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All animals undergoing recovery surgery had a brief period of anaesthesia as 

described below.  Once recovered, they were monitored at hourly intervals for signs 

of distress. 
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The rats were anaesthetised in a standard Perspex induction chamber by isoflurane 

(5% + 5 L/min oxygen) as described in section 3.2.1.  Once anaesthetised, the animal 

was transferred onto a heated operating pad.  Anaesthesia was maintained by 

spontaneous nose-cone ventilation of isoflurane (1-3% + 2 L/min oxygen). The 

slowing of respiration and loss of pedal withdrawal relfex were once again used to 

assess the depth of anaesthesia. 
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Analgesia was provided by buprenorphine (0.05 µg/kg, s.c). 
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Once recovered, the animals were returned to their cages and monitored at hourly 

intervals using a structured pro-forma.  
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Signs of distress Grounds for euthanasia 

Not drinking Signs of distress not relieved 30 minutes 

after maximal dose of buprenorphine. 

Not grooming Respiratory distress as evidenced by: 

• Respiratory rate > 120 

breaths/min 

• Inspiratory stridor 

• Expiratory wheeze 

• Indrawing of costal cartilages 

Brown/blackish discharge (porphyrin) 

around the periorbital and nasal regions 

Wound dehiscence 

Not moving Moribund state 

Flinching to touch Uncontrollable haemorrhage 

Piloerection  

Vocalisation  

Increased respiratory rate  

Inappropriate response to sound  
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An established model of pressure controlled shock was used (157).  General 

anaesthesia was induced by isoflurane as described in section 3.2. 
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Mean arterial pressure was monitored using a solid-state 2F pressure transducer 

(Millar Instruments Incorporated, Houston, Texas, USA) placed in the right femoral 

artery as described in section 3.2.4.2.  The left internal jugular was cannulated and 

blood (10-12 ml) withdrawn into a syringe containing 10 units of heparin suspended 

in 0.3 ml of 0.9% normal saline solution to prevent clotting.  The mean arterial 

pressure was reduced to 30 ± 5 mmHg and maintained at this level for 90 minutes by 

withdrawing or reinfusing of the exsanguinated blood (37° C). 
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At the end of the 90-minute haemorrhagic shock period, the exsanguinated blood was 

slowly reinfused and blood pressure returned to within ±10% of the pre-shock 

baseline. 
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Established models of mild caerulein induced acute pancreatitis (CIP) and severe 

taurocholate induced acute pancreatitis (TIP) were used. 
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Acute pancreatitis may be induced by hyperstimulation of the exocrine part of the 

pancreas by injection of scretagogues such as caerulein.  The hyperstimulation leads 

to pancreatic acinar cell autolysis and results in interstitial oedematous acute 

pancreatitis (177). 

 

Mild CIP was induced by four subcutaneous (SC) injections of 20 µg/kg caerulein, a 

cholecystokinin analogue, in a total of 0.8 mL of 0.9% NaCl at hourly intervals (163, 

178).  Analgesia was by buprenorphine (0.05 µg/kg, SC, Temgesic ®, Reckitt and 

Coleman, Hull, England).  Saline controls were treated with 0.9% NaCl (normal 

saline) SC only.  
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An established model of taurocholate induced acute pancreatitis was used (76, 179-

181). Taurocholate causes a rapid increase in the permeability of the epithelial lining 

of the pancreatic duct, thereby allowing free diffusion of pancreatic catabolic enzymes 

into the gland parenchyma and the induction of acute pancreatitis (181).  

 

Under general anaesthetic, the common pancreatic duct was cannulated with a 24 G 

angiocath passed transduodenally into the pancreato-biliary duct through an 

abdominal incision (Figure 3-11).  The rostral part of the animal was raised 60° to the 
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horizontal for 5 min to allow the biliary tree to drain (~ 0.1 mL).  During the last 2 

min of this procedure, the common hepatic bile duct was occluded at the hilum of the 

liver (Biemer atraumatic vascular clip, AESCULAP, Center Valley, PA, USA).  

 

Sodium taurocholate (3% or 4% or 5% w/v in 0.9% NaCl; 0.1 mL/100 g BW; Sigma 

Aldrich Pty Ltd, New South Wales, Australia) was infused at 0.1 mL/min by a 

controlled infusion pump (Genie Precision Pump, Kent Scientific, Torrington, CT, 

USA).  The Biemer clip and angiocath were removed upon completion of the 

infusion, and the common pancreatic duct was ligated to prevent reflux of 

taurocholate into the duodenum. 
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The duodenum and intestines were reflected to the left thus exposing the base of the 

mesentery (Figure 3-12).  The mesenteric lymph duct was then cleared of surface 

peritoneum and fat.   
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Silastic tubing (0.96 mm internal diameter, pre-soaked in 70% (v/v) ethanol, rinsed 

MQ water, 18 M!) was drawn through the right posterolateral abdominal wall using a 

14g angiocatheter.  The mesenteric lymph duct was cannulated with the silastic tube 

and secured in place with a drop of cyanoacrylate tissue glue (Aesculap Inc., Center 

Valley, PA, USA).  The intestines were then returned to their original position and the 
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abdomen closed.  ML was collected directly into sterile ice-cold siliconised 

Eppendorff tubes pre-loaded with protease inhibitors (final: 16.7 µM bestatin, 8.3 µM 

pepstatin and 5mM EGTA; Sigma Aldrich Pty Ltd, Australia).  Eppendorf tubes pre-

loaded with protease inhibitors were used to prevent any ex-vivo protein modification 

of the ML samples.  At the end of the experiment, the ML was centrifuged (1700 g, 4 

°C, 10 min) to remove any cellular material then immediately stored at -80 ºC until 

analysis. 
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Blood was collected by a euthanizing cardiac puncture (4 to 10 mL) using a 21g 

needle and a 10 mL syringe.  It was immediately distributed between Vacutainers 

containing lithium heparin, glutathione disulphate (SSG) and ethylenediamine tetra-

acetic acid (EDTA).  The samples were then centrifuged (3000 rpm at 4° C) for 15 

minutes.  The supernatant was then aliquoted evenly into 1.5 mL Eppendorf tubes and 

stored at -80° C until further analysis. 
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The pancreas and spleen were mobilised by dividing the gastric, hepatic, renal and 

colonic adhesions.  The duodenum was divided at the pylorus and the duodenal-

jejunal flexure, eanbling removal of the whole pancreas.  The duodenum was then 

excised from the head of the pancreas and all but a remnant of the spleen was excised 

from the tail.  The pancreas was then fixed in 10% neutral buffered formalin (NBF).  

The harvested specimens were kept in 10% NBF for 48 hours, washed in 50% ethanol 

and then put into 70% ethanol for long-term storage. 
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A 5 cm piece of duodenum and jejunum were harvested.  These were opened along 

the anti-mesenteric border and washed in normal saline, with care taken not to 

damage the mucosa.  The samples were fixed in 10% NBF for 48 hours, washed in 

50% ethanol and then put into 70% ethanol for long-term storage. 
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The tissues studied were: pancreas (tail and head separately), duodenum, mid-

jejunum, lung (left lower lobe), heart (left ventricular endomyocardium), left kidney, 

and liver (left lobe).  All tissues with the exception of the left ventricular 

endomyocardium, were cut into small pieces (~2 mm2), quickly blotted dry, weighed 

and placed into ice-cold respiration assay media (0.5 mM EGTA, 3 mM MgCl2, 60 

mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 110 mM sucrose and 1 mg/mL 

BSA in 20 mM HEPES, pH 7.1 at 30 ºC) containing one Complete™ protease 

inhibitor tablet (Roche, Basel, Switzerland) per 30 mL and 20 mg/mL fatty acid free 

BSA.  These tissues were homogenized immediately prior to assay.  The 

permeabilised left ventricular endomyocardial fibers were prepared according to a 

published methodology (182).  Approximately 25 mg was placed into a droplet of ice-

cold high energy relaxing solution (10 mM EGTA-Ca2EGTA buffer [free Ca2+ 

concentration 0.1 µM], 9.5 mM MgCl2, 3 mM KH2PO4, 20 mM taurine, 5 mM ATP, 

15 mM creatine phosphate, 49 mM K+ MES, 29 mM imidazole-HCl, pH 7.1) and 

dissected into fiber bundles of ~0.5 x 1 mm.  The dissected fiber bundles were 

transferred into 1 mL of fresh high energy relaxing solution plus 50 µg saponin and 

gently stirred for 30 min at 4 ºC for permeablisation.  They were then washed three 

times in ice-cold respiration medium to remove the saponin and adenine nucleotides.  

Fiber bundles were then weighed after removing adherent liquid by blotting on lint-

free lens tissue.  
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Urine was collected at the end of the experimental protocol.  The laparotomy incision 

was extended in a caudal direction.  The bladder was identified and urine aspirated 

using a 23g needle and a 5 mL syringe.  The urine was then centrifuged (3000 rpm at 

4° C) for 15 minutes.  The supernatant was then aliquoted evenly into 1.5 mL 

Eppendorf tubes and stored at -80° C until further analysis. 
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The pH, bicarbonate, haematocrit, glucose, base excess, anion gap, ionised calcium, 

sodium, potassium and lactate from heparinized whole blood were measured using a 

Chiron 865 blood gas analyser (Chiron Diagnostics, MA, USA).   

 

Bilirubin, urea, creatinine, albumin, amylase, lipase, and liver function tests (GGT, 

ALP, AST, ALT) were measured on a COBAS MIRA analyser (Roche, Basel, 

Switzerland) using commercial reagent sets (Pointe Scientific, Michigan, USA) and in 

accordance with the manufacturer’s instructions.  Briefly, bilirubin was quantified by 

the diazo dye colorimetric method whereby it produces azobilirubin in the presence of 

dimethylsulfoxide; urea was measured by a decrease in absorbance by the urease 

method; creatinine reacts with picric acid in alkaline conditions to form a colour 

complex and the rate of formation of colour is proportional to the creatinine in the 

sample; amylase was measured spectrophotometrically by reaction with 2-chloro-p-

nitrophenol linked with maltose; lipase by using colorimetric measurement of the rate 

of formation of a quinone dye and finally albumin by its binding to bromocresol 

green. 

 

The following three assays were performed on a Synchron CX5 (Beckman Coulter, 

CA, USA).  Uric acid was measured using a timed endpoint method (183).  Briefly, 

uric acid was oxidized by uricase to produce allantoin and hydrogen peroxide.  The 

hydrogen peroxide reacts with 4-aminoantipyrine (4-AAP) and 3, 5-dichloro-2-

hydroxybenzene sulfonate (DCHBS) in a reaction catalysed by peroxidase to produce 

a coloured product.  The change in absorbance at 520 nm was directly proportional to 

the concentration of uric acid in the sample. 
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Ascorbic acid was also measured by published methods (184, 185).  Briefly, the 

addition of ferric ions caused a conversion of ascorbate to dehydroascorbate with a 

concomitant reduction of the metal to its ferrous state.  These ferrous ions complexed 

with ferrozine and the absorbance of the coloured complex was read at 560 nm. 

 

Plasma protein carbonyls were mesued as a marker of oxidative stress using published 

methodology (186). Briefly, plasma samples were derivatised with 

dinitrophenylhydrazine (DNP), added to high binding ELISA microtitre plates and 

reacted with anti-DNP, using the BioCell Corporation PC kit (BioCell Corporation 

Ltd, Manukau, New Zealand).  Results are compared with a standard curve for HOCl-

modified albumin. 

 

Thiobarbituric acid reactive substances (TBARS) were also measured as markers of 

oxidative stress using a published methodology (187).  Briefly, 100 µL of sample was 

reacted with thiobarbituric acid at 99oC for 10 minutes and absorbance recorded at 

532nm which was normalized to protein.   
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A Total Antioxidant Capacity (TAC) assay was adapted to the Synchron CX5 

analyser using a published ‘modified ABTS.+’ method (188).  Reduced ABTS (2, 2’-

azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) is colourless and can be oxidized to 

a characteristic blue-green ABTS+.  In this method, the reduced ABTS is oxidized 

using hydrogen peroxide in acidic medium.  When diluted with a stronger acetate 

solution, the colour is slowly bleached.  Antioxidants present in the sample accelerate 

the bleaching rate to a degree proportional to their concentration.  This reaction was 

monitored spectrophotometrically and the bleaching rate is inversely related to the 

TAC of the sample. The method was calibrated against Trolox, and the TAC of the 
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experimental samples was expressed as ‘mmol Trolox equivalents / L’.  The TAC of 

the sample was then normalized to protein content. 
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A detailed description of the cyclic voltammetry (CyV) methodology is given in 

section 4.2.5 (page 77).  Briefly, CyV was conducted using the Bioanalytical Systems 

100A electrochemical analyser (BAS, West Lafayette, USA ).  An Ag/AgCl reference 

electrode was used along with a platinum counter electrode.  The working electrode 

was a 3mm glassy-carbon disk electrode, which was cleaned between each 

measurement run by a standardised polishing regimen using 3 µg alumina powder 

(BAS polishing kit, PK-1).  The potential of the working electrode was scanned 

linearly and the anodic current was recorded.  The scan parameters were: -100 mV to 

1200 mV; scan rate of 100 mV/sec.  Each serum sample (diluted 4x in PBS, 

phosphate buffered saline, pH 7.4, final vol: 1 ml) was pH checked to confirm it lay 

between pH 7.4 to 7.8 (micro-pH meter, Shindengen Electric Manufacturing 

Company. Ltd, U.K.).  CyV measurements were performed in a low-volume, 

temperature controlled (37º C) glass-cell purged with nitrogen.  A blank “PBS buffer 

only” CyV measurement was made and then 3 repeat runs were performed on each 

diluted serum sample.  The background PBS voltagram was subtracted from the 

corresponding sample voltagrams to obtain the final curves for analysis. 
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All samples were assesed by a blinded histopathologist (Prof. B. Delahunt) on 5 µm 

thick longitudinal paraffin sections using haematoxylin and eosin stain. 
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The severity of acute pancreatiits was assessed using a standardised scoring system 

(Table 3-2, below) (189).  An assessment was made of the extent of pancreatic 

histological oedema, haemorrhage, inflammation, leukocyte infiltration, fat necrosis 

and acinar necrosis.  A score was assigned for each of these features in multiple areas 

(head and tail regions) and summated.  The summated score was then used to 

compared the severity of acute pancreatitis between different animals. 
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Feature Score Extent 

Pancreatic oedema 0 Absent 

 0.5 Focal expansion of interlobular space 

 1 Diffuse expansion of interlobular space 

 1.5 Same as 1 + focal expansion of interlobular septae 

 2 Same as 1 + diffuse expansion of interlobular septae 

 2.5 Same as 2 + focal expansion of interacinar septae 

 3 Same as 2 + diffuse expansion of interacinar septae 

 3.5 Same as 3 + focal expansion of intercellular spaces 
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Feature Score Extent 

 4 
Same as 3 + diffuse expansion of intercellular 

spaces 

Acinar necrosis 0 Absent 

/ high power field 

(HPF) 
0.5  Focal occurrence of 1 – 4 necrotic cell  

 1 Diffuse occurrence of 1 – 4 ncrotic cells  

 1.5 Same as 1 + focal occurance of 5 – 10 necrotic cells  

 2 Diffuse occurrence of 5 – 10 necrotic cells 

 2.5 Same as 2+focal occurrence of 11–16 necrotic cells 

 3 Diffuse occurrence of 11 – 16 necrotic cells 

 3.5 Same as 3 + focual occurrence of > 16 necrotic cells  

 4 > 16 necrotic cells (extensive confluent necrosis) 

Haemorrhage 0 Absent 

 0.5 1 focus 

 1 2 foci 

 1.5 3 foci 

 2 4 foci 

 2.5 5 foci 

 3 6 foci 

 3.5 7 foci 

 4 
! 8 foci 
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Feature Score Extent 

Fat necrosis 0 Absent 

 0.5 1 focus 

 1 2 foci 

 1.5 3 foci 

 2 4 foci 

 2.5 5 foci 

 3 6 foci 

 3.5 7 foci 

 4 ! 8 foci 

Inflammation 0 0 – 1 intralobular or perivascular leukocytes  

/ HPF 0.5 2 – 5 intralobular or perivascular leukocytes  

 1 6 – 10 intralobular or perivascular leukocytes 

 1.5 11 – 15 intralobular or perivascular leukocytes 

 2 16 – 20 intralobular or perivascular leukocytes 

 2.5 21 – 25 intralobular or perivascular leukocytes 

 3 26 – 30 intralobular or perivascular leukocytes 

 3.5 > 30 intralobular or perivascular leukocytes  

 4 > 35 intralobular or perivascular leukocytes 

Footnote: HPF refers to high power field (0.93 m3 at x400 magnification) 
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The small intestine specimens were scored on a six point scale (0 = normal to 5 = 

severe) for mucosal injury, inflammation and haemorrhage for a total score out of 15 

(Table 3-3, below) (190). 
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Feature Score Extent 

Mucosal injury 0 Normal 

 1 Subepithelial space at villus tip 

 2 Moderate lifting of epithelium 

 3 Severe lifting of epithelium 

 4 Denuding of villi with exposed lamina propria 

 5 Disintegration of lamina propria with ulceration 

Inflammation 0 Normal 

 1 Focal increase in lamina propria 

 2 Diffuse increase in lamina propria 

 3 Focal subendothelial collections 

 4 Diffuse subendothelial collections 

 5 Massive collections 

Haemorrhage 0 Normal 

 1 Dilated capillaries in lamina propria 

 2 Focal haemorrhage in lamina propria 
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Feature Score Extent 

 3 Diffuse haemorrhage in lamina propria 

 4 Subendothelial haemorrhage 

 5 Massive haemorrhage 
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A detailed description of the proteomic methodology along with the rationale behind 

depleting the major abundant proteins in ML is provided in the relevant chapters 

(Chapter 6 and 7).   
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IgY immuno-depletion protocols differed for the different studies and are outlined in 

the relevant chapters (Chapter 6, Chapter 7 and Chapter 8). 
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The LC-MS/MS protocols differed for the different studies and are outlined in the 

relevant chapters (Chapter 6, Chapter 7 and Chapter 8).  Mr. M. Middleditch provided 

technical assistance in running the Qstar mass-spectrometer. 
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ProteinPilot (version 1.0 Applied Biosystems) (191) was used to search the MS/MS 

data against the IPI Rat database v3.27 with the following search parameters: Cys 

alkylation – Iodoacetamide; Digestion – Trypsin; Instrument – QSTAR ESI; Search 

Effort - Rapid.  The data were also searched against the above database using Mascot 

2.0.5 software (Matrix Science, London, UK), and a similar set of protein hits 

obtained (data not shown).  Proteins that were identified as potentially hypothetical by 

the IPI Rat database v3.27 (http://www.ebi.ac.uk/IPI/IPIhelp.html) search were then 

subjected to a NCBI BLASTP search against the ‘UniProt Clusters 100%’ database. 
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A search of the IPI Rat database v3.27 with the reversed amino acid sequence of each 

entry was carried out to determine the minimum required ProteinPilot score for the 

proteins that would yield an overall confidence > 97%.  Protein matches were 

considered valid if their ProteinPilot scores were equal to or above the minimum 

required score for each run. 
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Protein abundance was calculated from the peptide summary data generated by 

ProteinPilot.  Strict criteria were applied when calculating the protein abundance from 

peptide data – peptides identified as belonging to more than one protein were 

eliminated, and any spectra below the confidence threshold set by ProteinPilot were 

also eliminated.  The remaining peak areas were log-transformed and for each sample, 

average log peak areas were calculated from the spectra within each reporter region 

for every identified protein.  Differences in relative abundance were calculated as 

differences in log peak areas  and reported as fold differences between the two.   
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The statistical analysis was carried out by Dr. K. Ruggiero (biostatistician) using the 

LIMMA package v2.9.17  in the R software v2.6.1 (R Development Core Team, 

2007)  (192).  The analysis for differential expression was performed on a protein-by-

protein basis using a linear model which included run, label and treatment effects.  A 

moderated t-statistic, in which the standard errors were moderated across proteins 

using a Bayesian model, was used for the significance analysis (193).  P-values were 

adjusted for multiple testing using Benjamini and Hochberg’s false discovery rate 

setting the expected proportion of false discoveries to 5% (194).  Both the unmodified 

p value < 0.05 and adjusted p value < 0.01 are listed for proteins with significant 

differences between the two experimental groups. 
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With the help of Gaggle (195), an open-source Java software environment, proteins 

were classified by their molecular function and also by biological pathways using the 

freely available gene ontology provided by the GO Consortium (196).  An 

interactome displaying protein-protein interactions was also created for these proteins 

using a publicly available network visualization system called Osprey (197, 198).  

