 12.68 10.75 3.83 0.0001 0.0066 Hyou1 Coding

TC1400001744.rn.1 12.67 10.54 4.36 0.0001 0.0066 sweyka Unassigned

TC0300002123.rn.1 11.26 8.3 7.79 0.0001 0.0066 Procr Coding

TC1800000812.rn.1 9.85 6.22 12.35 0.0001 0.0066 LOC102553337 Coding

TC1400001659.rn.1 9.44 11.78 -5.05 0.0001 0.0067 Kit Coding

TC1000001263.rn.1 6.47 4.93 2.9 0.0001 0.0067 Ccl4 Coding

TC0600003100.rn.1 9.78 6.56 9.28 0.0001 0.0067 LOC102555837 Coding

TC0600002384.rn.1 4.71 6.75 -4.1 0.0001 0.0068 Lrrn3 Coding

TC1400001500.rn.1 9.52 6.87 6.28 0.0001 0.0068 Ereg Coding

TC0100000973.rn.1 8.14 6.66 2.8 0.0001 0.0068 Pglyrp1 Coding

TC0100003508.rn.1 9.38 10.99 -3.06 0.0001 0.0068 ENSMUSG00000080678 Precursor_microRNA

TC1700001665.rn.1 7.38 5.44 3.83 0.0001 0.0069 Serpinb1b Coding

TC2000000646.rn.1 15.38 12.47 7.53 0.0001 0.0069 P4ha1 Coding

TC0800000809.rn.1 14.4 10.85 11.66 0.0001 0.007 Sema7a Coding

TC1000002861.rn.1 7.96 9.45 -2.79 0.0001 0.007 Faxdc2 Coding

TC0900002317.rn.1 6.01 8.41 -5.28 0.0001 0.0071 shoypaw Unassigned

TC1200000518.rn.1 8.6 7.15 2.74 0.0001 0.0071 NCBI_Gene:100861949 NonCoding

TC0X00002116.rn.1 10.68 9.24 2.7 0.0001 0.0071 daber Unassigned

TC1300001731.rn.1 14.85 11.97 7.37 0.0001 0.0071 Cacybp Coding

TC1800001303.rn.1 8.14 9.73 -3.01 0.0001 0.0072 shordoy Unassigned

TC0300001805.rn.1 9.52 10.86 -2.53 0.0001 0.0073 Plcb4 Coding

TC0700003530.rn.1 8.42 6.98 2.71 0.0001 0.0073 NCBI_Gene:100861991 NonCoding

TC0200001450.rn.1 13.51 11.64 3.65 0.0001 0.0074 flarblaw Unassigned

TC0700002380.rn.1 7.19 5.09 4.28 0.0001 0.0074 uc029ran.1 NonCoding

TC0200004107.rn.1 16.39 14.4 3.97 0.0001 0.0074 S100a9 Coding

TC1100001864.rn.1 8.33 6.62 3.26 0.0001 0.0075 NCBI_Gene:100862208 NonCoding

TC0400003178.rn.1 8.39 6.27 4.34 0.0001 0.0075 Mthfd2 Coding

TC0400002828.rn.1 13.19 11.4 3.45 0.0001 0.0075 Pdia4 Multiple_Complex

TC0700001624.rn.1 11.08 9.01 4.2 0.0001 0.0075 Creld2 Coding

TC1000002414.rn.1 7.01 8.62 -3.05 0.0001 0.0075 Tmem204 Coding

TC0600001591.rn.1 8.23 6.8 2.68 0.0001 0.0076 Tnfaip2 Coding

TC0200004423.rn.1 16.39 14.22 4.5 0.0001 0.0076 Cd53 Coding

TC1500001136.rn.1 12.2 10.79 2.67 0.0001 0.0077 Dnajc3 Coding

TC0500003760.rn.1 10.26 8.76 2.83 0.0001 0.0077 Themis2 Coding
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TC0500000118.rn.1 6.76 8.33 -2.99 0.0001 0.0077 Sox17 Coding

TC0800001851.rn.1 10.69 7.59 8.56 0.0001 0.0077 Ccr5 Coding

TC0500002107.rn.1 11.11 7.44 12.75 0.0001 0.0078 bluvar Unassigned

TC1400000123.rn.1 17.04 13.99 8.32 0.0001 0.0079 LOC100910270 NonCoding

TC0600001993.rn.1 16.65 15.1 2.91 0.0001 0.0079 Xdh Coding

TC0300001212.rn.1 7.96 6.24 3.29 0.0001 0.0079 veechey Unassigned

TC0700001075.rn.1 11.21 7.92 9.79 0.0001 0.0079 LOC102552117 Coding

TC0100004653.rn.1 11.27 12.69 -2.68 0.0001 0.0079 Myadm Coding

TC1300000593.rn.1 13.23 10.51 6.57 0.0001 0.008 derla Unassigned

TC1900000459.rn.1 6.56 4.86 3.24 0.0001 0.0082 LOC291871 Coding

TC0100002142.rn.1 12.23 13.7 -2.78 0.0001 0.0082 Ucp2 Coding

TC0200001096.rn.1 10.33 8.46 3.65 0.0002 0.0082 Coding

TC0800002169.rn.1 6.92 8.86 -3.83 0.0002 0.0082 Adamts15 Coding

TC1200000276.rn.1 7.4 8.79 -2.61 0.0002 0.0082 Ttyh3 Coding

TC1100000270.rn.1 11.7 8.32 10.37 0.0002 0.0083 Slc5a3 Coding

TC0200001419.rn.1 7.49 5.93 2.95 0.0002 0.0083 LOC361966 Pseudogene

TC0500000617.rn.1 8.18 5.71 5.54 0.0002 0.0084 Nr4a3 Coding

TC1000001336.rn.1 4.28 6.78 -5.66 0.0002 0.0086 fawnaw Unassigned

TC0300000061.rn.1 8.7 10.13 -2.69 0.0002 0.0086 Clic3 Coding

TC1300001556.rn.1 11.53 8.79 6.71 0.0002 0.0086 Rgs1; Rgs13 Coding

TC0600002355.rn.1 13.44 11.66 3.45 0.0002 0.0087 LOC100362999; nuter; TPR_1.3 Pseudogene