More detail is presented about the bioinformatics methodology in the relevant 

chapters (Chapter 6, Chapter 7 and Chapter 8). 
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High-resolution respirometry with a substrate inhibitor protocol that permitted rapid 

analysis of ETS function and integrity in tissue homogenates as well as permeabilised 

cardiac fibers was used (182, 199).  Tissue homogenates were used in preference to 

isolated mitochondria because these provided a means for rapid simultaneous 

processing of the several tissues for measurement of tissue-specific mitochondrial 

respirational flux rate.  Homogenates were also considered superior to mitochondrial 

isolation in this experimental setting as they sum the entire mitochondrial population 

present in tissue samples. This approach avoids the processing delays of enriched 
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organelle preparations as well as the risk of any potential confounding bias that can 

result if swollen, more fragile and/or damaged mitochondrial subpopulations are lost 

through the processing steps required for pure mitochondrial isolation (199-201).  

 

Mitochondrial respiration was measured in parallel 2-mL chambers using an 

OROBOROS® Oxygraph 2K (Anton Paar, Graz, Austria, Figure 3-17).  The 

respiratory measurements were performed with the technical assistance of Dr. A. 

Hickey at 30 ºC and the oxygen concentration at air saturation of the medium was 215 

nmol O2 per mL at 95 kPa barometric pressure (202).  For pancreatic and intestinal 

tissues, an additional 10 mg/mL of fatty acid-free bovine serum albumin was added to 

the respiration medium.   
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A standard protocol was used for all tissues and started with the addition of: (in mM 

unless stated) 10 glutamate and 5 malate (glutamate-malate state 2 respiration, GM2); 

followed by 1.25 ADP (glutamate-malate state 3 respiration, GM3); 5 succinate 

(glutamate-malate-succinate state 3 respiration, GMS3), two to three additions of 0.5 
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µM carbonyl cyanide p-(trifluoro-methoxy) phenyl-hydrazone (FCCP) (uncoupled 

respiration, GMSuc); 1 µM rotenone (GMSucr); 1 µM oligomycin, 1 µM antimycin 

A, 5 µM N'-tetramethyl-p-phenylendiamine (TMPD) with 0.5 ascorbate, and finally 5 

µM cytochrome c (CCOc).  The addition of the metabolic inhibitors rotenone and 

antimycin provided an indication of non-specific oxidation.  Figure 3-18 illustrates a 

typical tracing of mitochondrial respiratory flux obtained during a single 

representative experiment. 

 

Total protein concentrations were determined for pancreas, intestine, liver, kidney and 

lung samples using Biuret reagent with bovine serum albumin as standard and the 

respiration medium as blank.  Flux rates were determined using DatLab 4 Analysis 

Software (OROBOROS®
, Austria) and reported as weight-specific oxygen flux (pmol 

O2/mg protein/second) for all tissues except the heart, which was reported as pmol 

O2/mg wet weight/second. 
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Three emerging concepts in the pathophysiology of acute pancreatitis were 

highlighted in section 2.4: the need for bedside measurement of patient antioxidant 

status, disease conditioned mesenteric lymph and mitochondrial dysfunction.  These 

three concepts provide the rationale for the experimental studies which are described 

in this thesis. 

 

The next two chapters (Chapters 4 & 5) investigate the use of cyclic voltammetry to 

measure the changes in serum redox status during acute pancreatitis and systemic 

shock. 
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Accumulating evidence suggests that oxidative stress, resulting from an imbalance 

between the concentrations of pro-oxidants and the antioxidant defences, is important 

in the pathophysiology of critically ill patients (77-82).  Just like other critical illness, 

severe acute pancreatitis is characterized by increased oxidative stress (92, 93, 96) and 

disturbances in the antioxidant status (95, 168).  Patients with severe acute 

pancreatitis often require prolonged intensive care support (3, 10, 203).  However, the 

measurement of oxidative stress in clinical settings continues to pose a significant 

challenge, and oxidative stress is therefore often assessed indirectly by measuring 

changes in ‘total antioxidant capacity’ or alternatively, in the ‘antioxidant status’ of a 

subject (79). 
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The ‘total antioxidant capacity’ of a sample is its ability to inhibit the transformation 

of a selected substrate by an in-vitro generated free radical (79).  These methods 

include the ABST.+ (2,2’-azinobis-3-ethylbenzothiazoline-6-sulfonic acid) radical 

cation (188); Total Radical-trapping Antioxidant Parameter (TRAP); Ferric Reducing 

Ability Assay (FRAP); Oxygen Radical Absorbance Capacity (ORAC); and Trolox 

Equivalent Antioxidant Capacity (TEAC) assays (204, 205).  However such 

techniques each use a variety of artificial radicals (different to those found in-vivo), 

and thus they can interact with complex biological mixtures in diverse ways (79).  It is 

therefore not surprising that these measures of total antioxidant capacity often 

disagree with each other (204, 205).    
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‘Antioxidant status’ is assessed by the measurement of various individual antioxidant 

concentrations, such as various enzymes (superoxide dismutase, catalase, peroxidase) 

or non-enzymatic antioxidants (vitamin C, vitamin E, glutathione, total thiol).  The 

challenge in complex biological mixtures is first identifying the relevant specific 

antioxidant(s) and then the requirement of conducting several often complex assays to 

measure their individual concentrations (79, 206).   

 

Both approaches mentioned have limited clinical utility because they can take several 

hours to perform (207) and require access to a well equipped laboratory and 

experienced staff.  Thus, a simple, 'real time' and point-of-care measure of relevant 

anti-oxidant status might enable clinicians to better understand the significance of 

changes in this parameter in various disease states.  
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Cyclic voltammetry (CyV) is a simple and rapid electrochemical technique that 

measures the antioxidant status of a solution by progressively scanning the voltage of 

a working electrode while recording the anodic current produced with respect to a 

reference electrode (208-211).  The current is generated as the antioxidants in the 

solution are oxidized on the working electrode surface and its magnitude corresponds 

to their concentration (210-212). 

 

In the physiological milieu, CyV is proposed to be a sensitive measure of important 

low molecular weight antioxidants (LMWAs) (213, 214), which act by either directly 

neutralizing reactive oxygen species, or indirectly through chelation of redox active 

transition metals (210).  The biological LMWAs are heterogeneous and include 

compounds such as glutathione, NADH and carnosine that are each synthesised by 

cells; bilirubin and uric acid (UA) considered by-products of cellular metabolism; and 

tocopherols, polyphenols and ascorbic acid (AA) derived from the diet (210). 
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To date, CyV has found its main application in a number of fields outside of 

medicine, such as the food industry, where it has been used to test the antioxidant 

status of edible plants, tea and wine (210, 215, 216).  Recently, the antioxidant status 

of various rodent tissue extracts (serum, brain, liver, skin, jejunal and colonic mucosa) 

have been measured by CyV after exposing them to experimental oxidative stress 

(212, 217, 218).  There have also been some pilot clinical studies that have used CyV 

in the setting of diabetes (210), cancer (219), irradiation (210), and renal dialysis 

(220).  To our knowledge, the utility of cyclic voltammetry to measure the antioxidant 

status of a common severe systemic inflammatory disease such as acute pancreatitis 

has not yet been reported. 
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The aim of this rodent study was to determine whether the antioxidant status of serum 

as measured by CyV could resolve differences in the severity of an inflammatory 

disease such as acute pancreatitis.  
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The study was approved by the University of Auckland Animal Ethics Committee.  

The animals were housed and handled as described in section 3.1 (page 37). 
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Forty-eight inbred male Wistar rats (426 ± 4 g; mean ± SEM), fed a standard Harlan 

Teklad 2018 rodent diet (Madison, WI, USA) were studied.  Group 1 (n = 14) were 

baseline reference that had no surgical intervention other than anaesthesia followed by 

immediate euthanasia; Group 2 (sham, n = 9) had identical surgical procedures to the 
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pancreatitis groups.  Groups 3 (n = 9), 4 (n = 10) and 5 (n = 6) had acute pancreatitis 

induced by the pancreatic intraductal infusion of 3 %, 4 % or 5 % (w / v) sodium 

taurocholate (Sigma Aldrich Pty Ltd, Australia, PN 861960) respectively.  All animals 

used in this study survived the full duration of the protocol.  Groups 2 - 5 were 

euthanased after 12 hours.  
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Taurocholate induced pancreatitis was induced as described in section 3.4.2.2 (page 

51).  The dose of taurocholate infused varied from 3% (w / v) for mild acute 

pancreatitis to 5% for severe acute pancreatitis.  Animals were recovered as described 

in section 3.3.3 (page 49). 
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Blood was collected by a euthanising cardiac puncture as described in section 3.5.2, 

and biochemistry was performed as described in section 3.6.1. 

 

Pancreas was harvested for histology as described in section 3.5.3.1, and acute 

pancreatitis severity was assessed as described in section 3.6.3.1.   
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Cyclic voltammetry was performed using a three-electrode system to record the 

current produced as the potential of the working electrode was scanned in a linear 

fashion (Figure 4-1, page 78) (212).   
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Low molecular weight antioxidants with similar oxidation potentials group together 

under peaks located at similar voltages and sum to form common current maxima.  

Figure 4-2 (page 79) shows a typical voltagram obtained during our study.  From 

work by others, the voltagram of serum is known to be composed of two major peaks, 

reflecting two different groups of LMWAs (210-214, 221, 222).  In serum, some of 

the known major constituents of the first peak (CVi1) reportedly include UA and AA 

(210).  The second peak (CVi2) is thought to include thicotic acid, a co-factor for 

alpha-keto dehydrogenases as well as a range of other physiological antioxidants 

(222) including NADPH and melatonin (218).  The magnitude of the respective peaks 

is proportional to the concentration of the LMWAs. 
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Centrifuged serum samples (1700 g, 4 °C, 10 min) underwent CyV measurements 

performed with the operator blinded to sample group identity, using a Bioanalytical 

Systems 100A electrochemical analyser (BAS, West Lafayette, USA).  An Ag/AgCl 

reference electrode was used along with a platinum counter electrode.  The working 

electrode was a 3mm glassy-carbon disk electrode, which was cleaned between each 

measurement run by a standardised polishing regimen (3 µg alumina powder).  The 

potential of the working electrode was scanned linearly and the anodic current was 

recorded, with scan parameters: -100 mV to 1200 mV; scan rate of 100 mV/sec.  Each 

serum sample (diluted 4x in PBS, phosphate buffered saline, pH 7.4, final vol: 1 ml) 

was checked to confirm it lay between pH 7.4 to 7.8 (micro-pH meter, Shindengen 

Electric Manufacturing Company. Ltd, U.K.).  CyV peak magnitudes were initially 

shown to be directly proportional to serial dilution over this working range.  CyV 

measurements were performed in a low-volume, temperature controlled (37º C) glass-

cell, purged with nitrogen (Figure 4-3, page 80).  A blank “PBS buffer only” CyV 

measurement was made and then 3 repeat runs were performed on each diluted serum 

sample.  The background PBS voltagram was subtracted from the corresponding 

sample voltagrams to obtain the final curves for analysis. 
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Total protein content of each serum sample was measured using the Bicinchoninic 

Acid (BCA) protein assay (223) (Sigma).  The respective voltagram peak maxima 

(CVi1 and CVi2) were identified by the BAS software (version 2.31, BAS) and then 

normalised to protein content. The final value was the average of the 3 normalised 

CyV runs for each individual sample. The total area under the whole voltagram curve 

for each run was also calculated (BAS software) then normalized for protein and 

averaged as above. 

 

In addition, reference CVi1 standard concentration curves were independently 

generated for uric acid (Sigma) and ascorbic acid (Sigma) between 25 µmol/L - 450 

µmol/L and 2.5 µmol/L - 80 µmol/L respectively.  The previous biochemically 

assayed serum concentration values of these two common circulating LMWAs (UA, 

AA, as above) were then used to calculate their respective CVi1 magnitudes by 

comparison with standard curves.  This gave a derived estimate for the theoretical 

maximum contribution from each of these components to the serum CVi1 observed in 

the experimental samples. 
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Statistical analysis was carried out using GraphPad Prism ™ version 4.00 for 

Macintosh (GraphPad Software, San Diego, California USA).  Experimental groups 

were initially compared with the Kruskal-Wallis test.  The Mann-Whitney U test with 

Bonferroni correction was used for the post hoc comparisons within the pancreatitis 

and sham groups.  Spearman rank correlation tests and linear regression were 

performed as appropriate.  A p-value < 0.05 was accepted as significant for all 

comparisons. 
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The taurocholate model produced acute pancreatitis with the expected elevation in 

amylase and lipase as well as histological evidence of damage to the pancreatic tissue 

(Table 4-1, page 85).  The rats with confirmed acute pancreatitis in the three different 
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taurocholate dosage groups displayed a spectrum of increasing pancreatitis severity 

suitable for this study (Table 4-1, page 85).  The diagnostic and physiological markers 

of systemic disease severity correlated well with the histological severity (Table 4-2, 

page 86). 
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The current maxima of the first cyclic voltammetric peak (CVi1) were significantly 

different between some of the experimental groups (Kruskal-Wallis, p = 0.003, Figure 

4-5).  This was not the case for the second peak maxima (CVi2, p = 0.288).  
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There was a significant positive correlation between the CVi1 and histological severity 

(Spearman r = 0.51, p = 0.007, Figure 4-6) as well as with a number of other markers 

of physiological severity (Table 4-2, page 86) notably bicarbonate (r = -0.57, p = 

0.002), base excess (r = -0.65, p <0.001), urea (r = 0.68, p < 0.001) and calcium (r = -

0.60, p = 0.008).   
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The relationship between CVi1 and a selection of known circulating low molecular 

weight anti-oxidants was then explored (224) (Table 4-3).  There was a significant 

positive correlation between uric acid (UA) and CVi1 (Spearman r = 0.65, p < 0.001, 

Table 4-3), and UA was significantly different between the groups (Kruskal-Wallis, p 

< 0.001, Table 4-1).  There was a significant negative correlation between ascorbic 

acid (AA) and CVi1 (r = -0.52, p = 0.006, Table 4-3), and AA was also significantly 

different between the various experimental groups (p < 0.001, Table 4-1).  Bilirubin 

had a positive correlation with CVi1 (r = 0.64, p < 0.001, Table 4-3) and was 

significantly different between the groups (p < 0.001, Table 4-1).  The correlation 

between albumin and CVi1 was marginally significant (r = -0.43, p = 0.053, Table 

4-3); albumin differed significantly across all the experimental groups (p = 0.03) but 

did not differ across the pancreatitis groups. 
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The ABST.+ Total Antioxidant Capacity (TAC) was not significantly different within 

or between the pancreatitis and sham groups, and there were no significant 

correlations for TAC with any of the markers of acute pancreatitis severity (Table 

4-2).  In addition, neither CVi1 (Spearman r = -0.21, p = 0.296), CVi2 (r = -0.23, p = 

0.258) nor the total area under the voltagram (r = - 0.08, p = 0.754) were correlated 

with TAC. 
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The CVi1 standard curves for increasing concentration of UA (linear regression; y = 

0.0325x + 0.1324, r2 = 0.996, s.e. =  0.0008) and AA (y = 0.0215x + 0.2126, r2 = 

0.972, s.e. = 0.0018) were respectively generated (Figure 4-7).   
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Based on these standard curves, the theoretical maximum percentage contribution of 

the measured circulating UA and AA concentrations to the CVi1 observed in our 

experimental groups was calculated.  UA was estimated to contribute up to 57 ± 12 

%, (mean, SEM) to CVi1 for the 3 % TC group, 42 ± 4 % for the 4 % TC group and 
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48 ± 4 % for the 5 % TC group (Figure 4-8).  These percentage differences were not 

significantly different between the experimental groups (Kruskal-Wallis, p = 0.624).  

The AA CVi1 contribution was estimated at 19 ± 4 % for the 3 % TC group, 8 ± 1 % 

to the 4 % TC group and 7 ± 1 % to the 5 % TC group; this changed significantly 

between the experimental groups (Kruskal-Wallis, p = 0.003; Mann-Whitney U with 

Bonferroni correction p < 0.008 for sham vs. 4%; Figure 4-8).  The decrease in AA 

levels between 3% TC Vs. 4% TC was borderline significant (Mann-Whitney U with 

Bonferroni correction, p = 0.012 for 3% TC vs. 4% TC, Figure 4-8).  This finding 

indicates that “other”, currently unidentified oxidisable species in the serum provided 

the remainder of the CVi1. Their collective contribution to the current magnitude 

showed a significant increase across the experimental groups (Kruskal-Wallis, p = 

0.026, Figure 4-8).  There was a trend toward an increase in their contribution to CVi1 

as the severity of the disease increased (Mann-Whitney U, p = 0.012 for Sham vs. 4% 

TC and p = 0.024 for 3% TC vs. 4% TC, Figure 4-8). 
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Here, it was observed that the current maxima of the first peak of a cyclic voltagram 

(CVi1) were correlated with increasing pancreatic injury, as determined by histology, 

as well as several other markers of systemic disease severity.  CVi1 also correlated 

with a variety of other recognised antioxidants that changed in this disease.  UA was 

found to be a major component of CVi1, but its percentage contribution did not 

change with disease severity.  CVi2 maxima had no comparable resolving value in the 

current study. 

 

CVi1 had a significant positive correlation with several indicators of increasing 

systemic disease severity.  This phenomenon of increasing antioxidant capacity 

during an acute inflammatory state has been documented by recent studies (225-228).  

Chuang et al. have demonstrated that in patients with severe sepsis, paradoxically 

increased antioxidant capacity (TRAP-based) and UA levels were observed, and these 

correlated positively with APACHE II scores and worse prognosis (228).  Rodent 

studies of bowel ischaemia-reperfusion injury showed a similar rise in the total 

antioxidant capacity, UA and AA levels (226, 227).  This may reflect a physiological 

compensatory effect of the body to the rising oxidative stress.  It will therefore be 

interesting in the future to investigate changes in CVi1 over time in this model. 
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It was of particular note that CVi1 was superior at indicating the severity of the 

disease compared to a standard method of total antioxidant capacity measurement 

(ABST.+- based TAC assay).  The failure of an ABST.+ based TAC assay to resolve 

these severity differences may be due to its greater reliance on the non-LMWAs such 

as albumin and SH groups in other proteins (188, 228).  It is possible that for TAC, 
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the contribution of these other antioxidants overshadowed the disease-specific 

changes in the LMWAs that conversely were readily detectable by CyV at this 

relatively early phase of the disease process. The failure of TAC to be informative in 

this model is also supported by Mantovani et al., who compared the total antioxidant 

status measured by an ABST.+ assay with CyV in advanced cancer patients and found 

no correlation between the two (219).  Finally, the disparity may also be attributable 

to differences between the redox behaviour of an antioxidant interacting at a physical 

‘electrode’ (CyV) compared to its behaviour in ‘solution’, such as when reacting with 

the ABST.+ radical.  Thus, the two approaches may measure different phenomena 

(229).  
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CVi1 correlated well with the concentrations of circulating LMWAs such as UA, AA 

and bilirubin.  The level of AA decreased as the global severity of the disease 

increased, and thus AA had a negative correlation with CVi1.  The decline in 

circulating ascorbic acid with increasing severity of acute pancreatitis is consistent 

with the literature (95, 168).  Interestingly, despite increasing UA levels with global 

disease severity, the percentage contribution of UA to CVi1 did not change 

significantly.  Instead, as disease severity increased, ‘other’ undefined oxidisable 

substances in the serum, which contributed to CVi1, become increasingly important.  

The promising and unexplored prognostic utility of CVi1, UA and AA concentrations 

in acute pancreatitis and similar disease settings now awaits detailed clinical 

investigation. 
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This study had some acknowledged limitations.  It would have been preferable to 

monitor the evolution of the disease severity over time within animals by repeated 

sampling.  In this case, the modest circulating blood volume of the rat and its further 

attenuation by the inflammatory process did not make this a practical option.  

Lipophilic LMWAs (lipolic acid, alpha-tocopherol, beta-carotene) were not 
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specifically investigated here but have been shown by others to decrease during acute 

pancreatitis (230).  CyV can evaluate the contribution of lipophilic LMWAs by using 

various different solvent extraction procedures (214, 231), and would be well suited to 

investigation in longitudinal human studies.  Finally, the direct quantification of 

reactive oxygen species, markers of oxidative damage and specific activity of 

enzymatic antioxidants will enable their correlation with CVi1 to further characterise 

the relevance of the CyV methodology. 
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Biochemical measures of antioxidant capacity frequently need dedicated laboratory 

services and are thus generally unavailable to clinicians in the critical care setting.  

Conversely, CyV is a very simple procedure to perform.  CVi1, in experimental 

pancreatitis, showed significant correlations with histological and systemic indices of 

severity (amylase, lipase, calcium, pH, base excess, urea).  
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Hypovolaemia and systemic shock can accompany severe AP (section 2.1.1, page 22). 

Systemic shock followed by resuscitation during critical illness can be viewed as a 

form of total body ischaemia-reperfusion injury with the organs undergoing an initial 

ischaemic insult during the hypotensive phase followed by a burst of reactive oxygen 

species (ROS) production during the resuscitation or reperfusion phase (232, 233). 

ROS such as superoxide anion, hydroxyl radical and hydroperoxide can cause direct 

cellular toxicity by damaging proteins, nucleic acids and lipid membranes (73).  ROS 

also cause microcirculatory disturbances (74), activate neutrophils and serve as 

second messengers in the activation of pro-inflammatory genes, including cytokines 

(73, 75).   These events lead to an exaggerated immune response and can contribute to 

the development of multiple organ dysfunction syndrome (MODS).   

 

The reduction of ROS production during shock and resuscitation has been shown to 

reduce the incidence of MODS in critically ill patients (233-235).  Over the years, 

several successful methods of reducing ROS production have been trialed both in the 

experimental and in the clinical setting, and these include xanthine oxidase inhibition 

(236, 237), ROS scavengers (236), antioxidant supplements (238-240) and 

hypoxaemic resuscitation (233).  ROS are labile, and the ability to measure the redox 

status of a patient at the bedside during the emergent management of shock remains a 

significant challenge (74, 241).  Bedside measurement of a patient’s redox status 

would enable clinicians to better assess the efficacy of these various ROS reducing 

interventions and administer early redox goal directed therapy. 
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As discussed in Chapter 4 (section 4.1.1, page 74), several investigators have 

evaluated the systemic redox status of critically ill patients by using surrogate markers 

of oxidative stress.  However such techniques are not real time and require access to a 

laboratory with experienced staff (207), and the results are often discordant between 

methods (204, 205).    

 

Chapter 4 investigated the use of cyclic voltammetry (CyV) to measure changes in the 

serum redox status during a acute pancreatitis at 12 hours from disease onset (76).  

The management of systemic shock continues to pose a significant clinical challenge, 

and the utility of measuring changes to the redox status induced by shock using CyV 

remains unexplored.  Also, the ability of CyV to respond to changes in physiology 

due to an acute disease process over time remains to be investigated. 
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The aims of these studies were to: 

1. To investigate the ability of CyV in measuring the changes in redox status of 

serum conditioned by systemic shock. 

2. To compare CyV in systemic shock and AP.  

3. To describe the response of CyV over time in a resolving model of AP.  
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Two separate studies using three disease models were approved by the University of 

Auckland Animal Ethics Committee.  The animals were housed and handled as 

described in section 3.1 (page 37). 
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Taurocholate induced pancreatitis was induced as described in section 3.4.2.2.  The 

dose of taurocholate infused was 4% (w / v).  Animals were kept anaesthetised, blood 

pressure was maintained (mean arterial blood pressure > 80 mmHg) by the infusion of 

normal saline (2 ml / hour) for the duration of the experiment, and animals were 

euthanased 150 minutes from the induction of acute pancreatitis. 
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The pressure controlled shock model (CS) as described in section 3.4.1 was used.  

After 90 minutes of controlled systemic hypotension to a mean arterial pressure 

(MAP) of 30 ± 5 mmHg, the animals were resuscitated to a MAP of within ±10% of 

the pre-shock baseline.  Animals were euthanased 150 minutes from the induction of 

CS. 
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Mild acute pancreatitis was induced using 3% TC as described above for the acute 

pancreatitis study.  Rats were then recovered after the taurocholate induction surgery, 

and received post-operative analgesia as per the same protocol described in section 

3.3.2. Terminal tissues and blood were collected from the timed cohorts for sham 

control at 6 h and acute pancreatitis at 6 h or at 24 h respectively. 
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In the first study looking at the acute effects of AP and CS on CyV, twenty-four 

inbred male Wistar rats (458 ± 3 g; mean ± SEM) were studied.  Group 1 (control, n = 

8) had identical surgical procedures for the same duration (150 min) to that of the 

acute pancreatitis and haemorrhagic shock groups.  Group 2 (acute pancreatitis, AP, n 

= 8) had 150 minutes of non-hypotensive acute pancreatitis.  Group 3 (controlled 

shock, CS, n = 8) had 90 minutes of controlled hypotension followed by resuscitation 

for a further 60 minutes (total intervention time 150 min).  In each case, rats were fed 

ad libitum a standard Harlan Teklad 2018 rodent diet (Madison, WI, USA), and the 

surgery commenced at the same time each day (0900). 

 

In the second study looking at the response of CyV to physiological recovery from 

established AP over time, twenty-eight inbred male Wistar rats (465 ± 6 g; mean ± 

SEM) were studied. Group 4 (n = 9) served as sham control at 6 hours post 

laparotomy, Group 5 (n = 11) had 6 hours of mild AP, and Group 6 (n = 8) had 24 

hours of mild AP. 

 

F8>87 ;))+4)$+0&$E1)*'5'C4$$
!

Blood was collected by a euthanising cardiac puncture as described in section 3.5.2, 

and biochemistry was performed as described in section 3.6.1. 

 

Pancreas and intestine were harvested for histology as described in section 3.5.3, and 

acute pancreatitis severity was assessed as described in section 3.6.3.1.   
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Cyclic voltammetry was performed using a three-electrode system as described in 

section 4.2.5.  Sample voltagrams from the acute study are shown in Figure 5-1. 
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Statistical analysis was carried out using GraphPad Prism ™ version 4.00 for 

Macintosh (GraphPad Software, San Diego, California USA).  The Mann-Whitney U 

test was used for the individual planned comparisons of the different experimental to 

control groups in the acute experiment. For the recovery study where multiple 

comparisons were undertaken, a Krusskal Wallis test with Mann-Whitney U and 

adjusted Bonferroni correction were undertaken (242).  Spearman rank correlation 

tests and linear regression were performed as appropriate.  A p-value < 0.05 was 

accepted as significant for all comparisons.  
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As expected, several biochemical parameters consistent with renal and hepatic 

hypotensive injury were significantly increased in the CS group compared to control 

e.g. serum creatinine (mean ± SEM, 71 ± 7 vs. 42 ± 3 µmol/L, p < 0.001), urea (12.3 

± 0.4 vs. 10.5 ± 0.4 mmol/L, p = 0.005), AST (241 ± 39 vs. 101 ± 15 U/L, p = 0.008) 

and ALT (81 ± 11 vs. 46 ± 5 U/L, p = 0.01) (Table 5-1).  Hypotension-induced injury 

to the small intestine was confirmed with higher histological injury scores in the CS 

group compared to controls (3.8 ± 0.9 vs. 0.3 ± 0.2, p < 0.001).  Doubling of the 

plasma protein carbonyls, indicating global oxidative stress was seen in the CS group 

vs. control (Table 5-1).  Serum TBARS were significantly increased in the CS group 

vs. control (Table 5-1).  There was also a significant increase in the UA concentration 

CS vs. control groups (95 ± 12 vs. 59 ± 2, p = 0.002, Table 5-1). 
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The taurocholate model produced acute pancreatitis with the expected elevation in 

serum amylase (Table 5-1; control, 2053 ± 81 vs. AP, 3829 ± 302; p < 0.01) and 

serum lipase (Table 5-1; control, 310 ± 61 vs. AP, 4377 ± 1088; p < 0.01).  The 

histology of the pancreas confirmed severe acute pancreatitis (Table 5-1).  There was 

no significant difference between serum UA or protein carbonyls in AP vs. control 

groups (Table 5-1).  However, serum TBARS were significantly increased in the AP 

group vs. control (p = 0.030, Table 5-1). 
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The pancreas histology score was significantly different to the sham control group at 

both sample time points but was not significantly different between the 6 h and 24 h 

AP groups (Table 5-2) indicating that the histological lesion occurred early and did 

not change over time.  However, as expected, the animals showed significant 

physiological improvement over time.  There was a significant improvement in the 

pH, bicarbonate, base excess, serum creatinine and uric acid levels from 6 h to 24 h; 

so that in most cases, the variables had returned to baseline control levels (Table 5-2). 

The halving of the plasma protein carbonyl levels over 24 h reflected a reduction in 

the oxidative stress and improvement in the redox status as the animals recovered 

from the effects of AP and its induction surgery (Table 5-2). 
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The current maxima of the first cyclic voltammetric peak (CVi1) were significantly 

different between AP vs. control groups (p = 0.04, Figure 5-2) and between CS vs. 

control groups (p = 0.001, Figure 5-2).  CVi1 was also significantly correlated with 

plasma PC (Spearman r = 0.61, p = 0.002), serum TBARS (Spearman r = 0.59, p = 

0.005) and serum UA (Spearman r = 0.45, p = 0.03).  
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In the recovery model, CyV reflected the physiological improvement observed over 

time (Table 5-2) with CVi1 reducing significantly over time to baseline sham levels 

within a 24h period (Figure 5-3). Here, CVi1 was significantly correlated with 

decreasing PC (Spearman r = 0.64, p = 0.042) as the animals recovered. 
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The current maxima of the second cyclic voltammetric peak (CVi2) were not 

significantly different between AP vs. control groups in either the acute or chronic 

recovery AP experimental models.  However, CVi2 was significantly higher for CS 

vs. control group (p = 0.004, Figure 5-4) pointing to a different pattern of response in 

the CyV signal between the two disease states. The effect of shock was to introduce a 

detectable change in CVi2  that was not evident in the acute pancreatitis model without 

hypotension.  Overall, CVi2 was found significantly correlated with plasma protein 

carbonyls (Spearman r = 0.65, p < 0.001) but not with serum TBARS (Spearman r = -

0.049, p = 0.84). 
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In the acute study, CyV peaks were also found to be correlated with serum urea (CVi1 

Spearman r = 0.45, p = 0.03; CVi2 r = 0.53, p = 0.009), creatinine (CVi1 r = 0.47, p = 

0.029; CVi2 r = 0.60, p = 0.003), and ALT (CVi1 r = 0.47, p = 0.029; CVi2 r = 0.60, p 

= 0.003). 

 

In the resolving AP study, there was also a correlation between CVi1 and uric acid (r 

= 0.53, p = 0.006), creatinine (r = 0.49, p = 0.011), urea ( r = 0.66, p < 0.001), pH (r = 

-0.54, p = 0.003) and base excess (r = -0.59, p = 0.001). 
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This study provides the first report of the changes in redox status of serum in 

experimental CS as measured by CyV.  We found that both the first (CVi1) and 

second (CVi2) cyclic voltammetric peaks increased significantly in CS compared to 

control rats.  In contrast to CS, in the AP group only CVi1 showed a significant 

increase compared to control, and this single peak response is in keeping with our 

previous report in Chapter 4 (76).  Although both the diseases showed changes in the 

first peak, CS exhibited almost twice the change in current magnitude of CVi1 to that 

of AP.  Thus taken together this data shows that overall the CyV pattern of response is 

different in AP compared to CS.  We further examined the change in CVi1 over a 

longer duration, by investigating rats that were recovering from mild AP.  The CVi1 

correlated with the physiological improvement and reduced oxidative stress occurring 

over time in this recovery AP model.  

 

In contrast to CyV, which resolved acute differences between control vs. AP and 

control vs. CS groups, the protein carbonyls (measure of oxidative damage to 

proteins) were unable to differentiate between the AP and control groups.  This 

greater sensitivity of CyV to oxidative stress status is consistent with previous reports 

that CyV was better than total antioxidant capacity (ABTS.+ based method) in the AP 

model (76, 219).  TBARS, that measure damage to lipids showed a pattern of 

response that behaved like CyV, being found significantly higher in each of the AP 

and CS groups vs. control.  However, TBARS were not significantly different 

between AP and CS groups.  The interesting additional observation was that unlike 

the two individual biochemical assays, CyV was actually able to distinguish a unique 

pattern of response between the two disease states (i.e. single voltage peak response in 

AP vs. a two voltage peak response in CS).   
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Cyclic voltammetric changes over the whole acute dataset also showed informative 

correlations with the more conventional markers of oxidative damage.  Both CVi1 and 

CVi2 correlated positively with plasma protein carbonyls. However, only CVi1 was 

significantly correlated with TBARS.  This is perhaps because the CyV peaks reflect 

the current level of oxidative stress, while PC and TBARS measure the end damage 

caused by the oxidative stress to proteins and lipids respectively.  Thus these various 

methodologies measure complementary but nonetheless different markers of the 

imbalance occurring between pro-oxidant and antioxidant species. 

 

CyV can be thought of as akin to methods such as infrared spectroscopy which 

summate the contributions from individual serum proteins to produce a differing 

pattern of infrared spectra in health and disease (243).  CyV has the ability to 

summate the contributions from individual redox active substances in serum to 

generate a differing pattern of voltammetric peak changes for the milder organ 

specific oxidative stress (AP) where only CVi1 changed compared with severe global 

oxidative stress (CS) where both CVi1 and CVi2 peaks increased.  

 

One of the aims of the current study was to determine if CyV might be useful in 

following changes in the redox status over time.  Since it is difficult and impractical to 

sustain hypotensive shock in an anaesthetised rat model for any substantial length of 

time, a resolving AP model was utilised to follow CyV changes in a disease process 

over a period of time.  This was to mimic the clinical situation of following a severe 

illness through its recovery phase. A separate cohort of resolving AP of differing 

disease duration was used to avoid the potential confounding risks of repeated blood 

sampling within the same animal. The biochemical results from the resolving AP 

model confirmed an underlying improvement in the physiological markers of severity 

and plasma protein carbonyls, findings that are in keeping with the gradual recovery 

anticipated in this model.  Cyclic voltammetry (CVi1) also responded by changing 

with the improvements in the physiology of the animals during their recovery from 
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acute pancreatitis.  Thus this study demonstrates that, in principle, CyV can be used to 

monitor changes in physiology and redox status over time.  