TC1500000339.rn.1 13.52 10.5 8.12 0.0002 0.0087 LOC691091 Multiple_Complex

TC0100003458.rn.1 10.97 13.1 -4.35 0.0002 0.0087 Il33 Coding

TC0800001124.rn.1 9.07 7.59 2.8 0.0002 0.0088 Bmp5 Coding

TC1800000021.rn.1 15.43 11.62 14 0.0002 0.0089 Pseudogene

TC0500000993.rn.1 13.38 15.61 -4.69 0.0002 0.0089 Tek Coding

TC0500002316.rn.1 10.86 9.07 3.48 0.0002 0.0089 LOC688546 Pseudogene

TC0700001072.rn.1 11.75 8.72 8.18 0.0002 0.009 LOC102551832 Coding

TC0800001264.rn.1 9.81 8.42 2.61 0.0002 0.009 Bcl2a1 Coding

TC1700000506.rn.1 17.29 14.28 8.05 0.0002 0.0091 Serpinb1a Coding

TC1400002476.rn.1 8.36 6.43 3.82 0.0002 0.0093 Rhoh Coding

TC0200004707.rn.1 8.25 6.64 3.06 0.0002 0.0093 Sgms2 Coding

TC1200000017.rn.1 9.19 11.08 -3.72 0.0002 0.0093 Kl Coding

TC0900000116.rn.1 9.43 7.86 2.97 0.0002 0.0094 Lrg1 Coding

TC0500003092.rn.1 7.26 8.85 -3 0.0002 0.0095 Hacd4 Coding

TC0700002539.rn.1 11.02 9.6 2.68 0.0002 0.0095 Socs2 Coding

TC1100001892.rn.1 11.02 9.63 2.61 0.0002 0.0096 Dnajb11 Coding

TC0200000448.rn.1 11.56 10.22 2.54 0.0002 0.0097 Emb Coding

TC1700000382.rn.1 9.73 11.44 -3.27 0.0002 0.0097 Nedd9 Coding

TC1100000268.rn.1 8.35 6.55 3.47 0.0002 0.0098 Mrps6 Coding

TC0100004430.rn.1 8.08 6.54 2.91 0.0002 0.0098 Tagap Coding

TC0900001001.rn.1 9.4 6.47 7.64 0.0002 0.01 Ccl20 Coding

TC0900001909.rn.1 10.61 8.94 3.17 0.0002 0.01 LOC363224 Pseudogene

TC0800001498.rn.1 9.5 6.72 6.84 0.0002 0.01 Cish Coding

TC0600001565.rn.1 13.05 9.55 11.29 0.0002 0.01 NCBI_Gene:100861856 NonCoding

TC0100002120.rn.1 6.39 8.47 -4.22 0.0002 0.0101 smoyglaw Unassigned

TC1700001126.rn.1 10.77 9.23 2.91 0.0002 0.0103 gloree; spyklu; sweygo; warry Unassigned

TC0600001305.rn.1 10.45 8.7 3.36 0.0002 0.0103 Flrt2 Multiple_Complex

TC0100005707.rn.1 14.4 12.46 3.83 0.0002 0.0106 LOC680146 Unassigned

TC1700001659.rn.1 8.15 5.67 5.59 0.0002 0.0106 LOC102553010 Coding

TC2000000179.rn.1 9.47 5.47 15.96 0.0002 0.0107 NONMMUG018155 NonCoding

TC0900000532.rn.1 12.04 8.97 8.4 0.0002 0.0107 Il1r2 Coding

TSUnmapped00000146.rn.1 7.79 6.07 3.29 0.0002 0.0109 Marcksl1 Coding

TC0200001622.rn.1 12.9 10.68 4.65 0.0002 0.011 S100a8 Coding

TC0100005433.rn.1 7.57 5.15 5.37 0.0002 0.0112 Saa4; Hps5 Coding

TC0X00000816.rn.1 7.52 6.18 2.54 0.0002 0.0112 LOC302786 Pseudogene

TCUn_KL568237v100000001.rn.1 10.25 8.6 3.15 0.0002 0.0112 Coding

TC1100000518.rn.1 6.81 8.41 -3.03 0.0003 0.0113 pormu Unassigned

TC1600001725.rn.1 10.47 7.81 6.35 0.0003 0.0115 Msr1 Coding

TC1200001882.rn.1 13.14 10.91 4.67 0.0003 0.0118 LOC685020 Coding

TC0700001841.rn.1 12.69 14.5 -3.5 0.0003 0.0118 Mettl7a Coding

TC0900001994.rn.1 14.98 11.75 9.39 0.0003 0.0119 Hspd1 Coding

TC0400001814.rn.1 6.18 3.67 5.69 0.0003 0.0119 Fgf23 Coding

TC0300004054.rn.1 7.93 9.45 -2.86 0.0003 0.0121 Gatm Coding

TC1900000196.rn.1 11.53 10.07 2.75 0.0003 0.0122 LOC680405 Multiple_Complex

TC0100004535.rn.1 5.97 7.39 -2.69 0.0003 0.0123 glufly Unassigned

TC1700002061.rn.1 8.31 9.68 -2.59 0.0003 0.0123 Akr1c14 Coding

TC1100001579.rn.1 8.43 6.86 2.98 0.0003 0.0126 Cd200r1 Coding

TC0200000600.rn.1 10.37 8.87 2.83 0.0003 0.0127 LOC680856 Unassigned

TC0300000608.rn.1 10.37 9 2.59 0.0003 0.0127 LOC679905 Unassigned

TC0700002379.rn.1 6.79 4.02 6.82 0.0003 0.0128 uc011xjv.1 NonCoding

TC0300004296.rn.1 18.85 17.25 3.04 0.0003 0.0128 LOC685389 Unassigned

TC0400002327.rn.1 11.61 10.04 2.98 0.0003 0.0129 Steap4 Coding

TC0100004971.rn.1 10.53 6.1 21.65 0.0003 0.0131 Cd177 Multiple_Complex

TC2000000349.rn.1 11.25 13.29 -4.12 0.0003 0.0132 Glp1r Coding

TC0100008107.rn.1 10.51 6.23 19.47 0.0003 0.0132 Cd177 Coding

TC0100004861.rn.1 11.75 13.11 -2.58 0.0003 0.0133 Ehd2 Coding

TC1700000848.rn.1 15.39 13.57 3.54 0.0003 0.0133 LOC688655 Pseudogene

TC0500003595.rn.1 11.9 10.44 2.76 0.0003 0.0136 HSP90.0; LOC100362895 Coding

TC0300001038.rn.1 12.72 10.84 3.66 0.0003 0.0136 LOC685772 Pseudogene
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TC0700001870.rn.1 8.55 7.05 2.82 0.0003 0.0136 Nr4a1 Coding