 

Resuscitation protocols with early identification of high-risk patients and the use of 

resuscitation endpoints to guide early goal directed therapies have been shown to 

reduce mortality and morbidity (244).  A recent review (244) has identified relevant 

resuscitation endpoints in systemic shock and divided these into two broad categories: 

endpoints relating to cardiac function (e.g. heart rate, blood pressure, preload, 

afterload, contractility) and endpoints relating to end-organ microcirculation (e.g 

global oxygen delivery, base deficit, lactate, gastric tonometry, sublingual 

capnography).  It is of note that missing from this list are redox related resuscitation 

endpoints looking at the production of ROS and improving the redox status of the 

patient. This is surprising because there is now a lot of evidence to suggest that the 

reduction of ROS production during shock and resuscitation reduces the incidence of 

MODS in trauma patients (233-235).  This omission of redox related resuscitation 

endpoints may be due to a lack of readily available measurements of the redox status 

in patients during the acute management of shock.  The availability of a bedside 

measure of the patient’s redox potential would not only allow for early goal-directed 

therapy aimed at improving the patient’s redox status, but would also encourage 

research into alternate treatment strategies aimed at reducing ROS production during 

resuscitation from shock.  

 

The current study has taken the first steps toward showing that CyV can measure the 

serum redox status in shock and AP.  The redox status measured by CyV was 

correlated with two biochemical markers of oxidative stress (PC and TBARS).  CyV 

has several known advantages over existing measures of serum redox status.  These 

include that no special sample preparation is required and this allows the possibility of 

rapid screening of several samples (210).   As a global marker of redox status, it does 

not require labour or laboratory intensive characterization of the antioxidant activity 

of each component contributing to the voltagram peaks.  Further, it was shown that 

changes in disease status over time can also be detected.  On the basis of this initial 
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experience, CyV appears to have the potential to provide clinicians with a real-time, 

bedside measure of a patient’s redox status.  
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As already discussed in section 4.4.4, lipophilic LMWAs (lipolic acid, alpha-

tocopherol, beta-carotene) were not specifically investigated here but have been 

shown by others to decrease during acute pancreatitis (230).  CyV can evaluate the 

contribution of lipophilic LMWAs by using various different solvent extraction 

procedures (214, 231), and would be well suited to investigation in longitudinal 

human studies due to the availability of larger volumes of serum.   
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In conclusion, CyV proved to be a simple and rapid measurement methodology to 

perform. In the current study, the two current peaks (CVi1 and CVi2) were 

significantly increased in CS compared to controls.  Other results from AP suggest 

that changes in redox status over time can also be assessed by this method.  Further 

laboratory studies are now required to evaluate the ability of CyV in providing real-

time redox measurements during disease evolution via implanted perfusion catheters 

(section 10.1.2.1, page 222).  Clinical studies will also be needed to investigate the 

utility of the redox status measured by CyV as a potential endpoint in goal directed 

therapy in AP and systemic shock.  
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Chapters 4 & 5 successfully investigated the use of cyclic voltammetry  to measure the 

changes in serum redox status during acute pancreatitis and systemic shock. 

 

The focus now changes to the second of the three emerging concepts in the 

pathophysiology of AP highlighted in section 2.4: disease conditioned mesenteric 

lymph. Chapter 6 provides the first description of the proteome of normal mesenteric 

lymph while Chapters 7 and 8 describe the proteomic changes that occur in 

mesenteric lymph conditioned by acute pancreatitis and systemic shock respectively. 
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Mesenteric lymph vessels were first described in the 4th century BC in the writings of 

the Alexandrian school (169), and investigations into the anatomy of mesenteric 

lymphatics have subsequently progressed slowly over the centuries (169, 245).  

Investigations into the composition of mesenteric lymph (ML), however, only began 

in the first half of the twentieth century with a series of experiments studying the 

cellular and biochemical compostion of thoracic duct lymph (246, 247).  It is now 

recognized that the functional role of mesenteric lymph in maintaining fluid 

homeostasis by returning interstitial fluid to the systemic circulation, as well as the 

transportation of macromolecules, lipids, water insoluble compunds and cells all 

influence its composition (169, 248).  
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Mesenteric lymph drains into the thoracic lymph duct, and in the anaesthetized or 

resting condition ML is the major contributor to thoracic duct lymph (169).  Thoracic 

duct lymph is technically easier to divert and sample.  Therefore, a number of 

published studies investigating the composition of thoracic duct lymph are also 

relevant to understanding the composition of ML (169). 

 

The composition of ML can be divided into its four main constituent classes: 

electrolytes, lipids, proteins and cells.  These are discussed below. 
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The electrolyte composition of thoracic duct lymph has been reported to be very 

similar to that of plasma (249).  The total cations (sodium, potassium, calcium and 

magnesium) were slightly lower and anions (chloride and bicarbonate) slightly higher 

in lymph than in plasma (249, 250).  These differences in ion concentration are 

explained by the lower protein concentration in lymph compared with plasma and 

governed by the Gibbs-Donnan equilibrium (250).  Urea and creatinine concentration 

in lymph is similar to that in plasma (247). 
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The composition of ML has been studied mostly in relation to fat absorption.  As 

expected, the lipid composition of ML varies widely based on the amount, type and 

timing of fat ingestion (169, 248).  Once absorbed across the intestinal mucosa, free 

fatty acids and monoglycerides are re-esterified into triglycerides (251).  Triglycerides 

(86%) then combine with phospholipds (8%), cholesterol (1%), cholesterol esters 

(3%), and protein (2%) to form chylomicrons which are transported in ML (169).  

Chylomicros contain several types of apolipoproteins including apo-AI, II and IV, 

apo-B48, apo-CI, II and II, apo-E and apo-H.  Typically, ML contains 10-20 times 

greater triglyceride than blood (169) while the cholesterol content of blood is greater 

than ML (249). 
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The protein concentration of ML has been reported to be roughly half that of plasma 

(247).  Early studies in the first half of the twentieth century employed relatively 

simple proteomic techniques and commented only on broad differences between ML 

and blood.  For example, using liquid chromatography and absorption spectroscopy, it 

was reported that the macro-molecular peak was significantly higher in ML compared 

with plasma which may represent an increased amount of immunoglobulin in ML 
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(250).  In the 1980s, with advancement in proteomic methodology, investigators were 

able to identify specific target proteins present in lymph and plasma.  For example, 

studies conducted by Lindena et al. examined the protein content of thoracic duct 

lymph by using specific protein assays and identified 10 proteins (lactate 

dehydrogenase, malate dehydrogenase, aspartate aminotransferase, alanine 

aminotransferase, creatine kinase, choline esterase, alkaline phosphatase, leucine 

arylamidase, aldolase and phosphohexose isomerase) (252, 253).   

 

Over the last decade, the increased availability of mass spectrometry has greatly 

enhanced the possibility of conducting large-scale protein profiling studies (254).  In 

2004, Leak et al. compared the protein composition of ovine thoracic duct lymph to 

plasma using two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) 

coupled with mass spectrometry and surface-enhanced laser desorption/ionization-

time of flight-mass spectrometry (SELDI-TOF-MS) (255).  They reported that like 

plasma, the major abundant proteins identified in ovine thoracic duct lymph were 

albumin, fibrinogen !- and "-chains, immunoglobulin G (IgG) heavy chain, 

serotransferrin precursor, lactoferrin, and apolipoprotein A-1.  In total, they identified 

50 proteins in ovine thoracic duct lymph of which two (fibrillary astrocyte acidic 

protein and neutrophil cytosol factor-1) were only found in  thoracic duct lymph. 

 

To date, there is no comprehensive description of the proteome of mesenteric lymph. 
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Mesenteric lymph contains lymphocytes as well as non-lymphoid cells such as veiled 

(dendritic) cells (169).  The lymphocytes consist of CD2+ cells (mainly CD8+ and 

CD4+), immunoglobulin positive (IgM and IgA) cells and unstimulated lymphocytes 

(null cells). Gut associated lymphoid tissue is the most important source of 

lymphocytes present in ML, and there is a 95% reduction in thoracic duct 

lymphocytes following enterectomy (256).  In comparison to blood, thoracic duct 
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lymph is reported to contain roughly the same proportion of B lymphocytes (14.5% 

vs. 11.9%) and CD8+ cells (23% vs. 25.2%) but proportionally more (59.6% vs. 

40.3%,) CD4+ cells (257). 
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As discussed in section 2.2, several recent rodent studies in models of shock have 

demonstrated that disease-conditioned mesenteric lymph can contribute to the 

pathogenesis of MODS.  It is now thought that biologically active factors produced by 

the intestine during critical illness and transported by the aqueous and protein fraction 

of ML (161) contribute more than translocated bacteria to distant organ failure (149, 

150).   

 

Our group recently reported that mesenteric lymph from intestine undergoing an 

isolated ischaemia-reperfusion injury mediates an increase in pancreatitis severity 

(11).  Division (158) or ligation (159) of the main rodent mesenteric lymph duct or 

diversion of the thoracic duct (154) has been shown to protect against MODS in a 

hypovolaemic shock model.  The observation that post-shock portal vein blood does 

not elicit toxic effects on neutrophils or endothelial cells while disease conditioned 

ML does strengthens the argument that ML rather than portal vein blood may be an 

important link between the intestine and distant organ dysfunction (258).   

 

This evidence suggests a mediating role for ML in critical illness.  It is therefore 

surprising that despite the growing interest in ML, its proteome has not been defined 

in the normal (fasting and fed) or disease states (169, 259-261).   The proteome of 

normal ML needs to be defined prior to investigating changes in various disease 

states. 
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The aims of this study were two fold: 

1. Develop and establish the immunodepletion and iTRAQ LC-MS/MS (liquid 

chromatography–tandem mass spectrometry) protocols in our laboratory. 

2. Provide the first comprehensive description of the proteome of normal rodent ML 

in the fasted and fed states using isobaric tags (iTRAQ™) for relative protein 

quantitation (262) together with LC-MS/MS identification of the component 

proteins. 
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The study was approved by the University of Auckland Animal Ethics Committee.  

The animals were housed and handled as described in section 3.1. 
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Group 1 (fasted, n = 4) were fasted with ad libitum access to tap water for 24 hours 

prior to the laparotomy for collection of ML.  Group 2 (fed, n = 4) were allowed ad 

libitum access to food (standard rodent chow, Teklad 2018, Madison , WI, USA) and 

water until immediately prior to the same procedure.  In each case the surgery 

commenced at the same time each day (0900). 
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ML was collected as described in section 3.5.1.  In order to have enough sample 

volume for the protein depletion steps and proteomic analysis, ML from two of the 

four rats in the fed group was pooled to give MLFED1 and the remaining two fed rats to 

give MLFED2.  The MLFASTED1 sample was similarly derived by combining the lymph 

from two of the fasted rats and MLFASTED2 from the remaining two fasted rats.   
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The masking of many lower abundance proteins by the few highly abundant proteins 

continues to be a challenge in proteomics (263).  Depletion of these highly abundant 

proteins is a necessary step in being able to penetrate deeper into the proteome and 

identify proteins of medium to low abundance (263-267). 

 

In this study, the 12 expected major abundant proteins of ML were depleted using 

ProteomeLab IgY-12 affinity spin columns (Beckman Coulter, California, USA) in 

accordance with manufacturer’s instructions.  These spin columns are based on avian-

generated antibodies bound to inert beads and have been shown to deplete 95 – 99.5% 

of albumin, IgG, fibrinogen, transferrin, IgA, IgM, apo A-I, apo A-II, haptoglobin, 

!1-antitrypsin, anti-!1-acid glycoprotein and anti-!2-macroglobulin (263, 268).   

 

In order to establish the effectiveness of ProteomeLab IgY-12 affinity spin columns in 

depleting ML, the optimal number of depletion cylces required, and the ideal amount 

of protein loading, four sample depletion protocols (R1-4) outlined in Table 6-1 (page 

116) were employed.  In R1 the samples were not depleted, while in R2 the samples 

underwent one depletion cycle, and in R3 the samples underwent two depletion 

cycles.  Samples in R4 also underwent two depletion cycles but had more protein 

loaded onto the IgY-12 columns at the beginning of the protocol.  The effectiveness 
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of these differing protocols in improving the protein identification rate is discussed in 

section 6.3.2 (page 121).  Each of the four samples (MLFED1, MLFED2, MLFASTED1, 

MLFASTED2) was individually depleted using these four depletion protocols.  

 

Protein measurement was carried out using the EZQ protein assay (Molecular Probes, 

Eugene, Oregon, USA).  The depleted samples were concentrated by ultrafiltration 

using Vivaspin 4 concentrators with a 5kDa polyethersulfone filter (Sartorius AG, 

Goettingen, Germany).    
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Run Depletion cycles 
Protein loaded on IgY-12 

columns 
Number of LC salt-steps 

R1 0 Not applicable / Non-depleted 4 

R2 1 500 µg 4 

R3 2 800 µg 20 

R4 2 1200 µg 20 

!00-80-&:' ^=' 27.-)2-&C2' %&C%&2&8-2' -,&' 8$4@&%' 09' 9%7/-"087-"08' 2-&C2' -,&' 274C.&2' $81&%B&8-' 08' -,&' ."f$"1'
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The ML samples underwent LC-MS/MS based proteomics both with and without 

IgY-immunodepletion.  Samples (50 µg protein) underwent reduction (incubation 

with 10 mM DTT at 56°C for one hour) and alkylation (incubation with 20mM 

iodoacetamide at pH 8.0 in the dark for one hour).  Protein was then digested by 

incubation with 1 µL trypsin (Promega, Madison, Wisconsin, USA) at 1 mg/mL and 

incubated at 37°C overnight. Trypsin digestion breaks peptide bonds immediately 

after the lysine (K) and arginine (R) residues and resulting in the formation of a free 

N-terminus (–NH2 group) at the start of each newly created peptide. 

 

The peptides were then desalted on 10 mg Oasis SPE cartridges (Waters Corporation, 

Massachusetts, USA), eluted with 70 % acetonitrile and completely dried using a 

speed vacuum concentrator (Thermo Savant, Holbrook, NY, USA). 
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The iTRAQTM (isobaric Tags for Relative and Absolute Quantitation) labeling system 

is a multiplexed set of isobaric tags used to label amine-derivatized peptides, and has 

previously been evaluated and validated as a method of tracking relative 

concentrations of proteins in four different samples by our group (269) and others  

(262).  The isobaric tags comprise three components:  a reporter ion group, a balance 

group and a peptide reactive group.  The original 4-plex set of iTRAQTM labels 

(Applied Biosystems) consisted of four labels with reporter group masses of 114 – 

117 Da (270).   
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After protein digestion by trypsin, each protein digest was independently labeled with 

one of the four iTRAQTM labels.  Dried protein digests were reconstituted with 30 µL 

of dissolution buffer from the iTRAQ™ Reagent Multi-Plex Kit (Applied 

Biosystems, Foster City, CA, USA) and labelled with iTRAQ™ reagents according to 

the manufacturer’s instructions. 
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Labelled material from the four sample groups (MLFED1, MLFED2, MLFASTED1, 

MLFASTED2) was then combined, acidified by addition of 10% (v/v) formic acid, 

concentrated to approximately 200 µL, and then diluted to 2ml with 0.1% formic acid. 

This sample was desalted as above, the eluate then concentrated to 100µL, and finally 

diluted to 270µL with 0.1% (v/v) formic acid. 

 

Samples were then fractionated on-line on a BioSCX II 0.3 x 35 mm column (Agilent 

Technologies, Santa Clara, CA, USA).  Run1 (R1) and Run2 (R2) used four KCl salt-

steps (40,60,100,200 mM KCl) while Run3 (R3) and Run4 (R4) used twenty salt-steps 

(10,15,20,40,50,60,80,100,120,140,160,180,200,220,240,260,280,300,400,500 mM 

KCl) as described in Table 6-1 on page 116.  Peptides were captured on a 0.3 x 5 mm 

PepMap cartridge (LC Packings, Dionex Corporation, Sunnyvale, CA, USA) before 

being separated on a C18 300SB 0.3 x 100 mm Zorbax column (Agilent).  The HPLC 

gradient between Buffer A (0.1% formic acid in water) and Buffer B (0.1% formic 

acid in acetonitrile) was formed at 6µL/min as follows: 10% B for the first 3 min, 

increasing to 35 %B by 80 min, increasing to 95 % B by 83 min, held at 95% until 91 

min, back to 10% B at 91.5 min and held there until 100 min.  The LC effluent was 

directed into the ion spray source of a QSTAR XL hybrid mass spectrometer (Applied 

Biosystems) scanning from 300-1600 m/z.  The three most abundant, multiply-

charged peptides were selected for MS/MS analysis (80-1600 m/z). The mass 

spectrometer and HPLC system were under the control of the Analyst QS software 

package (Applied Biosystems).  Mr. M. Middleditch loaded the samples onto the LC 

columns and was responsible for running the QSTAR mass spectrometer.
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Summary of the iTRAQ LC-MS/MS workflow 
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ProteinPilot (version 1.0 Applied Biosystems) was used to search the MS/MS data 

against the IPI Rat database v3.27 as described in section 3.6.4.3. 
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Protein identifications were validated as described in section 3.6.4.4. 
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Fasted/Fed ratios were calculated from the peptide peak areas generated by 

ProteinPilot using peptides with a confidence score > 10.  Ratios were calculated from 

R1 and R4 for the non-depleted and depleted samples respectively.  Peak areas within 

a sample differed by orders of magnitude and so exploratory statistical analyses were 

performed on protein expression data transformed to the natural log scale.  The 

difference in log peak areas between fasted and fed states is equivalent to the log of 

the ratio of fasted to fed total peak areas.  Since the limited sample size precluded 

detailed statistical analysis, proteins with log peak area differences greater than one 

SD of the mean for the fasted and fed states and a coefficient of variation (CV) less 

than 35% between the two runs were reported.  Dr. K. Ruggiero, a biostatistician, 

helped in performing the statistical analysis. 
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The fed and fasted status was confirmed in each case with the intraoperative 

observation of semi-digested food throughout the small intestine in the fed state and 

absence of this in the fasted animals. There was no significant difference in the flow 

rate of ML between the fasted group 0.85 ± 0.11 ml/hr (mean ± SEM) and the fed 

group 0.94 ± 0.09 ml/hr (Mann-Whitney U test, p = 0.68).   
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The proteome of the non-depleted ML (R1) showed that albumin was the most 

abundant protein in lymph, accounting for an average of 53% of the total iTRAQ™ 

reporter ion signal.  This dropped to 21.6% of the total signal after one cycle of IgY-

12 depletion (R2) and to 0.85% after two cycles of depletion (R4).  The other proteins 

depleted by the IgY-12 column comprised variably of transferrin 8% and IgG 2.8%, 

down to apolipoprotein A-I 0.06% of the signal in R1. The combined total 

contribution of depleted proteins was reduced from ~66 % to ~2 % after two cycles of 

depletion.  This process enabled a dramatic increase in the number of identified 

proteins from 46 in non-depleted R1 to 129 in depleted R4.  The comparative 

redundancy of identifications within each protocol is summarised in Figure 6-2, page 

122.  
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 R3 to R4 each had two cycles of depletion followed by 20 salt-step LC-MS/MS, 

however the yield was improved from 87 protein identifications in R3 to 129 protein 

identifications in R4 by increasing the amount of protein loaded onto the depletion 

columns by 50% (Table 6-1).  The non-depleted R1 approach was necessary as it 

enabled comment on the ratios of the proteins otherwise depleted by the IgY columns. 