TC1000000313.rn.1 7.62 6.23 2.63 0.0003 0.0137 Sh3pxd2b Coding

TC0900000051.rn.1 10.94 9.42 2.86 0.0003 0.014 fleynoy Unassigned

TC0800002961.rn.1 12.59 13.95 -2.57 0.0003 0.014 koyree Unassigned

TC0400001634.rn.1 15.21 13.21 3.99 0.0003 0.014 LOC500299 Unassigned

TC0200001107.rn.1 6.27 4.87 2.64 0.0003 0.0141 Noct Coding

TC0200005009.rn.1 13.57 10.87 6.51 0.0004 0.0141 Vcam1 Coding

TC2000000707.rn.1 10.68 9.25 2.69 0.0004 0.0141 vudu Unassigned

TC0300002191.rn.1 12.78 11.26 2.88 0.0004 0.0141 Lbp Coding

TC0X00000116.rn.1 15.56 13.85 3.27 0.0004 0.0142 Cybb Coding

TC0200002319.rn.1 13.77 11.4 5.14 0.0004 0.0143 Gbp2 Coding

TC1000001246.rn.1 11.92 10.29 3.09 0.0004 0.0144 Slfn2 Coding

TC1400002373.rn.1 10.9 7.84 8.39 0.0004 0.0144 Ahsa2 Coding

TC1600001051.rn.1 12.37 15.35 -7.86 0.0004 0.0144 Efnb2 Coding

TC1400001494.rn.1 8.43 6.48 3.86 0.0004 0.0146 NonCoding

TC0200005010.rn.1 12 9.25 6.72 0.0004 0.0148 LOC100912479 Coding

TC1400000721.rn.1 10.33 8.58 3.38 0.0004 0.0151 NONMMUG032328 NonCoding

TC1900000145.rn.1 12.11 9.2 7.51 0.0004 0.0153 Hmox1 Coding

TC0100007870.rn.1 11.36 9.17 4.56 0.0004 0.0155 RGD1561154 Pseudogene

TC1000004377.rn.1 5.24 7.48 -4.71 0.0004 0.0156 Arl4d Coding

TC1200001265.rn.1 8.21 6.83 2.6 0.0004 0.0161 LOC685181 Coding

TC0700003544.rn.1 13.25 11.46 3.46 0.0004 0.0162 St13 Coding

TC1500001755.rn.1 6.19 4.51 3.2 0.0004 0.0163 Gzmbl2 Coding

TC0800000140.rn.1 13.95 10.91 8.26 0.0004 0.0164 Chordc1 Coding

TC0600002874.rn.1 5.05 3.68 2.58 0.0004 0.0165 jyva Unassigned

TC1600001054.rn.1 12.57 15.4 -7.11 0.0005 0.0166 NonCoding

TC1000001235.rn.1 12.15 8.86 9.73 0.0005 0.0169 Coding

TC0800000330.rn.1 15.28 13.88 2.64 0.0005 0.017 RGD1562690 Multiple_Complex

TC0400003829.rn.1 12.47 10.32 4.43 0.0005 0.0172 Fkbp4 Coding

TC1000001868.rn.1 8.81 7.06 3.37 0.0005 0.0172 Kcnj2 Coding

TC1300002212.rn.1 8.73 6.64 4.27 0.0005 0.0173 Atf3 Coding

TC0700003275.rn.1 10.77 9.18 3.02 0.0005 0.0173 Sla Coding

TC1200001340.rn.1 10.54 7.82 6.58 0.0005 0.0174 Hspb1 Coding

TC0900000541.rn.1 9.33 7.91 2.68 0.0005 0.0174 IL18RAP; Il18rap Coding

TC0200002731.rn.1 6.57 5.19 2.61 0.0005 0.0177 Naip6 Coding

TC0700001864.rn.1 12.27 13.69 -2.67 0.0005 0.0179 Acvrl1 Coding

TC0X00000749.rn.1 9.32 7.74 2.99 0.0005 0.0182 LOC681325 Coding

TC0100000011.rn.1 8.16 6.71 2.75 0.0005 0.0182 LOC102547056 Coding

TC0300002875.rn.1 12.24 9.77 5.56 0.0005 0.0182 Lcn2 Coding

TC2000000176.rn.1 8.03 4.82 9.24 0.0005 0.0184 Tnf Coding

TC0400001738.rn.1 11.81 10.2 3.04 0.0005 0.0184 Clec4d Coding

TC2000000350.rn.1 7.21 8.75 -2.92 0.0005 0.0185 zeeda Unassigned

TC0100002862.rn.1 8.16 9.76 -3.03 0.0006 0.0195 Cyp2e1 Coding

TC1900001707.rn.1 10.86 9.1 3.39 0.0006 0.0196 uc029sop.1 NonCoding

TC0600001192.rn.1 10.45 8.27 4.54 0.0006 0.0197 Fos Coding

TC1500001989.rn.1 8.5 6.43 4.19 0.0006 0.0197 Slc39a14 Coding

TC0200003481.rn.1 14.27 12.6 3.17 0.0006 0.0198 Fxr1 Coding

TC1500001449.rn.1 11.55 10.07 2.79 0.0006 0.02 Ddhd1 Multiple_Complex

TC1400002173.rn.1 10.58 8.98 3.02 0.0006 0.0201 Ccdc117 Coding

TC0200001045.rn.1 9.23 7.62 3.06 0.0006 0.0201 Hspa4l Coding

TC0300001599.rn.1 14.49 12.38 4.31 0.0006 0.0202 Mir147 Multiple_Complex

TC1200000411.rn.1 13.19 8.91 19.45 0.0006 0.0203 NONMMUG034030 NonCoding

TC0400002231.rn.1 13.97 11.71 4.78 0.0006 0.0204 Fgl2 Coding

TC0600002798.rn.1 12.53 13.92 -2.6 0.0006 0.0204 wertoy Unassigned

TC2000000092.rn.1 7.38 8.98 -3.02 0.0006 0.0209 maboy Unassigned

TC1300000762.rn.1 9.98 8.65 2.53 0.0006 0.021 Arhgap30 Coding

TC0800003316.rn.1 13.9 11.88 4.05 0.0007 0.0211 Alas1 Coding

TC1400001495.rn.1 8.9 7.4 2.82 0.0007 0.0222 Parm1 Coding

TC1400002166.rn.1 5.75 7.27 -2.87 0.0007 0.0223 beykar Unassigned

TC0200000778.rn.1 8.2 6.54 3.14 0.0007 0.0223 Fabp4 Coding

TC1700001978.rn.1 9.9 8.31 3.01 0.0007 0.0224 Idi1 Coding

TC0100004987.rn.1 8.1 6.68 2.69 0.0007 0.0226 Dedd2 Coding

TC0200002732.rn.1 7.36 5.72 3.11 0.0007 0.0226 Naip5 Coding

TC0300003140.rn.1 9.15 7.71 2.7 0.0007 0.0228 Nr4a2 Coding

TC1100000271.rn.1 9.33 6.4 7.63 0.0007 0.0232 deymy Unassigned

TC1100001322.rn.1 6.28 4.32 3.88 0.0007 0.0232 domy Unassigned

TC1300000303.rn.1 13.9 12.07 3.56 0.0008 0.0235 Chi3l1 Coding

TC2_KL567908v1_random00000002.rn.1 11.01 9.39 3.08 0.0008 0.0236 Il7r Coding

TC0200004630.rn.1 12.63 11.2 2.69 0.0008 0.0237 LOC310891 Pseudogene

TC0100006668.rn.1 11.61 13.07 -2.74 0.0008 0.024 Sult1a1 Coding

TC0400002336.rn.1 7.54 9.35 -3.52 0.0008 0.024 sywoy Unassigned

TC0500002840.rn.1 6.29 4.9 2.61 0.0008 0.0241 Coding

TC1900000985.rn.1 8.43 7.07 2.56 0.0008 0.0244 Adgrg1 Coding

TC0300002310.rn.1 10.51 8.38 4.37 0.0008 0.0245 Mmp9 Coding

TC0200004857.rn.1 12.16 10.41 3.37 0.0008 0.0246 Cyr61 Coding

TC0400002843.rn.1 7.77 9.24 -2.76 0.0008 0.0248 Gimap6 Coding

TC0900000078.rn.1 15.27 13.1 4.52 0.0008 0.0249 C3 Coding

TC1800000272.rn.1 10.46 8.5 3.88 0.0009 0.0251 Egr1 Coding

TC1200001034.rn.1 9.47 8.13 2.53 0.0009 0.0255 Flt1 Coding

TC1400001563.rn.1 15.87 14.07 3.48 0.0009 0.0256 LOC689849 Unassigned



262 

 

 