The R2 protocol allowed optimisation of the depletion method and added some 

additional identifications.  
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Combining the results of all four MS/MS runs (R1 – R4) produced a non-redundant list 

of 150 protein identifications.  There were 124 known proteins (Table 6-2, page 125) 

and 26 hypothetical listed proteins (Table 6-3, page 133) according to the IPI Rat 

database v3.27.  Out of these 150 proteins, 147 (94.8%) were identified using two or 

more unique peptides. The 26 hypothetical proteins were subjected to a NCBI 

BLASTP search in order to ascertain their similarity to other known proteins (Table 

6-3, page 133). 

 

All of the 150 proteins were found to be present in both the fed and the fasted states.  

Figure 6-3 shows the breakdown of the relative numbers of the known proteins 

according to their general functional classification.  Of the 124 known proteins, the 

largest single grouping was protease inhibitors (16%) followed by proteins related to 

innate immunity (12%), carrier proteins (9%), proteins related to the clotting system 

(6%) and lipid transport or metabolism (7%). 
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O2GK-!,/7K-;D CTC))*(*"#" V*6V+6V#6V$ V* H)A$% )A&# 

,X0-;D!3,/<W0H0/7K-;D4 CTC))"""&%' V*6V+6V#6V$ V$ )A)# *A)# 

UG0D1X2GG;D CTC))&"(+)+ V*6V+6V$ V* H)A#* )A"# 

Y2>K;DH72>0 CTC))%&"(*& V*6V+6V#6V$ V$ )A*( *A++ 

Z;>0-;D![H7;D9;D@!<G?>2;D CTC))*($)(" V*6V+6V#6V$ V$ H)A#+ )A"# 

O2/2D?<G?>2;D!T CTC))*'')&) V$ V$ )A$' *A&+ 

,/<W0H+K!@/?7K/;D!TLJ:*
! CTC))$))$%& V#   \[ 

,/<W0H+K!@/?7K/;D!TLJ:+
! CTC))#(+"%# V$ V$ )A+* *A+$ 

V2>;D?/!7;D9;D@!<G?>2;D!$ CTC))+))&'* V+6V#6V$ V$ )A)& *A)& 

J0/8.8/;D
! CTC))+)$'*' V$ V$ )A%& *A"% 

UG0D1>W.G2>;D CTC))#+$#') V#6V$ V$ H)A$' )A&+ 

      

;8-")0F"178-      

J2GK/?</01-;D CTC))$"&+(+ V*6V+6V#6V$ V$ H)A)% )A(% 

OK<2G?E;92!9;1-K>012 CTC))+#*&$# V$   \[ 

RE>G082//K/0G!1K<2G?E;92!

9;1-K>012
! 

CTC))+))%)" V#6V$ V$ )A++ *A+% 

L/K>0>W;?D2!<2G?E;9012!# CTC))$"&$%' V#6V$ V$ )A*& *A*' 

L/K>0>W;?D2!OH>G0D1X2G012 CTC))+#)($+ V$ V$ )A&( +A)) 

J0G7?D;8!0DW.9G012!#
! CTC))+#)"'' V#6V$ V$ )A&( +A)) 
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'

 

W$8'$2&1'90%'

"1&8-"-3'

 

W$8'$2&1'

90%'%7-"0'

 

^0#'

J!72-&1)

!&1M 

!72-&1'

<!&1'

W7-"0 

T0G0?E?D012!* CTC))%%%+(( V$ V$ )A%+ *A&' 

      

i44$80#.0@$."8      

C@!@0--0H*!8W0;D!J!G2@;?D CTC))%%$)"" V*6V+ V* )A&) )A%% 

C@!@0--0H+F!8W0;D!J!G2@;?D CTC))&%%+%& V* V* )A*$ *A*% 

C@]!C--KD?@/?7K/;D!]?;D;D@!8W0;D CTC))#&#()* V*6V+ V* )A)# *A)# 

C@!:0-90H+!JW0;D!J!V2@;?D CTC))#")$'& V+   \[ 

C@!^0<<0!8W0;D!J!G2@;?D6!F!0//2/2 CTC))#''))+ V$ V$ )A$) *A$( 

C@WH*0!<G?>2;D CTC))+)+$$) V+   \[ 

F2>0H+H-;8G?@/?7K/;D CTC))+)$#%( V*6V+6V$ V* )A$( *A&# 

      

i44$8&'%&.7-&1      

,/<W0H*H08;9!@/.8?<G?>2;D CTC))*(*"*% V#6V$ V$ )A*' *A+) 

JHG208>;_2!<G?>2;D6!<2D>G0E;DH

G2/0>29 
CTC))*''++% V+6V#6V$ V$ )A*+ )A'' 

=;1>;9;D2HG;8W!@/.8?<G?>2;D CTC))%&*(++ V*6V+6V$ V$ )A+' *A## 

,/<W0H*!-;8G?@/?7K/;DN7;^KD;D CTC))+*)()) V*6V+6V#6V$ V$ )A*" *A*( 

CD>2G/2K^;DH*!G282<>?G!088211?G.!

<G?>2;D 
CTC))%&#&)' V$ V$ )A*" *A*' 

      

i887-&'"44$8"-3      

:.1?`.-2 CTC))$+*"*$ V+6V$   \[ 

J?-</2-2D>!J* CTC))+)$$%* V+6V#6V$ V$ )A*' *A+) 

J?-</2-2D>!J+ CTC))*($)$$ V$ V$ H)A+# )A') 

J?-</2-2D>!J#! CTC))$')&#( V*6V+6V#6V$ V$ H)A%) )A&* 
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W$8'$2&1'90%'

"1&8-"-3'

 

W$8'$2&1'

90%'%7-"0'

 

^0#'

J!72-&1)

!&1M 

!72-&1'

<!&1'

W7-"0 

J?-</2-2D>!8?-<?D2D>!$6!@2D2!* CTC))""''%$ V*6V+6V#6V$ V$ )A$$ *A%% 

J?-</2-2D>!8?-<?D2D>!$6!@2D2!+ CTC))$++)#" V$ V$ )A$$ *A%% 

J?-</2-2D>!8?-<?D2D>!J& CTC))##*""& V+6V$   \[ 

J?-</2-2D>!8?-<?D2D>!'6!72>0!

1K7KD;> 
CTC))%%$)+# V$ V$ )A"# +A)" 

J?-</2-2D>!J( CTC))+#*$+# V*6V+6V#6V$ V$ )A'+ +A+' 

J?-</2-2D>!X08>?G![! CTC))+*+$') V$ V$ )A*# *A*$ 

TG?<2G;9;D CTC))$++)** V*6V+6V#6V$ V$ )A** *A*+ 

TG?<2G;9;D!X08>?G CTC))#&%'(& V#6V$   \[ 

J?-</2-2D>!;DW;7;>?G.!X08>?G!= CTC))""'+&% V*6V#6V$ V$ )A+% *A+' 

J?-</2-2D>!8?-<?D2D>!X08>?G!=H

/;^2!* 
CTC))%%$++& V$   \[ 

T/01-0!<G?>2012!J*!;DW;7;>?G CTC))#"+"(+ V#6V$ V$ H)A+# )A"( 

      

;1,&2"08'L0.&/$.&2      

Z018K/0G!82//!09W21;?D!<G?>2;D!*!

<G28KG1?G!3ZHJ,a!*4!3J[*)&!

0D>;@2D 

CTC))+)%&#* V$   \[ 

RH809W2G;D CTC))+)&&&+ V$   \[ 

R<;92G-0/!@G?b>W!X08>?G!G282<>?G CTC))+*+&($ V#6V$ V$ )A*( *A+* 

UG0D1X?G-;D@!@G?b>W!X08>?G!H!72>0!

3;D9K8294 
CTC))*''&++ V$ V$ *A)$ +A'$ 

      

b%0-&72&'i8,"@"-0%2      

,/<W0H*H0D>;>G.<1;D!312G;D2!

<G?>2;D012!;DW;7;>?G6!8/092!,!6!

-2-72G!*4 

CTC))""('+* V*6V+6V#6V$ V$ )A)# *A)# 

,/<W0H*H0D>;>G.<1;D!3O2G;D2!

<G?>2;D012!;DW;7;>?G6!8/092!,6!

-2-72G!&4 

CTC))%%*")% V#6V$ V$ )A+) *A++ 

O2G;D2!!<2<>;9012!;DW;7;>?G6!8/092!,!

6!-2-72G!*) 
CTC))$"&&$$ V$ V$ )A$" *A&) 

,/<W0H+H0D>;</01-;D!3O2G;D2!

<2<>;9012!;DW;7;>?G6!8/092!Y6!

-2-72G!*4 

CTC))*((&") V#6V$ V$ )A+" *A#* 
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W$8'$2&1'90%'

"1&8-"-3'

 

W$8'$2&1'

90%'%7-"0'

 

^0#'

J!72-&1)

!&1M 

!72-&1'

<!&1'

W7-"0 
O2G;D2!<2<>;9012!;DW;7;>?G6!J/092!Y6!

-2-72G!+ 
CTC))*((&(% V+6V#6V$ V$ )A$$ *A%% 

,D>;>WG?-7;D!CCC CTC))#"+#"+ V+6V#6V$ V$ )A*$ *A*% 

O2G;D2!<G?>2012!;DW;7;>?G!+0!3:;_2G!

G2@2D2G0>;?D!<G?>2;D!/GG.0D4
!! 

CTC))#(++*& V*6V+6V#6V$ V$ )A++ *A+% 

O2G;D2!<2<>;9012!;DW;7;>?G6!8/092!,6!

-2-72G!#\ 
CTC))+**)"% V*6V+6V#6V$ V$ )A$" *A&) 

J?D>G0<1;DH/;^2!<G?>2012!;DW;7;>?G!

312G;D2!<2<>;9012!;DW;7;>?G6!8/092!,6!

-2-72G!#c4 

CTC))+))%(# V+6V#6V$ V$ )A#" *A$% 

c0//;1>0>;D!312G;D2!<G?>2;D012!

;DW;7;>?G6!8/092!,6!-2-72G!$4
!! 

CTC))+)%%&' V#6V$ V$ )A$& *A%' 

CD>2GH0/<W0H>G.<1;D!;DW;7;>?G!W20_.!

8W0;D!=# 
CTC))#+&('$ V*6V+6V#6V$ V$ )A+# *A+& 

CD>2GH0/<W0H>G.<1;D!;DW;7;>?G!=$!

8W0;D 
CTC))*''%$* V*6V+6V#6V$ V$ )A$# *A%$ 

,/<W0H*H-08G?@/?7K/;D!3TG2@D0D8.!

`?D2!<G?>2;D4 
CTC))"'++++ V*6V+6V#6V$ V$ )A+* *A+# 

aKG;D?@/?7K/;DH+ CTC))%&$#+" V+6V$ V$ )A)% *A)% 

,/<W0H*!;DW;7;>?G!#
! CTC))+)*+&+ V*6V+6V#6V$ V$ )A)& *A)& 

aKG;D?@/?7K/;DH*!3,/<W0H*H

CDW;7;>?G!#!_0G;0D>!C4
!! 

CTC))+*+&&& V+6V#6V$ V$ )A)# *A)# 

aKG;D?@/?7K/;D!*!W?-?/?@
! CTC))'*")"# V* V* H)A#+ )A"# 

J.1>0>;DHJ CTC))+#*')* V$   \[ 

      

=.0--"8#      

TG?>WG?-7;D CTC))*'(('* V*6V+6V#6V$ V* )A)% )A(% 

Y;7G;D?@2D!0/<W0!8W0;D6!;1?X?G-!* CTC))+)+&%* V$   \[ 

Y;7G;D?@2D!0/<W0!8W0;D CTC))#'+#*" V*6V+ V* H)A$' )A&+ 

T/01-;D?@2D CTC))+)&"') V*6V+6V#6V$   \[ 

Z;>G?D28>;D CTC))+*)*+) V*6V+6V#6V$ V$ )A+) *A++ 

J?0@K/0>;?D!X08>?G!d CTC))+)&"'& V#6V$   \[ 

J?0@K/0>;?D!X08>?G!dCC!3=0@2-0D!

X08>?G4 
CTC))#&%"%+ V+6V$   \[ 



!

! *+(!

b%0-&"8'h74&'

'

 

ibi';//&22"08'h$4@&%'

'

 

W$8'$2&1'90%'

"1&8-"-3'

 

W$8'$2&1'

90%'%7-"0'

 

^0#'

J!72-&1)

!&1M 

!72-&1'

<!&1'

W7-"0 

=2<0G;D!8?X08>?G!+! CTC))+*)($" V#6V$ V$ )A+) *A+# 

      

^"C"1'+%782C0%-<L&-7@0."24      

,<?/;<?<G?>2;D!,HC CTC))%&#""' V*6V#6V$ V* H*A)% )A#% 

,<?/;<?<G?>2;D!,HCC CTC))*("")) V*6V# V* H)A$" )A&+ 

,<?/;<?<G?>2;D!,HCZ CTC))#+$+"+ V*6V+6V#6V$ V* H)A(" )A#' 

,<?/;<?<G?>2;D!F CTC))%%%*&* V$ V$ )A*% *A*& 

,<?/;<?<G?>2;D!JHCC CTC))*($%'# V# V# )A)# *A)# 

,<?/;<?<G?>2;D!JHCCC CTC))+)&&)) V+   \[ 

,<?/;<?<G?>2;D!= CTC))""'&## V*6V+6V#6V$ V* )A*# *A*$ 

,<?/;<?<G?>2;D!R CTC))*()")* V*6V+6V#6V$   \[ 

e;D8H0/<W0H+H@/.8?<G?>2;D CTC))+***)# V$ V$ )A%) *A&& 

      

["8"82      

C1?X?G-!?X!=af!c;D;D?@2D!* CTC))*'""(( V+6V#6V$ V$ )A++ *A+% 

c;D;D?@2D!* CTC))%*%'+( V*6V+6V#6V$ V$ )A#* *A#& 

c;D;D?@2D!+ CTC))&"(+$% V*6V+6V#6V$ V$ )A#* *A#& 

T/01-0!^0//;^G2;D CTC))+)##'$ V$ V$ )A"$ +A)( 

      

jF3#&8'-%782C0%-      

=2-?@/?7;D!1K7KD;>!0/<W0H*N+ CTC))+'"'#% V*6V#6V$   \[ 

=2-?@/?7;D!1K7KD;>!72>0H* CTC))+#)'(" V*6V+6V#6V$   \[ 

=2-?@/?7;D!1K7KD;>!72>0H+ CTC))+#**(+ V$   \[ 
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'

 

W$8'$2&1'90%'

"1&8-"-3'

 

W$8'$2&1'

90%'%7-"0'

 

^0#'

J!72-&1)

!&1M 

!72-&1'

<!&1'

W7-"0 

=0<>?@/?7;D!;1?X?G-!* CTC))%&%")' V*6V#6V$   \[ 

=2-?<2E;D CTC))*(%%*& V*6V+6V#6V$! V$! )A)$! *A)$!

! ! ! ! ! !

6"#87."8#'40.&/$.&2' ! ! ! ! !

*$H#H#!<G?>2;D!`2>0N92/>0!

3a;>?8W?D9G;0/!;-<?G>!1>;-K/0>;?D!

X08>?G!O*!1K7KD;>4
!!
!

CTC))#+$'(#! V$! V$! )A&&! *A(#!

O;@D0/!G28?@D;>;?D!<0G>;8/2!

G282<>?G6!F!1K7KD;>
!
!

CTC))$"&*""! V#! ! ! \[!

! ! ! ! ! !

L&-7@0."24' ! ! ! ! !

UG;?12<W?1<W0>2!;1?-2G012! CTC))+#*"&"! V$! ! ! \[!

CD1K/;DH/;^2!@G?b>W!X08>?GH7;D9;D@!

<G?>2;D!#!

CTC))+)(#&(! V+6V#6V$! V$! )A&)! *A'#!

CD1K/;DH/;^2!@G?b>W!X08>?G!7;D9;D@!

<G?>2;D!8?-</2E!08;9H/07;/2!1K7KD;>!

CTC))+)+$*&! V+6V#6V$! V$! )A*&! *A*'!

,/<W0H+H=OHL/.8?<G?>2;D! CTC))"')#""! V*6V+6V#6V$! V$! )A)"! *A)'!

! ! ! ! ! !

=7%@0,31%7-&'S%&7A10B8' ! ! ! ! !

TW?1<W?@/.82G0>2!^;D012!*
!
! CTC))+#*$+&! V$! ! ! \[!

TG?>28>;_2!<G?>2;D!X?G!72>0H

@0/08>?1;9012
!
!

CTC))$&$"'%! V$! ! ! \[!

! ! ! ! ! !

EF-%7/&..$.7%'L7-%"F' ! ! ! ! !

U.<2!CZ!8?//0@2D012! CTC))*(*%"'! V+! ! ! \[!

RE>G082//K/0G!-0>G;E!<G?>2;D!*! CTC))+#*""+! V$! V$! )A$&! *A%'!

RE>G082//K/0G!-0>G;E!<G?>2;D!+
!
! CTC))+)#$($! V$! ! ! \[!

:K-;80D!! CTC))+)&$)#! V+6V#6V$! V$! )A+&! *A#)!
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W$8'$2&1'

90%'%7-"0'

 

^0#'

J!72-&1)

!&1M 

!72-&1'

<!&1'

W7-"0 

! ! ! ! ! !

=3-02A&.&-08' ! ! ! ! !

U.<2!CC!^2G0>;D!c7*! CTC))'+($&"! V$! V$! )A%(! *A')!

F2>0H2D?/012
!
! CTC))+#*&#*! V$! V$! )A))! *A))!

L2/1?/;D! CTC))#&#("$! V+6V#6V$! V$! )A"$! +A)(!

! ! ! ! ! !