ID S Avg (log2) SS Avg (log2) Fold Change P-val FDR P-val Gene Symbol Group

TC0500001613.rn.1 10.15 8.45 3.24 0.0009 0.026 Fgr Coding

TC0X00002346.rn.1 6.58 4.46 4.33 0.0009 0.0262 Gzmbl1 Coding

TC0900001518.rn.1 6.89 5.21 3.19 0.0009 0.0262 RGD1307182 Coding

TC0500004088.rn.1 7.13 8.69 -2.93 0.0009 0.0263 Slc25a33 Coding

TC1900001050.rn.1 5.75 7.22 -2.77 0.0009 0.0264 Slc6a2 Coding

TC0800001510.rn.1 11.62 13.22 -3.04 0.0009 0.0264 Hyal1 Coding

TC0100002549.rn.1 8.49 7.15 2.53 0.0009 0.0265 LOC499261 Unassigned

TC1000000592.rn.1 13.04 11.04 4.01 0.0009 0.0267 Irf1 Coding

TC1300000070.rn.1 8.85 7.37 2.8 0.001 0.0272 Tnfrsf11a Coding

TC1300001863.rn.1 9.68 11.28 -3.03 0.001 0.0279 snyla Unassigned

TC2000000712.rn.1 7.32 5.03 4.9 0.001 0.0279 Pseudogene

TC1400000649.rn.1 10.06 7.47 6.01 0.001 0.0283 Hspd1-ps4 Pseudogene

TC0600001745.rn.1 9.3 7.85 2.73 0.001 0.0284 Cyp1b1 Coding

TC0400000533.rn.1 8.19 5.98 4.61 0.001 0.0285 dawzy Unassigned

TC0200004444.rn.1 12.11 9.28 7.08 0.001 0.0285 Csf1 Coding

TC1500000835.rn.1 10.11 8.78 2.51 0.001 0.0285 Esd Coding

TC2000001617.rn.1 7.48 5.88 3.04 0.0011 0.0287 NCBI_Gene:100862378 NonCoding

TC1900000992.rn.1 8.76 7.15 3.07 0.0011 0.0289 Cx3cl1 Coding

TC0400003711.rn.1 11.26 8.57 6.47 0.0011 0.0293 Clec4e Coding

TC1400001319.rn.1 12.99 11.48 2.84 0.0011 0.0296 Pkd2 Coding

TC1000000673.rn.1 12.36 10.66 3.25 0.0011 0.0297 LOC24906 Coding

TC0600002717.rn.1 7.15 8.95 -3.48 0.0011 0.0299 swawtor Unassigned

TC0200001435.rn.1 7.33 8.71 -2.6 0.0011 0.0301 Fam198b Coding

TC0200004380.rn.1 7.14 5.74 2.64 0.0011 0.0302 torbley Unassigned

TC2000000007.rn.1 12.02 10.31 3.28 0.0012 0.031 Clic2 Coding

TC0100001055.rn.1 10.17 8.25 3.77 0.0012 0.0312 Ceacam10 Coding

TC0200000513.rn.1 13.61 14.95 -2.53 0.0012 0.0313 Lifr Coding

TC0600001407.rn.1 12.01 8.01 15.92 0.0012 0.0315 Serpina3n Coding

TC0200003226.rn.1 7.54 5.31 4.68 0.0012 0.0316 Car3 Coding

TC0300004230.rn.1 7.89 9.65 -3.39 0.0012 0.0318 Lrrn4 Coding

TSUnmapped00000018.rn.1 9.41 10.78 -2.6 0.0013 0.0321 RT1-DMb Coding

TC1100001839.rn.1 12.78 11.06 3.3 0.0013 0.0324 slamar Unassigned

TC0200003501.rn.1 15.02 13.42 3.02 0.0013 0.0328 LOC100909470 Coding

TC1900000819.rn.1 10.38 8.63 3.37 0.0013 0.0332 LOC678766 Coding

TC1200000297.rn.1 11.72 8.38 10.15 0.0014 0.0337 Zfand2a Coding

TC0900001920.rn.1 12.31 10.97 2.53 0.0014 0.0338 smorpu Unassigned

TC0X00000573.rn.1 5.46 6.88 -2.68 0.0014 0.0342 smoybaw Unassigned

TSUnmapped00000106.rn.1 8.49 7.03 2.74 0.0014 0.0344 Ltb Coding

TC1100000144.rn.1 7.05 8.67 -3.08 0.0014 0.0348 NonCoding

TC0100006114.rn.1 13.47 11.91 2.95 0.0014 0.0348 Serpinh1 Coding

TC1800001402.rn.1 9.82 11.59 -3.41 0.0015 0.0356 Sema6a Coding

TC0400000312.rn.1 6.89 5.13 3.39 0.0015 0.0357 Peg10 Coding

TC0400001066.rn.1 13.45 15.46 -4.03 0.0015 0.0358 Ndnf Coding

TC0200003025.rn.1 7.44 5.43 4.03 0.0015 0.0361 plyshoy Unassigned

TC1200001004.rn.1 10.19 8.21 3.95 0.0015 0.0365 Uspl1 Coding

TSUnmapped00000006.rn.1 7.96 5.34 6.16 0.0016 0.0367 Tnf Coding

TC0100004986.rn.1 8.43 6.33 4.31 0.0016 0.0369 MGI:5011965 NonCoding

TC0200002317.rn.1 12.23 10.39 3.59 0.0016 0.0379 LOC685067 Coding

TC0400000329.rn.1 8.87 10.25 -2.61 0.0017 0.0388 LOC100911953 Coding

TC0300000288.rn.1 6.57 4.86 3.26 0.0017 0.0394 smucho Unassigned

TC2000001389.rn.1 12.84 11.46 2.59 0.0018 0.0401 Pkm; LOC100362738; RGD1561681_predicted; RGD1561179 Multiple_Complex

TC0700002369.rn.1 7.13 5.81 2.5 0.0018 0.0404 uc029raw.1 NonCoding

TC1300000771.rn.1 7.97 5.5 5.57 0.0018 0.0409 Slamf1 Coding

TC0100004594.rn.1 7.15 5.64 2.83 0.0019 0.0411 Has1 Coding

TC0600003484.rn.1 9.26 7.75 2.85 0.0019 0.0416 Jdp2 Coding

TC0600000477.rn.1 16.02 14.66 2.57 0.0019 0.0417 Pdia6 Coding

TC0200001807.rn.1 6.01 7.84 -3.54 0.0019 0.0419 Hmgcs2 Coding

TC0100004633.rn.1 8.49 6.6 3.69 0.0019 0.0419 Lilrc2 Coding

TC1400000346.rn.1 5.91 4.51 2.64 0.002 0.0423 Tecrl Coding

TC0200000746.rn.1 7.46 5.67 3.46 0.002 0.0435 NCBI_Gene:100862241 NonCoding

TC0100005703.rn.1 5.96 7.43 -2.76 0.0021 0.0438 Aldh1a3 Coding

TC0600002442.rn.1 5.88 4.52 2.57 0.0021 0.0439 Gpr33 Coding

TC1000001387.rn.1 12.38 13.83 -2.73 0.0021 0.0442 Tmem100 Coding

TC0200003331.rn.1 9.25 7.16 4.26 0.0021 0.0448 Cyp7b1 Coding

TC0100001544.rn.1 7.81 9.44 -3.1 0.0022 0.0453 Nav2 Coding

TC1700001672.rn.1 12.55 9.71 7.18 0.0022 0.0458 NCBI_Gene:100862286 NonCoding

TC0800000740.rn.1 11.15 9.09 4.16 0.0022 0.0458 Dnaja4 Coding

TC0X00001253.rn.1 13.23 10.96 4.81 0.0022 0.0459 Precursor_microRNA

TC1900001241.rn.1 6.69 8.22 -2.89 0.0022 0.0461 rardee; swartor Unassigned

TC1600000261.rn.1 14.81 13.42 2.62 0.0023 0.0471 Pseudogene

TC0400001153.rn.1 10.5 7.93 5.95 0.0024 0.0481 Coding

TC0300002774.rn.1 12.23 10.8 2.7 0.0024 0.0481 Fcnb Coding

TC1900000300.rn.1 13.02 10 8.11 0.0024 0.0483 Dnajb1 Coding

TC0100003429.rn.1 10.73 9.16 2.97 0.0024 0.0484 Slc1a1 Coding

TC0800001992.rn.1 7.97 6.22 3.35 0.0024 0.0484 smarpoy Unassigned

TC1100001060.rn.1 9.77 8.03 3.34 0.0024 0.0487 MGC95208 Coding

TC0100004860.rn.1 7.41 9.04 -3.09 0.0025 0.0489 werflor Unassigned

TC0100001095.rn.1 9.18 7.66 2.87 0.0025 0.0489 Ceacam10 Coding

TC0100006525.rn.1 7.31 5.29 4.05 0.0025 0.0491 Hspd1-ps5 Coding

TC1300000774.rn.1 8.23 6.86 2.58 0.0026 0.0511 Slamf6 Coding
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ID S Avg (log2) SS Avg (log2) Fold Change P-val FDR P-val Gene Symbol Group

TC0X00000570.rn.1 5.63 7.11 -2.78 0.0027 0.0516 Ar Coding

TC0X00001252.rn.1 6.65 5.32 2.52 0.0027 0.0522 LOC100364608 Multiple_Complex

TC0800003046.rn.1 11.59 10.14 2.72 0.0028 0.0525 Fam46a Coding

TC0100002112.rn.1 10.29 8.93 2.57 0.0029 0.0546 NCBI_Gene:100861604; uc009iln.1 NonCoding