^"G&%'W&.7-&1'E8k34&2' ! ! ! ! !

=2<0>?8.>2!@G?b>W!X08>?G!08>;_0>?G! CTC))#&$*+%! V$! V$! )A)'! *A)'!

T/01-0!@/K>0-0>2!

80G7?E.<2<>;9012!

CTC))"%'$&'! V+6V#6V$! V$! )A)&! *A)&!

J0G7?E.<2<>;9012!F+! CTC))*()%)*! V#6V$! V$! )A)*! *A)*!

J0G7?E.<2<>;9012!\! CTC))*()%))! V$! V$! )A$#! *A%$!

:;_2G!80G7?E./21>2G012!*
!
! CTC))*(%*$'! V+6V#6V$! V$! )A)*! *A)*!

! ! ! ! ! !

b78/%&7-"/'E8k34&2' ! ! ! ! !

,/<W0!0-./012! CTC))*('$&&! V$! V$! H)A*'! )A'#!

V2@2D2G0>;D@!;1/2>H92G;_29!<G?>2;D!

#!@0--0
!
!

CTC))+))&*$! V$! V$! )A*+! *A*#!

! ! ! ! ! !

L"2/&..78&0$2' ! ! ! ! !

F;?>;D;9012! CTC))#%')*$! V+6!V$! V$! )A#$! *A$)!

IG;D0G.!TG?>2;D!+
!
! CTC))+)%+"%! V#6V$! ! ! \[!

,D@;?>2D1;D?@2D! CTC))+)("$$! V+6V#6V$! V$! )A#&! *A$#!

J/K1>2G;D! CTC))*('&&"! V#6V$! V$! )A$#! *A$#!

T2<>;9./H<G?/./!8;1H>G0D1!;1?-2G012!

,!3<#*4!
!
!

CTC))#'"""*! V$! V$! *A)'! +A(&!
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90%'%7-"0'

 

^0#'

J!72-&1)

!&1M 

!72-&1'

<!&1'

W7-"0 

a.?@/?7;D! CTC))+*$%*"! V$! V$! )A)$! *A)$!

=;1>?D2!=+F!>.<2!*! CTC))"')(&*! V$! ! ! \[!

JG20>;D2!^;D012!F!8W0;D! CTC))$")+''! V$! ! ! \[!

JG20>;D2!^;D012!a!8W0;D! CTC))+**)%#! V$! V$! )A**! *A**!

Y??>D?>21!
" '
CD>2GD0>;?D0/!TG?>2;D!CD92E!3V0>!90>07012!_#A+"4g!

!
!\?>!<G2_;?K1/.!122D!;D!0!

8?-<G2W2D1;_2!<G?>2?-;8!0D0/.1;1!?X!WK-0D!</01-0g!V*6V+6V#6V$!h!RE<2G;-2D>0/!GKD1g!\[!h!V0>;?!D?>!

80/8K/0>29!01!G2<?G>2G!;?D!1;@D0/!D?>!1>G?D@!2D?K@W!X?G!G0>;?!92>2G-;D0>;?DA
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$%&%'()!*+!%&&@,+C'+3@'%,!0-(>1!
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Differences in the relative abundance of proteins in the fasted and fed states were then 

investigated by looking at the differences in their log peak areas as listed in Table 6-2 

(page 125) and Table 6-3 (page 133).  Since the different depletion runs used could 

have added to the final variability of the derived protein ratios, where possible all 

ratios for comparing fed and fasted were calculated using the same R4 run 

background.  The median CV for the fasted and fed groups was 0.22 (range 0.001 to 

1.28) and 0.28 (range 0.003 to 1.22) respectively.  Figure 6-4 gives the distribution of 

the difference in log peak areas between the two states (i.e. Fasted-Fed) and lists 

proteins where the log peak area difference lay 1 or 2 SD from the mean and had a 

CV of less than 35%.  The difference in log peak areas of proteins was centred on a 

mean of 0.19 ± 0.42 SD (standard deviation).  Apolipoproteins, transthyretin, and 

vitamin D-binding protein were higher in the fed state while glutathione S-transferase, 

plasma kallikrein, transforming growth factor-beta and proteins related to innate 

immunity (complement components and lysozyme) were higher in the fasted state 

(Figure 6-4). 
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This study provides the first comprehensive description of the mesenteric lymph 

proteome in the stable fasted and fed states.  In addition, iTRAQ™, a relatively new 

but well validated proteomic technique (262, 268) that permitted the simultaneous and 

quantitative protein compositional analysis of four different lymph sample mixtures 

was applied.  Using stringent criteria, a total of 150 proteins including 26 hypothetical 

proteins were identified with greater than 97% confidence.  All of the proteins were 

identified in the fasted and fed states but there were some notable variations in their 

respective abundance ratios. 
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Lymph is usually referred to as a filtrate of plasma (271), however lymph proteins are 

derived not only from filtered plasma but also from direct cell secretion into the 

interstitial fluid (255).  The ratio of plasma volume to interstitial fluid volume has 

been reported at 0.22 in healthy male subjects (272), meaning that interstitial fluid 

comprises a volume roughly four times greater than the intravascular volume (273).  It 

is not surprising then that contributions directly from tissue cells may alter lymphatic 

composition relative to plasma.  Lindena et al. have shown that lymph recycles 

substances from the larger interstitial volume and influences the composition of 

plasma (252, 273).  For example, gamma-glutamyl transpeptidase from the small 

intestine is transported via ML and can alter the concentration in plasma (274).  In 

plasma, the major functional protein groups are reportedly signalling proteins, 

proteases and transport related proteins in order of decreasing abundance (275).  In 

contrast, this study found that the major functional groups in ML were protease 

inhibitors, immune-related proteins (particularly those implicated in innate immunity), 

and carrier proteins (Figure 6-3, page 124).  This different ML compositional profile 

may reflect the body’s need to inhibit multiple proteases in the intestinal interstitium 

and provide a first line of defence against potential gut derived pathogens 

respectively.  For example, it has recently been shown that if luminal proteases gain 
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access to the bowel wall interstitium, they can produce cytotoxic mediators and that 

this process can be stopped by protease inhibitors (276).  

 

!"#": ;99(*)</=5/6%)*+
 

Lymph is a complex protein mixture.  Its protein content is dominated by albumin, 

immunoglobulin, and fibrinogen.  Immuno-depletion of the most abundant proteins in 

the ML greatly improved the ability to identify more of the lower abundance proteins.  

An example of this increased resolution was the ability to identify proteins in the 

picomolar range such as beta-enolase that has a reported normal plasma concentration 

of 6 ng/mL (277, 278).  
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The only previous published attempt at a proteomic analysis of lymph used a two 

dimensional gel electrophoresis (2DGE) approach on thoracic duct lymph in sheep 

without immunodepletion and identified only 50 proteins (255).  There are definite 

limitations with this gel approach as 2DGE struggles with extremes of pI (isoelectric 

point) and proteins of high hydrophobicity.  2DGE also has difficulty providing 

conclusive data for changes in specific protein levels, since numerous proteins may be 

represented in the same spots, or overlap with other spots, and single proteins may be 

distributed across several gel spots.  The present study using iTRAQ™ and LC 

MS/MS avoids many of these issues and consequently identified an additional 115 

proteins (89 known and 26 hypothetical) in ML to that seen by 2DGE in ovine 

thoracic lymph duct (255).  Of the 124 known proteins in our study, 104 have also 

been identified in a comprehensive proteomic analyses of human plasma (275, 277, 

279).  This suggests that the 20 proteins (Table 6-2, marked with ! symbol) not 

identified in human plasma are either characteristic of lymph or may be due to 

species-specific differences.  These 20 proteins belonged to several different 

functional classes. 
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This study elected to use a substantial but physiologically relevant fasted duration of 

24 hours, and like other studies (280-282) used an ad libitum fed state for its non-

fasted experimental group.  In order to minimise inter-animal differences in their post 

prandial feeding status the surgery was performed at the same time each day, and it 

was confirmed that the entire gut was either empty or full of semi-digested food in 

each fasted or ad libitum fed state rat respectively. The individual variance in 

measured protein changes in these models was similar in magnitude between the two 

fed states.  
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Three proteins related to carbohydrate breakdown (alpha amylase, phosphoglycerate 

kinase 1 and protective protein for beta-galactosidase) were detected in ML.  The 

presence of amylase in thoracic duct lymph has been previously documented, and this 

is expected since mesenteric lymph ultimately drains into the thoracic lymph duct 

(283).  It has also been shown that the total amount of amylase produced increases in 

the acutely fed state with the increase in volume of lymph, but that the concentration 

of amylase in ML does not appear to be correlated to feeding status (284).  This is 

confirmed in the present study where the difference between the log peak areas of 

amylase in the fasted and fed states fell within one SD of the mean.   

 

The relative abundance of apolipoproteins, important components of chylomicrons, 

was found to be higher in the fed state.  Apolipoprotein A-IV (Apo A-IV), which is a 

known satiety factor, has been reported to be higher in the acutely fed state by a factor 

of 2.5-3.0 (285, 286).  Our study is consistent and shows that in the stable fed state, 

Apo A-IV is higher than the fasted state by a factor of approximately 2.6.  The 

difference in concentration of apolipoprotein A-I (Apo A-I) between the fasted and 
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fed state is variably reported in the literature.  Apo A-I in our study was higher in the 

fed state than the fasted state. The finding by Fujimoto et al. that Apo A-I was not 

increased in the acutely fed animal is noted (285).  Apo A-I is known to be 

manufactured by enterocytes and released into mesenteric lymph (287-289).  Fat 

absorption has been shown to increase the amount of Apo A-I in the rodent jejunal 

mucosa from 70 ng/mg tissue to 592 ng/mg tissue at 6 hours (287).  It has also been 

shown that mesenteric lymph Apo A-I levels rise 2 fold from 6 mg/100ml in the 

fasted state to 12 mg/100ml 6 hours after feeding (289).  Our observation of a 2.85 

fold change in Apo A-I in the fed state vs. the fasted state is in keeping with these 

latter published studies.  Further research looking specifically at Apo A-I changes in 

the fasted and fed states will be needed to help resolve this discrepancy in the 

literature. 

 

The results of this study show that transthyretin was also increased in the fed state 

(Table 6-2, Figure 6-4).  Serum transthyretin, a carrier protein, has levels that are 

known to correlate with nutritional status and to drop after only 24 hours of starvation 

(290).  Malnutrition is associated with increased reactive oxygen species (ROS) 

formation and a subsequent increase ileal glutathione-S-transferase mRNA and 

glutathione-S-transferase levels (291).  The current study also indicates that 

glutathione-S-transferase levels are higher in the fasted state (Table 6-2, Figure 6-4).  

An interesting finding of the current study was that plasma kallikrein and proteins 

related to innate immunity (lysozyme, complement C9 and complement component 8-

beta) were higher in the fasted state.  Further research is required to understand the 

physiology behind and the importance of increased levels of kallikrein and innate 

immunity related proteins in the fasted state. 
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Perhaps most surprising was our finding that 26 (17%) of the proteins identified in 

ML in the current study were listed as hypothetical in the IPI Rat database v3.27.  The 

proportion of hypothetical proteins from comparable proteomic studies of other body 

fluids such as urine, bile, amniotic fluid and colostrum is variable but ranges from 0 to 

only 6.5% (260, 261, 292, 293).  Of the 26 hypothetical proteins in our series, only 3 

identifications were based on one unique peptide, but the total protein score for these 

3 still met our pre-defined false-positive cutoff scores.  A NCBI BLASTP search 

(Table 6-3) showed that of the 26 possible hypothetical proteins, two (IPI00764461, 

IPI00765011) had 100% similarity to human actin but had not previously been 

identified in rodents.  This demonstrated that ML is a rewarding target body fluid in 

which to seek new protein identifications. The functional significance of these 

hypothetical proteins identified in mesenteric lymph has not been investigated yet. 

 

Homology-based gene annotation has been the standard approach for assigning the 

likely function to hypothetical proteins (294), and this is the approach that was 

adopted in Table 6-3 when listing the highest scoring homologous protein from the 

BLAST search.  Homology-based gene annotation infers molecular features of the 

hypothetical protein by information transfer from similar experimentally characterized 

proteins.  The more recent methodology of  ‘genomic context’ aims to predict higher 

level functional associations between proteins such as physical protein-protein or 

pathway interactions (295).  Genomic context analysis is based on the conservation of 

gene-order or co-occurrence of genes in potential operons and the co-occurrence of 

genes across genomes.  The use of genomic context analysis in future research may 

help define the functional significance of the hypothetical proteins identified here. 
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The role of ML in health and disease is still not well understood and further research 

is needed (169).   The intestine is, on one level, a ‘sensory organ’ with a multitude of 

signalling mechanisms including neural, endocrine and immune (296).  It is now 

apparent that ML may have an emerging role in intestinal signalling.  For example, 

apolipoprotein A-IV is produced by enterocytes, transported via ML and thought to be 

involved in satiety and feeding behaviour after a fatty meal (285, 286).  Proteomic 

analysis of ML in a variety of physiological states, such as in this study of the fed and 

fasted states, will no doubt help further clarify the role of ML in normal physiology.   

 

Mesenteric lymph has also been suggested as a route by which the intestine influences 

distant organ function in critical illness and chronic disease states (169, 297).  It 

appears that the aqueous and protein containing fraction of disease-conditioned ML is 

more toxic than the lipid based fraction (161), or the contributions from bacteria, 

endotoxin and cytokines (150).  This current study would support application of an 

iTRAQ™ and LC MS/MS based proteomic analysis of changes in the ML proteome 

during various critical and chronic illnesses as a method to reveal proteins of potential 

relevance to the diagnosis, severity assessment, monitoring and treatment in this fluid.  
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This study successfully identified a large number of proteins, however the masking of 

many lower abundance proteins by the few highly abundant proteins continues to be a 

challenge in proteomics.  Depletion of these highly abundant proteins has been 

validated as a necessary step in being able to penetrate deeper into the proteome and 

identify proteins of medium to low abundance (263-267).   It is acknowledged that the 

unintentional loss of proteins during depletion remains a potential issue but this must 

be balanced against the increased protein identifications that can occur by this 

approach.  Protein loss may occur either due to non-specific binding to the column, 

specific binding to column Ig due to structural homology to the proteins being 

depleted, or due to binding to the proteins that are depleted (263, 264).  To minimise 

its impact, ratio calculations were performed on the same extraction and mass 

spectrometry run (R4) for as many protein targets as possible in the data set in order 

to keep the experimental conditions for fed and fasted as constant as possible.  These 

are the current limitations of this technology, and until the field of ‘Seppromics’ (the 

technology and science of protein separation and characterization of sub-proteomes) 

evolves further we are bound by these constraints (263).  These limitations of course 

have no bearing on the various protein identifications performed in this study but may 

prevent resolution of more subtle changes in their relative abundance between the 

feeding states.  This sensitivity issue would be best solved by increased group sizes in 

future studies. 

 

The current study only investigated changes in the aqueous or protein fraction of ML 

during the fasted and fed states.  This leaves the changes in the lipidome of ML 

(fasted vs. fed) to be characterized.  Traditionally, high-throughput mass spectrometry 

analysis of the lipid fraction of biological samples has been limited by the quality of 

lipid extraction (298).  Coextracted biological substances and salts obscure lipid 

MS/MS spectra with ghost peaks and chemical noise. Recent advances in lipid 

extraction have enabled cleaner extraction of lipids and paved the way for future 

shotgun high-throughput profiling of complex lipidomes such as ML (298).
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The detailed proteome for many body fluids have been reported to date (259-261, 

279, 292, 293) but that of ML appears to have been overlooked.  This study has 

therefore defined the ML proteome in the fasted and fed states for the first time.  

Application of LC-MS/MS using iTRAQ™ has allowed the identification of 150 

proteins including 26 hypothetical proteins, in a wide range of functional classes.  

There were important differences in the relative abundance of some proteins between 

the fasted and fed states.   The iTRAQ™ LC-MS/MS based protein identification 

approach can now be confidently applied to defining the changes that occur in the ML 

proteome in other normal states or in acute and chronic illness.  
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There is increasing evidence in the literature, that disease conditioned ML contains 

toxic factors in its aqueous or protein fraction and contributes to the development of 

MODS (2.2, page 29). Our research group has previously demonstrated disease 

conditioned ML caused a marked reduction in pancreatic acinar perfusion, increased 

leukocyte adherence and increased pancreatitis severity (11).  Other work has 

implicated pancreatic enzymes present in acute pancreatitis (AP) conditioned ML as 

contributing to lung injury in AP (118).  However, despite the mounting evidence 

implicating disease conditioned ML in the pathophysiology of AP, the proteome of 

AP conditioned ML remains unknown. 
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The aims of this current study were to: 

1. Use state-of-the-art proteomic techniques (iTRAQ™ LC-MS/MS) to provide the 

first comprehensive description of the ML rodent proteome associated with AP. 

2. To determine whether there were any significant increases in the relative 

abundance of detected proteins compared with sham control ML.  
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The study was approved by the University of Auckland Animal Ethics Committee.  

The animals were housed and handled as described in section 3.1. 
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Group 1 (sham control, n = 8) had matched interventions and lymph collection to the 

pancreatitis group but without the induction of acute pancreatitis.  Group 2 (acute 

pancreatitis, AP, n = 8) had 90 minutes of acute pancreatitis followed by collection of 

ML for a further 60 minutes.  In each case the surgery commenced at the same time 

each day (0900) and animals were fed ad libitum. 

 

ML collection for the study described in Chapter 8 was carried out in conjunction 

with the current study.  Figure 7-1 (page 148) outlines the protocol for the matched 

collection for mesenteric lymph in the current study. 
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The taurocholate model of AP as described in section 3.4.2.2 was used in this study. 

After 90 minutes from the induction of AP, a laparotomy was performed and ML 

collected. 

 

H":"# E)55/'6%)*+)7+9/&/*6/.%'+5C9=1+
 

ML was collected as described in section 3.5.1 for a period of 60 minutes. 
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Blood was collected by a euthanising cardiac puncture as described in section 3.5.2, 

and biochemistry was performed as described in section 3.6.1.  Pancreas was 

harvested for histology as described in section 3.5.3.1, and acute pancreatitis severity 

was assessed as described in section 3.6.3.1.   The small bowel was also harvested for 

histology as described in section 3.5.3.2, and assesed as described in section 3.6.3.2. 
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As discussed in section 6.4.2 (page 139), the depletion of highly abundant proteins 

has been validated as a necessary step in being able to penetrate deeper into the 

proteome and identify proteins of medium to low abundance (263-267). 

 

IgY immunoaffinity columns were used to deplete the most abundant proteins and 

enhance the detection of lower abundance proteins (263).  In this study, the expected 

major abundant proteins of ML (albumin, IgG, fibrinogen, transferrin, !1-antitrypsin, 

and haptoglobin) were depleted using ProteomeLab IgY-R7 affinity spin columns 

(Beckman Coulter, California, USA).   

 

The protein concentration of the ML samples was determined using the EZQ protein 

assay (Molecular Probes, Eugene, Oregon, USA).  The depleted samples were 

concentrated by ultrafiltration using Vivaspin 4 concentrators with a 5kDa 

polyethersulfone filter (Sartorius AG, Goettingen, Germany).    
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The ML samples underwent LC-MS/MS based proteomics both with and without 

immunodepletion of the most abundant proteins (section 7.2.6.1). Samples (100 µg 

protein) underwent reduction (incubation with 10 mM DTT at 56°C for one hour) and 

alkylation (incubation with 20mM iodoacetamide at pH 8.0 in the dark for one hour).  

Protein was then digested by incubation with 1 µL trypsin (Promega, Madison, 

Wisconsin, USA) at 1 mg/mL and incubated at 37°C overnight.  
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The peptides were then desalted on 10 mg Oasis SPE cartridges (Waters Corporation, 

Massachusetts, USA), eluted with 70 % acetonitrile and completely dried using a 

speed vacuum concentrator (Thermo Savant, Holbrook, NY, USA). 
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As discussed in section 6.2.4 (page 115), the iTRAQTM (Isobaric Tags for Relative 

and Absolute Quantitation) labelling system is a multiplexed set of isobaric tags used 

to label amine-derivatized peptides, and has previously been evaluated and validated 

as a method of tracking relative concentrations of proteins in four different samples 

by our group  (269) and others  (262).  

 

After protein digestion by trypsin, each protein digest was independently labeled with 

one of the four iTRAQTM labels.  Dried protein digests were reconstituted with 30 µL 

of dissolution buffer from the iTRAQ™ Reagent Multi-Plex Kit (Applied 

Biosystems, Foster City, CA, USA) and labelled with iTRAQ™ reagents according to 

the manufacturer’s instructions. 
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Labelled protein digests were then combined, acidified by addition of 10% (v/v) 

formic acid, concentrated to approximately 200 µL, and then diluted to 2ml with 0.1% 

formic acid. This sample was desalted as above, the eluate then concentrated to 

100µL, and finally diluted to 270µL with 0.1% (v/v) formic acid. 

 

Samples were then fractionated on-line on a BioSCX II 0.3 x 35 mm column (Agilent 

Technologies, Santa Clara, CA, USA).  A 20 salt-step protocol was performed using 

10µl injections of 10, 20, 40, 60, 70, 80, 90, 100, 110, 120, 130, 140, 160, 180, 200, 

220, 240, 260, 400 and 500mM KCl. Peptides were captured on a 0.3 x 5 mm 
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PepMap cartridge (LC Packings, Dionex Corporation, Sunnyvale, CA, USA) before 

being separated on a C18 300SB 0.3 x 100 mm Zorbax column (Agilent).  The HPLC 

gradient between Buffer A (0.1% formic acid in water) and Buffer B (0.1% formic 

acid in acetonitrile) was formed at 6µL/min as follows: 10% B for the first 3 min, 

increasing to 35% B by 80 min, increasing to 95% B by 83 min, held at 95% until 91 

min, back to 10% B at 91.5 min and held there until 100 min.  The LC effluent was 

directed into the ion spray source of a QSTAR XL hybrid mass spectrometer (Applied 

Biosystems, Foster City, CA, USA) scanning from 300-1600 m/z.  The three most 

abundant, multiply-charged peptides were selected for MS/MS analysis (80-1600 

m/z).  The mass spectrometer and HPLC system were under the control of the Analyst 

QS software package (Applied Biosystems, Foster City, CA, USA). Mr. M. 

Middleditch loaded the samples onto the LC columns and was responsible for running 

the QSTAR mass spectrometer. 
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ProteinPilot (version 1.0 Applied Biosystems) was used to search the MS/MS data 

against the IPI Rat database v3.27 as described in section 3.6.4.3. 
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Protein identifications were validated as described in section 3.6.4.4. 
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After immunodepletion and LC-MS/MS, only small volumes (10-20 µL per animal) 

of the original ML samples were available for cross-validation of protein changes 

reported by iTRAQ LC-MS/MS.  Despite the small sample volumes, it was possible 

to measure albumin, pancreatic amylase, and lipase in ML using commercial reagents 
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(Pointe Scientific, Michigan, USA) on a COBAS MIRA analyser (Roche, Basel, 

Switzerland) in accordance with the manufacturer’s instructions.  
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Protein abundance was calculated from the peptide summary data generated by 

ProteinPilot.  Strict criteria were applied when calculating the protein abundance from 

peptide data – peptides identified as belonging to more than one protein were 

eliminated, and any spectra below the confidence threshold set by ProteinPilot were 

also eliminated.  The remaining peak areas were log-transformed and, for each 

sample, average log peak areas were calculated from the spectra within each reporter 

region for every identified protein.  Differences in relative abundance were calculated 

as differences in log peak areas (AP – sham control) and reported as fold differences 

between the two.  

 

The statistical analysis was carried out using the LIMMA package v2.9.17 in the R 

software v2.6.1 (R Development Core Team, 2007) (192) by Dr. K. Ruggiero, a 

biostatistician.  The analysis for differential expression was performed on a protein-

by-protein basis using a linear model that included run, label and treatment effects.  A 

moderated t-statistic, in which the standard errors were moderated across proteins 

using a Bayesian model, was used for the significance analysis (193).  P-values were 

adjusted for multiple testing using Benjamini and Hochberg’s false discovery rate 

setting the expected proportion of false discoveries to 5% (194).  Changes in protein 

abundance with an adjusted p value < 0.05 were considered significant. 

 

For non-proteomic data, such as histology scores and biochemical parameters, the 

non-parametric Mann-Whitney U test was used to derive statistical significance and p 

< 0.05 was considered significant. 
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Bioinformatics is a relatively new field where computer science and biology come 

together.  In bioinformatics, computational techniques of database and information 

management are used to analyze the large databanks containing information on gene 

sequences, gene expression, protein sequences, macromolecular structure, and 

metabolic pathways (299).  The aims of bioinformatics are three-fold (299).  First is to 

allow researchers to access existing information in large databases and to allow them 

to enter new information as it is created.  The second aim is to develop software tools 

to aid in the analysis of data.  For example, having identified a protein, it may be of 

interest to see how it interacts with other proteins within a network of protein-protein 

interactions (300).  The third aim is to use these tools interpret the data in a 

biologically meaningful maner.  

 

In the current study, all identified proteins were searched using the IPI Rat database 

v3.27 (http://www.ebi.ac.uk/IPI/IPIhelp.html) for biological function.  Proteins that 

were found to have a statistically significant difference in abundance between sham 

and disease conditioned ML were then further analysed for functional and biological 

relevance.  With the help of Gaggle (195), an open-source Java based bioinformatics 

tool, and Gene Ontology (GO) provided free by the Gene Ontology Consortium 

(http://www.geneontology.org/index.shtml) (196), these proteins were classified by 

their molecular function and cellular location.  
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All animals survived for the duration of the experimental protocol.  The taurocholate 

model produced acute pancreatitis with the expected elevation in serum amylase 

(Table 7-1; sham, 2053 ± 81 vs. AP, 3829 ± 302; p < 0.01) and serum lipase (Table 

7-1; sham, 310 ± 61 vs. AP, 4377 ± 1088; p < 0.01).  The histology of the pancreas 

confirmed severe acute pancreatitis (Table 7-1; sham, 1.20 ± 0.20 vs. AP, 7.20 ± 0.57; 

p < 0.01).  There was no significant difference between the two groups for histology 

of the intestine.   
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There were no significant differences in the protein concentration between sham 

control ML (mean ± sem, 32.35 ± 5.50 µg/µL) and AP-ML (23.84 ± 5.25 µg/µL) (p = 

0.19, Figure 7-2). 
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There were 245 proteins identified in ML from all the mass spectrometry runs (with 

and without depletion) that met the validity criteria (section 3.6.4.4, page 68).  All of 

the proteins were identified in both experimental groups, and there were no proteins 

unique to either experimental group.   A non-redundant list of these proteins is 

provided (Supplementary Table 1).  

 

Forty-seven of the 245 identified proteins were listed as potentially hypothetical 

proteins according to the International Protein Index (Rat database v3.27).  These 

proteins were then subjected to a NCBI BLASTP analysis.  Thirty-five proteins 

(13.6%) were confirmed as hypothetical but 12 proteins were not, being identical to 

other rat proteins (Supplementary Table 2).  Nine of these 35 proteins were identified 

in the previous proteomic study of normal mesenteric lymph (Chapter 6) (301), but 

continue to be listed as hypothetical proteins in the International Protein Index (Rat 

database v3.27) (Supplementary Table 2) . 

 

Prior to the immunoaffinity depletion, the  proteins removed by this process (albumin, 

fibrinogen, transferrin, !1-antitrypsin, IgG and haptoglobin) were investigated using 

mass spectrometry data and there were no statistically significant differences between 

the two experimental groups. 

 

There was a statistically significant increase in the relative abundance of 8 proteins in 

the ML of the acute pancreatitis experimental group after immunoaffinity depletion 

(Table 7-2).  An additional 2 proteins (haemoglobin beta chain complex and 

phosphoglycerate mutase 1) had changes in their relative abundance that approached 

significance (p value < 0.05 and an adjusted p value < 0.10).   
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The 8 proteins that were significantly increased in acute pancreatitis conditioned 

mesenteric lymph (AP-ML) were then classified by their cellular location and 

molecular function using the GO classification system 

(http://www.geneontology.org/index.shtml).  Seven of the proteins were extracellular 

pancreatic enzymes and 1 was cytosolic (Table 7-2).  In regards to their molecular 

function, all 8 were catabolic enzymes and 4 were also ion binding (Table 7-2).  Of 

the 7 extracellular pancreatic catabolic enzymes, four had peptidase activity 

(carboxypeptidase B1, chymotrypsinogen B, carboxypeptidase A2 and cationic 

trypsinogen), 1 had ester hydrolase activity (pancreatic lipase), 1 had 

endoribonuclease activity (ribonuclease), and 1 acted on glycosyl bonds (pancreatic 

amylase 2). 

 

Despite the limited sample volume of ML left after proteomic analysis, specific 

biochemical assays for albumin, pancreatic amylase and lipase were able to be 

performed for cross-validation.  The results of these specific biochemical assays are 

consistent with the LC-MS/MS findings.  Albumin was not different between the two 

groups (mean ± sem; sham, 14.0 ± 1.8 g/L vs. AP, 14.71 ± 2.8 g/L, p = 0.87) while 

both pancreatic amylase (sham, 901 ± 196 U/L vs. AP 7024 ± 2079 U/L, p < 0.01) 

and lipase (sham, 272 ±132 U/L vs. AP, 1424 ± 367 U/L, p = 0.03) were significantly 

increased. 
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This study provides the first comprehensive description of the changes that occur in 

the proteome of mesenteric lymph during acute pancreatitis.   A total of 245 proteins 

were identified in ML using strict acceptance criteria and with greater than 97% 

confidence.  All identified proteins were present in both the AP and the sham control 

groups.  There were 8 proteins that were significantly more abundant in AP-ML.  All 

8 of these proteins were catabolic enzymes with 7 being secreted pancreatic catabolic 

enzymes.  Also identified in the ML of both groups were 35 hypothetical proteins. 
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Severe acute pancreatitis is associated with hypotension and reflex splanchnic 

vasoconstriction resulting an intestinal ischaemia-reperfusion injury (108, 302).  It has 

previously been hypothesized that pancreatic enzymes which are normally present in 

the intestinal lumen in high concentration may be able to pass through a compromised 

intestinal barrier and cause remote organ injury (303, 304).  In the current study, MAP 

was controlled to help prevent ischaemic injury of the intestine, and this was 

confirmed by the normal intestinal histology scores in the AP group.  Thus, this study 

shows for the first time that high levels of several pancreatic catabolic enzymes are 

present in AP-ML early in acute pancreatitis in the presence of normal intestinal 

histology. 

 

Studies conducted by Dumont et al. in the 1960s had demonstrated that lymphatic 

fluid from the pancreas, containing active catabolic enzymes, can flow directly into 

the cisterna chyli and the thoracic duct via lymphatic connections (283).  They 

proposed the idea that this lymphatic drainage system in the pancreas works as a 

‘safety or overflow’ mechanism by removing excess pancreatic enzymes from the 

pancreatic interstitium in an attempt to prevent damage to the pancreatic tissue. 

Others have also reported that lymphatic connections may exist that allow pancreatic 

lymph to drain via intestinal lymphatics into the cisterna chyli and thoracic duct (305).   
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The current study showed that pancreatic catabolic enzymes can be found in ML 

during AP in the presence of normal intestinal histology (ML eventually drains into 

the thoracic duct via cisterna chyli).  This finding would support the hypothesis that 

there may exist direct lymphatic connections between the pancreatic and intestinal 

lymphatics.  Anatomical studies are currently being conducted by our research group 

to identify any such putative connections between the pancreatic and the intestinal 

lymphatics. 
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A strength of this study is the use of state-of-the-art iTRAQ LC-MS/MS techniques 

used to define the proteome of acute pancreatitis conditioned ML.  Previous studies 

have used enzyme specific biochemical methods to identify amylase, lipase and 

trypsin in the thoracic duct lymph of animals (306) and humans (118, 169)  with acute 

pancreatitis.   In addition to confirming the presence of these three catabolic enzymes, 

this study reports, for the first time, the presence of ribonuclease 1, carboxypeptidase 

B1, chymotrypsinogen B and carboxypeptidase A2 in acute pancreatitis conditioned 

ML.  The most abundant protein class identified in normal-ML was previously 

reported to be protease inhibitors (Figure 6-3, page 124).  It is striking that despite a 

substantial increase in the relative abundance of proteases in AP-ML identified here, 

there was no concomitant rise in relative abundance of protease inhibitors. 

 

A study published in 2008 by Mole et al. used two different proteomic techniques to 

investigate AP-ML (170).  The SELDI-TOF (surface-enhanced laser desorption – 

ionization time-of-flight mass spectrometry) technique generated spectra that 

differentiated acute pancreatitis conditioned ML from sham ML, but this could not be 

used to identify individual proteins (307).  In a separate experiment they used 2D-

PAGE (two-dimensional gel electrophoresis) to identify just 4 proteins (transferrin, 

haptoglobin, !1-protease inhibitor and apolipoprotein A1) that showed a relative 

increase or decrease in acute pancreatitis conditioned ML.  Using these techniques it 

was not possible for Mole et al. to demonstrate any numerical fold change data or 

statistical measures of significance.  If immunodepletion had been used to deplete the 
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major abundant proteins prior to 2D-PAGE it might have been possible to achieve a 

higher level of resolution and identification of additional protein changes.  Another 

limitation of the study by Mole et al (170), is that MAP was not controlled.  This 

raises the possibility that the reported proteomic changes in acute pancreatitis 

conditioned ML might have been due, at least in part, to concomitant hypotension and 

intestinal ischaemia. 
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Pancreatic enzymes contribute to the development of distant organ injury and MODS 

by the proteolytic cleavage of cellular membranes and extracellular proteins, and by 

activating leucocytes to generate reactive oxygen species (ROS) (308-312).  

Pancreatic proteases are also thought to contribute to the generation of ROS by the 

limited proteolytic conversion of the enzyme xanthine dehydrogenase to xanthine 

oxidase (313).  In the oxidase form, this enzyme produces the superoxide anion and 

thus generates ROS (86).  It is recognized that pancreatic proteases are not the only 

factors responsible for the development of MODS in acute pancreatitis.  Pancreatic 

amylase has also been implicated as a potentially toxic factor.  It is now thought that 

high levels of pancreatic amylase disrupt the binding of tissue XO by hydrolyzing the 

internal !1–4 linkages of some of the glycoproteins present in the extracellular space.  

Once mobilized, XO is able to concentrate in distant organs with low intrinsic XO 

activity and produce ROS contributing to organ dysfunction (136). 

 

In the setting of haemorrhage it was found in animal models that shock conditioned 

ML caused neutrophil dysfunction (152, 153), bone marrow suppression (154), and 

damage to endothelial cells of the pulmonary microvasculature (155, 156).  These 

effects were prevented by either ligation of the pancreatic duct prior to the induction 

of shock (171, 303) or by the intra-intestinal inhibition of pancreatic serine proteases 

(309, 314-316) thereby implicating pancreatic proteases as toxic factors in ML.  
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There is also some evidence from human studies that pancreatic enzymes may 

contribute to the toxicity of ML in acute pancreatitis.  In  1989, Dugernier et al. 

reported that diversion of trypsin rich thoracic duct lymph in 12 patients with severe 

AP reduced lung injury and significantly improved ventilation parameters (118).  It is 

important to note that the concentration of trypsin in the diverted lymph was 

significantly higer than in the blood of these 12 patients (118).  

 

!"#"$"#" @'+*)&0-<)/+*&4*-,'A,.,+,/'-
!

The anatomical route of ML to the subclavian vein via the thoracic duct bypasses the 

liver.  Therefore, AP conditioned ML is able to avoid any hepatic first-pass 

modification or detoxification, and potentially toxic catabolic pancreatic enzymes are 

instead delivered directly to distant organs (especially the heart and lungs). The 

findings of this study support the proposal that the increased levels of pancreatic 

catabolic enzymes in mesenteric lymph during acute pancreatitis are potential 

therapeutic targets.   