TC0700001020.rn.1 7.71 6.26 2.73 0.0029 0.0546 Dcstamp Coding

TC0300000405.rn.1 9.76 7.77 3.98 0.0029 0.0549 Igkv5-48 Coding

TC1400000893.rn.1 8.74 14.41 -50.94 0.003 0.0551 skako Unassigned

TC0X00000210.rn.1 13.01 11.08 3.79 0.003 0.0552 LOC100361713 Coding

TC1100002054.rn.1 7.58 4.62 7.81 0.0031 0.0564 Tm4sf19 Coding

TC0700001317.rn.1 5.96 7.45 -2.82 0.0031 0.0572 Gpihbp1 Coding

TC0400001168.rn.1 10.32 7.6 6.58 0.0032 0.0578 Coding

TC0100000308.rn.1 9.66 7.9 3.41 0.0032 0.0579 ENSRNOG00000014517 Coding

TC0800003640.rn.1 7.48 5.65 3.56 0.0033 0.0586 NONMMUG044338 NonCoding

TC0200002316.rn.1 11.62 9.02 6.04 0.0033 0.059 Gbp5 Coding

TC0600002716.rn.1 8.75 10.66 -3.75 0.0033 0.0595 NonCoding

TC0200001390.rn.1 11.64 10.21 2.7 0.0034 0.0596 LOC102554716 NonCoding

TC1100001957.rn.1 7.52 5.93 3.02 0.0034 0.0601 B3gnt5 Coding

TC0300001659.rn.1 9.04 7.06 3.94 0.0035 0.061 Dusp2 Coding

TC0800000141.rn.1 8.77 6.95 3.53 0.0035 0.0617 smeepoy Unassigned

TC1000001678.rn.1 3.89 5.28 -2.62 0.0037 0.0631 Cd300lg Coding

TC0400003019.rn.1 9.33 10.85 -2.87 0.0037 0.0631 NONMMUG035551 NonCoding

TC1100001205.rn.1 14.01 15.49 -2.78 0.0037 0.0631 Cyyr1 Coding

TC0500000473.rn.1 12.27 10.4 3.67 0.0037 0.0634 Dnaja1; Mir207 Multiple_Complex

TC0600003507.rn.1 7.91 6.43 2.79 0.0038 0.0642 Itgb8 Coding

TC0X00001557.rn.1 8.27 9.63 -2.58 0.0041 0.0682 skubo Unassigned

TC0100004256.rn.1 6.54 7.92 -2.61 0.0042 0.069 Soga3 Coding

TC0800001853.rn.1 5.81 4.39 2.69 0.0043 0.0692 NONMMUG044341 NonCoding

TC0100002689.rn.1 11.13 8.23 7.44 0.0043 0.0693 Bag3 Coding

TC0400000250.rn.1 9.76 8.07 3.24 0.0043 0.0696 narwoy Unassigned

TC1400000478.rn.1 8.72 6.79 3.82 0.0044 0.0704 Hspd1-ps2 Pseudogene

TC1100001321.rn.1 6.3 4.98 2.51 0.0048 0.0739 dymy Unassigned
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Appendix 3: Full list of DEGs in intestine ischemia and reperfusion injury vs sham_ 

exploratory method 

 

ID IR Avg (log2) SS Avg (log2) Fold Change P-val FDR P-val Gene Symbol Group

TC1300001556.rn.1 10.88 8.79 4.26 2.53E-07 0.0148 Rgs1; Rgs13 Coding

TC1300000500.rn.1 6.77 5.38 2.62 6.92E-07 0.0148 Rgs16 Coding

TC1100001209.rn.1 13.32 11.45 3.64 7.24E-07 0.0148 Adamts1 Coding

TC0300004146.rn.1 13.37 10.74 6.17 1.73E-06 0.0216 Il1a Coding

TC2000000375.rn.1 6.85 5.49 2.55 2.84E-06 0.0216 LOC102550542 NonCoding

TC2000001267.rn.1 12.61 10.34 4.8 3.16E-06 0.0216 Sik1 Coding

TC1300001553.rn.1 11.03 9.63 2.64 3.45E-06 0.0216 Rgs2 Coding

TC1700000924.rn.1 11.03 9.24 3.45 4.47E-06 0.0222 Pfkfb3 Coding

TC1800000528.rn.1 11.99 9.79 4.58 6.49E-06 0.0228 zyfo Unassigned

TC0500004096.rn.1 10.33 8.87 2.75 6.52E-06 0.0228 toywee Unassigned

TC0400001432.rn.1 9.84 7.98 3.63 7.30E-06 0.0228 flazee Unassigned

TC0900001318.rn.1 11.87 9.89 3.97 8.13E-06 0.0243 gypey Unassigned

TC1100001839.rn.1 12.42 11.06 2.58 1.02E-05 0.0252 slamar Unassigned

TC1100002054.rn.1 8.77 4.62 17.83 1.28E-05 0.026 Tm4sf19 Coding

TC0900001522.rn.1 10.96 9.59 2.59 1.36E-05 0.026 lerpa Unassigned

TC0600001993.rn.1 16.47 15.1 2.57 1.80E-05 0.031 Xdh Coding

TC1300001694.rn.1 14.22 12.65 2.97 2.69E-05 0.0347 Soat1 Coding

TC0800003637.rn.1 12.9 11.33 2.98 3.58E-05 0.0357 Ccr1 Coding

TC0500001969.rn.1 14.62 13.07 2.93 3.99E-05 0.0375 Errfi1; ERRFI1 Coding

TC0500002108.rn.1 13.48 8.85 24.78 4.03E-05 0.0375 Pi15 Coding

TC0100006513.rn.1 11.39 9.45 3.85 4.18E-05 0.0384 skogler Unassigned

TC1500002045.rn.1 11.8 9.88 3.76 4.41E-05 0.0392 plerry Unassigned

TC0200000066.rn.1 16.97 15.12 3.59 4.73E-05 0.0402 Arrdc3 Coding

TC0300004778.rn.1 7.16 5.44 3.29 5.14E-05 0.0421 Ocstamp Coding

TC0300004271.rn.1 11.37 9.52 3.62 7.23E-05 0.0477 meeshy Unassigned

TC1800001162.rn.1 11.37 9.52 3.62 7.23E-05 0.0477 gawfy Unassigned

TC0900001952.rn.1 12.82 14.41 -3 7.52E-05 0.0477 Sdpr Coding

TC1300001226.rn.1 10.36 8.54 3.54 7.69E-05 0.0477 rorker; snoypar Unassigned

TC0X00001675.rn.1 10.49 8.28 4.63 7.89E-05 0.0485 Mt1f Multiple_Complex

TC0100004434.rn.1 10.12 8.09 4.08 9.68E-05 0.0525 NonCoding

TC0500002107.rn.1 10.77 7.44 10.06 0.0001 0.0618 bluvar Unassigned

TC1400001504.rn.1 10.91 8.42 5.61 0.0001 0.0611 Cxcl1 Coding

TC0700001020.rn.1 8.62 6.26 5.12 0.0001 0.062 Dcstamp Coding

TC1400001503.rn.1 6.78 4.78 4 0.0001 0.0633 Cxcl2 Coding

TC1900000958.rn.1 10.28 8.63 3.15 0.0001 0.0611 plordar Unassigned

TC0400002229.rn.1 11.1 9.51 3.01 0.0001 0.062 zywor Unassigned

TC2000001617.rn.1 7.21 5.88 2.53 0.0001 0.0611 NCBI_Gene:100862378 NonCoding

TC0200000891.rn.1 10.32 11.8 -2.78 0.0001 0.0635 Tnfsf10 Coding

TC0400000860.rn.1 8.23 10.24 -4.01 0.0001 0.0637 Gimap9 Coding

TC1000003427.rn.1 13.28 9.4 14.71 0.0002 0.0649 Ccl9 Coding

TC0400000061.rn.1 7.76 4.74 8.08 0.0002 0.077 Il6 Coding

TC1500001458.rn.1 10.88 8.94 3.84 0.0002 0.0776 chyju Unassigned

TC0700001074.rn.1 12.78 11.01 3.42 0.0002 0.0776 klarroy Unassigned

TC0600001305.rn.1 10.33 8.7 3.09 0.0002 0.069 Flrt2 Multiple_Complex

TC0100007874.rn.1 14.41 12.88 2.89 0.0002 0.0748 skuklaw Unassigned

TC2000000644.rn.1 9.99 8.51 2.8 0.0002 0.0773 Sowahc Coding

TC0400003033.rn.1 8.52 7.08 2.72 0.0002 0.0755 Il12rb2 Coding

TC0700001411.rn.1 11.32 9.9 2.68 0.0002 0.0782 Csf2rb Coding

TC1000003430.rn.1 11.39 8.72 6.36 0.0003 0.0853 Ccl3 Coding

TC0400001528.rn.1 10.81 9.02 3.44 0.0003 0.0818 choyzer Unassigned

TC0X00000438.rn.1 10.81 9.02 3.44 0.0003 0.0818 barbaw Unassigned

TC0X00000832.rn.1 10.81 9.02 3.44 0.0003 0.0818 lorber Unassigned

TC1100000767.rn.1 10.81 9.02 3.44 0.0003 0.0818 rarmar Unassigned

TC0400001537.rn.1 13.78 12.19 3.01 0.0003 0.0853 Bhlhe40 Coding

TC1200000153.rn.1 8.97 7.39 2.98 0.0003 0.0867 slorlar Unassigned

TC0100001770.rn.1 12.22 10.82 2.63 0.0003 0.0896 fluglo Unassigned

TC1000001880.rn.1 12.22 10.82 2.63 0.0003 0.0896 floyney Unassigned

TC1500001455.rn.1 11.47 10.1 2.58 0.0003 0.0797 joyvaw Unassigned

TC1400001500.rn.1 9.7 6.87 7.11 0.0004 0.1036 Ereg Coding

TC1700001024.rn.1 15.29 12.99 4.92 0.0004 0.0951 Mt1a Coding

TC0400002253.rn.1 11.66 10.03 3.09 0.0004 0.0996 klerwor Unassigned

TC0600002360.rn.1 11.74 10.14 3.02 0.0004 0.1021 pater Unassigned

TC1000002413.rn.1 13.15 11.58 2.97 0.0004 0.1023 germor Unassigned

TC1500001310.rn.1 13.15 11.58 2.97 0.0004 0.1023 warjy Unassigned

TC0700003071.rn.1 11.59 10.08 2.84 0.0004 0.1023 gawser Unassigned

TC0400002078.rn.1 10.27 8.79 2.8 0.0004 0.0977 Far2 Coding

TC0900001728.rn.1 12.91 11.45 2.75 0.0004 0.0977 rerpy Unassigned

TC1700001400.rn.1 10.35 8.93 2.67 0.0004 0.0979 S1pr3 Coding

TC0600000913.rn.1 13.47 12.05 2.67 0.0004 0.1023 jertor Unassigned

TC0800000136.rn.1 13.47 12.05 2.67 0.0004 0.1023 slapoy Unassigned

TC1100000770.rn.1 13.47 12.05 2.67 0.0004 0.1023 plury; samar Unassigned

TC1300001145.rn.1 10.87 9.52 2.56 0.0004 0.0937 klykee Unassigned

TC0100000994.rn.1 7.75 6.41 2.53 0.0004 0.1035 Gpr4 Coding

TC0400001183.rn.1 11.3 9.58 3.27 0.0005 0.1051 NonCoding

TC1600000050.rn.1 11.92 10.42 2.83 0.0005 0.1051 snygar Unassigned

TC0100001904.rn.1 6.38 7.7 -2.51 0.0005 0.1051 Mex3b Coding

TC2000001049.rn.1 13.16 10.72 5.42 0.0006 0.1112 ENSRNOG00000030676 Coding

TC0400001185.rn.1 13.76 11.64 4.35 0.0006 0.1163 sweysey Unassigned

TC0100002096.rn.1 10.95 9.44 2.85 0.0006 0.1176 Lrrc32 Coding

TC0X00000440.rn.1 13.44 12 2.72 0.0006 0.1138 beybaw Unassigned
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TC2000000725.rn.1 13.62 12.21 2.66 0.0006 0.1112 skoklaw Unassigned

TC0100001785.rn.1 13.07 11.69 2.61 0.0006 0.1163 sneychey Unassigned

TC1400000609.rn.1 13.07 11.69 2.61 0.0006 0.1163 stuky Unassigned

TC0200001459.rn.1 14.81 12.8 4.01 0.0007 0.123 Fgg Coding

TC0500002176.rn.1 11.42 10 2.68 0.0007 0.123 NonCoding

TC1900001618.rn.1 10.81 9.08 3.32 0.0008 0.1311 Slc7a5 Coding

TC0200002103.rn.1 14.7 13.2 2.82 0.0008 0.1346 F3 Coding

TC0600000911.rn.1 13.1 11.75 2.54 0.0008 0.1286 jutor Unassigned

TC0600003100.rn.1 7.89 6.56 2.52 0.0008 0.1346 LOC102555837 Coding

TC0200002563.rn.1 11.55 10.22 2.52 0.0008 0.1346 plosher Unassigned

TC1700002061.rn.1 8.25 9.68 -2.69 0.0008 0.1311 Akr1c14 Coding

TC1000001695.rn.1 10.01 11.61 -3.03 0.0008 0.1292 Fzd2 Coding

TC1500001485.rn.1 10.32 8.99 2.51 0.0009 0.1401 Gch1 Coding

TC1800000529.rn.1 13.96 11.76 4.58 0.001 0.144 gerchu Unassigned

TC2000000915.rn.1 13.6 11.89 3.27 0.001 0.1467 stodo Unassigned

TC0800001440.rn.1 12.42 11.04 2.61 0.001 0.1449 kyrey Unassigned

TC1800000716.rn.1 14.18 12.5 3.19 0.0011 0.1496 flawfar Unassigned

TC1800000152.rn.1 10.26 8.93 2.52 0.0011 0.1487 slarfa Unassigned

TC0300004297.rn.1 8.31 9.72 -2.66 0.0011 0.1488 Flrt3 Coding

TC0X00001797.rn.1 12.7 10.83 3.66 0.0012 0.1572 Gk Coding

TC0400001738.rn.1 11.53 10.2 2.5 0.0012 0.1555 Clec4d Coding

TC0200004189.rn.1 9.28 10.83 -2.93 0.0012 0.1558 Selenbp1 Coding

TC0200000778.rn.1 8.4 6.54 3.62 0.0013 0.1653 Fabp4 Coding

TC1900000829.rn.1 15.6 14.14 2.75 0.0013 0.1603 skydor Unassigned

TC0300004269.rn.1 11.75 10.39 2.56 0.0014 0.1674 myshy Unassigned

TC0600000875.rn.1 13.36 11.56 3.48 0.0015 0.1748 smutey Unassigned

TC1800001160.rn.1 13.35 11.58 3.42 0.0015 0.1748 gyfy Unassigned

TC11_KL568024v1_random00000001.rn.1 9.59 8.1 2.81 0.0015 0.1709 Fam43a Coding

TC0900001114.rn.1 12.06 10.62 2.73 0.0015 0.1748 Ackr3 Coding

TC1600000862.rn.1 15.45 13.57 3.67 0.0016 0.1794 LOC100910418 Coding

TC1500001176.rn.1 13.87 12.12 3.37 0.0016 0.1777 klarjer Unassigned

TC0300000017.rn.1 11.89 9.22 6.34 0.0017 0.184 Il1rn Coding

TC1500001195.rn.1 13.89 12.29 3.05 0.0017 0.1897 neeber Unassigned

TC0400002307.rn.1 13.47 11.94 2.88 0.0017 0.1865 duwoy Unassigned

TC1900000889.rn.1 13.69 11.99 3.26 0.0018 0.1908 kardoy Unassigned

TC1300001723.rn.1 13.67 11.62 4.16 0.0019 0.1979 berla Unassigned

TC0900000532.rn.1 10.8 8.97 3.56 0.0019 0.1965 Il1r2 Coding

TC1900000819.rn.1 10.14 8.63 2.84 0.0019 0.1949 LOC678766 Coding

TC1600001909.rn.1 15.51 13.62 3.7 0.002 0.2004 Plat Coding

TC0100002822.rn.1 10.44 9.1 2.53 0.002 0.1994 skyglor Unassigned

TC1800001678.rn.1 12.1 10.22 3.68 0.0021 0.2005 loyfaw Unassigned

TC0200000059.rn.1 13.86 12.32 2.91 0.0021 0.2009 parsher Unassigned

TC1900000830.rn.1 13.17 10.87 4.93 0.0022 0.2081 skudor; spujoy Unassigned

TC0300001470.rn.1 15.2 13.42 3.45 0.0023 0.2105 Thbs1 Coding

TC0300002628.rn.1 12.1 10.57 2.88 0.0023 0.2104 gawchu Unassigned

TC0600001009.rn.1 12.33 13.9 -2.98 0.0023 0.213 Akap5 Coding

TC1600000052.rn.1 13.78 12.31 2.77 0.0024 0.2152 smeygar Unassigned

TC1500000208.rn.1 13.51 11.79 3.29 0.0025 0.2187 zyju Unassigned

TC1300001156.rn.1 12.82 11.23 3.01 0.0025 0.2187 korblaw Unassigned

TC0700002379.rn.1 5.76 4.02 3.34 0.0026 0.225 uc011xjv.1 NonCoding

TC1000000507.rn.1 8.36 6.64 3.31 0.0026 0.225 Gfpt2 Coding

TC0800000809.rn.1 13.15 10.85 4.91 0.0028 0.2292 Sema7a Coding

TC1300001220.rn.1 13.38 11.8 2.98 0.0028 0.2281 peeker; warpey Unassigned

TC1000002411.rn.1 12.26 10.7 2.95 0.0028 0.2267 gumor Unassigned

TC1200000390.rn.1 11.38 9.5 3.68 0.0029 0.2307 Serpine1 Coding

TC0X00001195.rn.1 13.66 11.98 3.2 0.0029 0.2314 zoybey Unassigned

TC1700000659.rn.1 13.45 12.09 2.55 0.0029 0.2307 slyga Unassigned

TC1500000206.rn.1 13.64 12.29 2.54 0.0029 0.2318 weyju Unassigned

TC0100001787.rn.1 13.64 11.99 3.15 0.003 0.2327 kavaw Unassigned

TC0400000265.rn.1 13.99 12.46 2.87 0.003 0.2337 reywoy Unassigned

TC1200000765.rn.1 13.12 11.36 3.4 0.0031 0.237 swarley Unassigned

TC0X00001404.rn.1 12.19 10.63 2.97 0.0031 0.2383 loybu Unassigned

TC0500003987.rn.1 12.74 11.37 2.6 0.0034 0.2433 slawwaw Unassigned

TC1300000651.rn.1 8.25 6.63 3.08 0.0035 0.2461 Selp Coding

TC1100000769.rn.1 13.09 11.54 2.93 0.0035 0.2469 rormar Unassigned

TC1000004327.rn.1 13.08 11.07 4.02 0.0036 0.2493 charpey Unassigned

TC0500003994.rn.1 13.77 12.16 3.06 0.0036 0.2493 smeywaw Unassigned

TC2000000120.rn.1 18.95 17.54 2.67 0.0037 0.2534 Mt1m Coding

TC1400002340.rn.1 7.71 6.38 2.52 0.0038 0.254 dykaw Unassigned

TC0X00000372.rn.1 12.52 11.18 2.52 0.0039 0.2573 blybar Unassigned

TC0200001813.rn.1 12.48 10.77 3.29 0.004 0.2642 smawbler Unassigned

TC0400002004.rn.1 12.28 10.88 2.64 0.004 0.2616 spoyzoy Unassigned

TC1800000151.rn.1 12.28 10.88 2.64 0.004 0.2616 slyfa Unassigned

TC1300001154.rn.1 13.73 12.11 3.08 0.0041 0.2673 lyblaw; skerkee Unassigned

TC0300004270.rn.1 12.35 10.8 2.93 0.0041 0.2658 moshy Unassigned

TC0200004808.rn.1 12.2 10.71 2.81 0.0041 0.2656 garfla Unassigned

TC0400000283.rn.1 14.03 12.71 2.5 0.0042 0.2684 sapar Unassigned

TC1400001419.rn.1 13.52 11.86 3.17 0.0044 0.2751 stawjor Unassigned

TC0600003340.rn.1 12.61 14.53 -3.79 0.0044 0.2751 V-set.28 Coding

TC0400002008.rn.1 13.69 12.25 2.71 0.0045 0.2774 stozoy Unassigned

TC0300000384.rn.1 8.12 11.5 -10.41 0.0045 0.279 V-set.71 Unassigned

TC0100007663.rn.1 13.33 11.99 2.54 0.005 0.2867 NonCoding
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