 

The history of intravenous anti-protease treatment in acute pancreatitis, using 

gabexate and nafamostat, is disappointing (317).  After more than 70 clinical trials 

and several meta-analyses, there is no convincing evidence to recommend the use of 

intravenous protease inhibition in acute pancreatitis (318).  Of the 16 recently 

published clinical guidelines there are only two, from Japan and China, that 

recommend the use of intravenous protease inhibitors (318, 319), and not on the basis 

of high level evidence.  The findings of the present study would suggest that protease 

inhibition might be more effective if given by the enteral rather than the intravenous 

route, especially if it were lymphotropic and concentrated in mesenteric lymph.   
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There have been previous reports of enteral protease inhibitors (gabexate mesilate, 

nafamostat) improving haemodynamic parameters, reducing intestinal injury, 

leukocyte activation, and the systemic inflammatory response syndrome in animal 

models of intestinal ischaemia-reperfusion injury (314, 315, 320) and septic shock 

(321).  For example, Deitch et al. reported that protease inhibitor (nafamostat), when 

administered enterally, reduced lung injury and leukocyte activation in a model of 

experimental shock (320). However, when the same protease inhibitor was 

administered intravenously, it failed to have any beneficial effects (320).  To our 

knowledge, there is only one clinical trial that investigated the use of oral protease 

inhibition (FOY-305) in acute pancreatitis (322) and showed significant improvement 

in abdominal pain scores and urinary amylase in the treatment arm.   Further studies 

to evaluate the efficacy of lymphotropic protease inhibition delivered by the enteral 

route during AP appear to be justified in this context.    
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One of the challenges of proteomics is that high abundance proteins mask low 

abundance proteins when compositional analysis is attempted.  This problem was 

addressed in the present study by the immunodepletion of the highly abundant 

proteins using a validated method (263-267).  Unfortunately, unintentional protein 

loss inevitably occurs during immunodepletion because of non-specific binding to the 

column, specific binding to the column due to structural homology with the proteins 

being depleted, and/or binding to the proteins that are being depleted (263, 264).  

Given the modest amount of lymph that can be collected from a rat during the 

experimental protocol (750 – 1000 µL), only 10-20 µL of the original sample is left 

after immunodepletion and LC-MS/MS for further evaluation thus prohibiting further 

analyses by complementary gel-based proteomic methods.  This study used a well 

established model of taurocholate induced AP (11, 180, 181), however, to ensure that 

some of the proteomic changes reported here are not specific to the model, it is 

important that future studies are conducted using different models of AP.  The protein 

fraction of mesenteric lymph is unlikely to contain all of the factors responsible for 
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the toxicity found in acute pancreatitis and other critical illnesses, although it has been 

found to be more toxic than the lipid fraction (161).  Delineating the composition of 

the lipidome of acute pancreatitis conditioned ML is the focus of further studies.  
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This is the first comprehensive description of the mesenteric lymph proteome 

conditioned by acute pancreatitis.  It has demonstrated a significant increase in the 

relative abundance of 8 proteins amongst the 245 proteins identified using state-of-

the-art iTRAQ based LC-MS/MS techniques, 7 of which are secreted pancreatic 

catabolic enzymes.  The increase in ML pancreatic catabolic enzymes during AP is 

not matched by a concomitant increase in protease inhibitors and occurs in the 

presence of normal intestinal histology.  This study provides a clear rationale for 

clinical trials to investigate the efficacy of lymphotropic enteral protease inhibitors in 

the treatment of acute pancreatitis.    
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One of the hallmarks of severe AP is hypovolaemia and systemic shock (section 2.1.1, 

page 22).  There is accumulating evidence that systemic shock related reduction in the 

splanchnic blood flow leads to the production of toxic ML which bypasses the hepatic 

first-pass detoxification and can directly impact distant organs such as the heart and 

lungs (section 2.2.1, page 29).  Despite the likely relevance of shock conditioned ML, 

there is no comprehensive description of its proteome in the literature. 

 

;"<"< >%4&+
 

The aims of this study were to: 

1. To use isobaric tag technology (iTRAQ™) for relative protein quantitation 

together with LC-MS/MS (liquid chromatography–tandem mass spectrometry) 

(262, 301) identifications to provide the first comprehensive profile of the 

component proteins in ML that change with controlled shock (CS). 

2. To identify target proteins for further research using a bioinformatics 

approach. 
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The study was approved by the University of Auckland Animal Ethics Committee.  

The animals were housed and handled as described in section 3.1. 
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Figure 8-1outlines the protocol for the matched collection for mesenteric lymph. 
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Group 1 (sham control, n = 8) had matched interventions and lymph collection to the 

shock group, and the control animals were the same controls used in the study 

described in Chapter 7.  Group 2 (controlled shock, CS, n = 8) had 90 minutes of 

controlled hypotension followed by collection of ML for a further 60 minutes.  In 
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each case the surgery commenced at the same time each day (0900) and animals were 

fed ad libitum. 
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The controlled shock model as described in section 3.4.1 was used.  After 90 minutes 

of controlled hypotension to a MAP of 30 ± 5 mmHg, the animals were resuscitated to 

a MAP of within ±10% of the pre-shock baseline.   A laparotomy then was performed 

and ML collected. 
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CS-ML (Group 2) was collected as described in section 3.5.1 (page 53).  This was 

done in conjunction with ML collection for the study described in 7.2.4 (page 148). 
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Blood was collected by a euthanising cardiac puncture as described in section 3.5.2, 

and biochemistry was performed as described in section 3.6.1. 

 

Pancreas was harvested for histology as described in section 3.5.3.1 and assessed as 

described in section 3.6.3.1.   The small bowel was also harvested for histology as 

described in section 3.5.3.2 and assesed as described in section 3.6.3.2. 
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Samples from this study were processed and analysed along with the samples from 

the study described in section 7.2.6 (page 149).  This was done to not only save on the 

cost of LC-MS/MS runs, but also reduce the number of animals needed to complete 

the study. 
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ProteinPilot (version 1.0 Applied Biosystems) was used to search the MS/MS data 

against the IPI Rat database v3.27 as described in section 3.6.4.3. 
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Protein identifications were validated as described in section 3.6.4.4. 
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Protein abundance was calculated from the peptide summary data generated by 

ProteinPilot.  Strict criteria were applied when calculating the protein abundance from 

peptide data – peptides identified as belonging to more than one protein were 

eliminated, and any spectra below the confidence threshold set by ProteinPilot were 

also eliminated.  The remaining peak areas were log-transformed and, for each 

sample, average log peak areas were calculated from the spectra within each reporter 

region for every identified protein.  Differences in relative abundance were calculated 

as differences in log peak areas (CS – sham control) and reported as fold differences 

between the two.  
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The statistical analysis was carried out by a biostatistician using the LIMMA package 

v2.9.17 in the R software v2.6.1 (R Development Core Team, 2007) (192).  The 

analysis for differential expression was performed on a protein-by-protein basis using 

a linear model that included run, label and treatment effects.  A moderated t-statistic, 

in which the standard errors were moderated across proteins using a Bayesian model, 

was used for the significance analysis (193).  Samples were processed and analysed 

along with the samples from the study described in Chapter 7 and common controls 

used.  The p value was adjusted for multiple testing using Benjamini and Hochberg’s 

false discovery rate setting the expected proportion of false discoveries to 5% (194).  

Since this study was hypothesis generating, the multiple comparison adjusted p value 

was accepted as p < 0.10 although in all cases the individual p value comparison was 

p < 0.05.  Both the unmodified p value < 0.05 and adjusted p value < 0.10 are listed 

for proteins with significant differences between the two experimental groups. Dr. K. 

Ruggiero, a biostatistician, helped in performing the statistical analysis. 

 

For non-proteomic data, such as histology scores and biochemical parameters, the 

non-parametric Mann-Whitney U test was used to derive statistical significance and p 

< 0.05 was considered significant. 
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Proteins that were found to have a significant difference in abundance between sham 

and disease conditioned ML were then further analysed for functional and biological 

relevance.  With the help of Gaggle (195), an open-source Java software environment, 

and Gene Ontology (GO) provided free by the Gene Ontology Consortium 

(http://www.geneontology.org/index.shtml) (196), these proteins were classified by 

their molecular function and cellular location.  An interactome displaying protein-

protein interactions was also created for these proteins using a publicly available 

network visualization system called Osprey (197, 198). 
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Hypotension with a mean arterial pressure (MAP) of 30 ± 5 mmHg was induced and 

maintained successfully for a period of 90 minutes (Figure 8-2, page 172).  The 

animals were then resuscitated bringing the MAP back to within 10% of the pre-shock 

MAP (Figure 8-2).  All animals survived for the duration of the experimental 

protocol. As expected, several biochemical parameters consistent with renal and 

hepatic hypotensive injury were significantly increased in the CS group compared to 

sham e.g. serum creatinine (mean ± SEM, 70.6 ± 6.6 vs. 42.4 ± 2.8 µmol/L, p < 

0.001), urea (12.3 ± 0.4 vs. 10.5 ± 0.4 mmol/L, p = 0.005), AST (241 ± 39 vs. 101 ± 

15 U/L, p = 0.008) and ALT (81 ± 11 vs. 46 ± 5 U/L, p = 0.01) (Table 8-1, page 173).  

Hypotension induced injury to the small intestine was confirmed with higher 

histological injury scores in the CS group compared to sham controls (3.78 ± 0.88 vs. 

0.31 ± 0.15, p < 0.001, Figure 8-3).  However, there was no significant difference in 

the pancreatic histology scores between the CS group vs. the sham controls (1.56 ± 

0.24 vs. 1.20 ± 0.20, p = 0.28).  An increase in the serum protein carbonyls, indicating 

global oxidative stress, was also seen in the CS group vs. sham (Table 8-1).  Serum 

electrolytes, albumin and glucose were not significantly changed between the two 

groups (Table 8-1).  
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There were no significant differences in the protein concentration between sham 

control ML (mean ± se, 32.35 ± 5.50 µg/µL) and AP-ML (39.10 ± 5.76 µg/µL) (p = 

0.44, Figure 8-4). 
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An aggregate of 245 unique proteins from all the mass spectrometry runs (with and 

without depletion) were identified in ML that met the identification validity criteria.  

This non-redundant list is provided in Supplementary Table 1.  All of these 245 

proteins were identified in all the experimental groups. There were no proteins that 

were unique to an experimental group. 

 

IgY immunoaffinity depletion of the most abundant proteins from ML (albumin, 

fibrinogen, transferrin, !1-antitrypsin, IgG and haptoglobin) greatly improved the 

ability to identify less abundant proteins. The average identification success rate was 

approximately 80 proteins per mass spectrometry run for the non-depleted-ML 

samples which increased to 230 proteins per run for the depleted-ML samples.  
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None of the proteins removed by depletion showed statistically significant differences 

in their relative abundance between the two experimental groups of CS-ML and sham 

control-ML.  For the remaining proteins, differences in their relative abundance (CS 

vs. sham) post-IgY immunoaffinity depletion were measured.  Sixty proteins were 

found to have significant increases in their relative abundance in CS-ML compared to 

sham-ML.  All 60 had individual differences that were significant at p < 0.05, and 

when corrected for multiple comparisons, 48 protein comparisons were still at p < 

0.05 and for 12 proteins p < 0.10. Of note, significant increases in the relative 

concentrations of pancreatic enzymes amylase 2 (increased 4.82 fold, adjusted p = 

0.02) and pancreatic carboxypeptidase A2 (increased 3.31 fold, adjusted p = 0.04) 

were found in CS-ML.  No proteins were identified with statistically significant 

decreases in their relative abundance.    
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The major Gene Ontology (GO) molecular functional groups represented by these 60 

proteins were: ion binding (25%), transferase (13%), oxidoreductase (12%), hydrolase 

(11%), isomerase (9%) and antioxidant (9%) (Figure 8-5).  
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Since this dataset is exploratory, the list of 60 proteins with a significant increase in 

their relative abundance (p value < 0.05 and adjusted p value < 0.10) between the CS-

ML and sham-ML (Table 8-2) was then analyzed for biological relevance.  Proteins 

were classified into their GO biological pathways (196).   The majority of the proteins 

fell under two main hierarchical clusters: ‘Response to Stimulus’ (GO:0050896, 

Figure 8-6, page 186) and ‘Metabolic Process’ (GO:008152, Figure 8-7, page 187).  

Figure 8-6 and Figure 8-7 are also cross-referenced onto Table 8-2 to aid 

interpretation of both the figures and the corresponding protein list. 

 

Seventeen proteins were grouped under Response to Stimulus (GO:0050896, Figure 

8-6) with four main hierarchical sub-groups: Immune Effector Process, Defence 

Response, Response to Stress culminating with Response to Hypoxia and Response to 

Chemical Stimulus culminating with Response to Hydrogen Peroxide.   

 

Forty proteins were grouped under Metabolic Process (GO:008152, Figure 8-7) with 

five inter-connected hierarchical sub-groups: Catabolic Process culminating with 

Glycolysis, Nucleotide Metabolic Process culminating with Nicotinamide Metabolic 

Process, Carbohydrate Metabolic Process culminating with Gluconeogenesis, Organic 

Acid Metabolic Process culminating with Pyruvate Metabolic Process, and 

Monosaccharide Metabolic Process.  Thus nearly all the proteins that had individual 

statistically significant differences between the two experimental groups were 

involved in either a defence or a metabolic process. 



!

! "#$!

 

!"#$%&'()*'+,&'-.'/"01%"2$1"34'53%'6%31&"40'7"01&/'"4'+827&'()9'1,81'8%&'"4:37:&/'"4'1,&'53773;"4#'2"373#"<87'6%3<&00&0='">>$4&'%&06340&'?@ABC'/&5&4<&'%&06340&'?@9BC'%&06340&'13'01%&00'?@DB'
84/'%&06340&'13'<,&>"<87'01">$7$0'?@EBF''+,&0&'<3/&0'?@A)EB'<3%%&781&';"1,'6%31&"40'7"01&/'"4'+827&'()9F'G8<,'23H'<3418"40='1,&'48>&'35'1,&'681,;8IC'1,&'-.'<7800"5"<81"34'84/'1,&'4$>2&%'
35'6%31&"40';"1,'8'0"#4"5"<841'"4<%&80&'"4'1,&"%'%&781":&'82$4/84<&'?0,3<J':0F'0,8>BF''.47I'681,;8I0';"1,'1,%&&'3%'>3%&'6%31&"4'<,84#&0'8003<"81&/';"1,'1,&>'8%&'0,3;4F'''



!

! "#%!

 

!"#$%&'()K +,&'-.'/"01%"2$1"34'53%'6%31&"40'7"01&/'"4'+827&'()9''1,81'8%&'"4:37:&/'"4'1,&'53773;"4#'2"373#"<87'6%3<&00&0='<818237"<'6%3<&00'?LABC'4$<7&31"/&'>&18237"<'6%3<&00'?L9BC'
<8%23,I/%81&'>&18237"<'6%3<&00'?LDBC'3%#84"<'8<"/'>&18237"<'6%3<&00'?LEB'84/'>34308<<,8%"/&'>&18237"<'6%3<&00'?LMBF''+,&0&'<3/&0'?LA)MB'<3%%&781&';"1,'6%31&"40'7"01&/'"4'+827&'()9F''
G8<,'23H'<3418"40='1,&'48>&'35'1,&'681,;8IC'1,&'-.'<7800"5"<81"34'84/'1,&'4$>2&%'35'6%31&"40';"1,'8'0"#4"5"<841'"4<%&80&'"4'1,&"%'%&781":&'82$4/84<&'?0,3<J':0F'0,8>BF''.47I'681,;8I0'
;"1,'1,%&&'3%'>3%&'6%31&"40'8003<"81&/';"1,'1,&>'8%&'0,3;4F'



!

! "##!

 

!"#"#"$" %&'()*+,%&'()*+-.+()&/0(*'+1-
!

Proteins with greater number of protein-protein interactions are known to be more 

important to the organism compared with proteins with fewer interactions (197).  In 

order to identify proteins with the greatest number of interactions in the 60 with 

significant changes in CS-ML, an ‘interactome’ or a visual map of the known protein-

protein interactions of this group with other proteins (Figure 8-8, page 189) was 

constructed (198).  It can be seen that the most dense number of known protein-

protein interactions cluster around 8 proteins: 14-3-3 zeta, 14-3-3 epsilon, calmodulin, 

actin, cofilin 1, profilin 1, prolyl 4-hydrolase, peptidylprolyl isomerase, and smaller 

clusters around transgellin, cystatin C, fatty acid binding protein 4 and aldoase A 

(Figure 8-8).  
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This study provides the first description of the changes that occur in the proteome of 

CS-ML using iTRAQ- LC-MS/MS.  Using strict criteria, 245 proteins were identified 

in ML with greater than 97% confidence, including 35 hypothetical proteins.  All of 

the proteins were identified in animals from both sham-control and CS groups, but 

sixty proteins were noted to have a statistically significant increase in their relative 

abundance in CS-ML.  To our knowledge, this study reports the first application of a 

bioinformatics interactome approach to identify those of the 60 proteins changed in 

the CS-ML with the most protein-protein interactions, and therefore the greatest 

expected biological relevance. 

 

!"#", -./%0%'12%)*+)0+23.+4567)8.9+
 

The effects of CS on the ML proteome were studied in an established rodent model 

(157).  Animals underwent controlled hypotension and demonstrated the expected 

significant rise in oxidative stress markers and biochemical evidence of renal and 

hepatic injury (30).  The model also produced intestinal injury as evidenced by an 

increase in the histological injury score (Table 8-1, page 173), and serum intestinal 

fatty acid binding protein (gastrotropin, Table 8-2, page 177).  Gastrotropin is 

understood to be localized to small bowel epithelium, and has previously been 

suggested as a useful diagnostic marker for mesenteric ischaemia in humans (323).  

Here we report significantly increased levels of gastrotropin in CS-ML which is 

consistent with our finding of histological intestinal injury in the CS animals.  

  

The restoration a normal MAP with intravenous fluid resuscitation after a period of 

hypotension was associated with normal serum electrolytes and albumin. 
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Pancreatic enzymes contribute to the development of distant organ injury and MODS 

by the proteolytic cleavage of cellular membranes and extracellular proteins, and by 

activating leucocytes to generate reactive oxygen species (ROS) (308-312).  Ishimaru 

et al. postulated that in the ischaemic intestine, pancreatic enzymes could pass through 

the mucosal barrier into the submucosal space and lead to the production of 

inflammatory mediators (324).  While they did not provide direct evidence of the 

presence of pancreatic enzymes in the submucosal space, it has been demonstrated 

that luminal inhibition of pancreatic digestive enzymes leads to a significant reduction 

in MODS (315, 324).  Ligation of the pancreatic duct has also been reported to reduce 

lung injury in CS (303), and prevent the formation of biologically active CS-ML 

(171).   

 

In this study, 5 pancreatic enzymes were identified in the ML of both sham-control 

and CS groups (pancreatic amylase 2, carboxypeptidase A1 and A2, cationic 

trypsinogen and chymotrypsinogen B. Supplementary Table 1).  This study reports, 

for the first time, significant increases in the relative abundance of pancreatic amylase 

2 and pancreatic carboxypeptidase A2 in CS-ML which are both potentially toxic 

factors.  These findings highlight the need for further research investigating the use of 

intra-luminal inhibition of pancreatic enzymes in patients with CS.  
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During shock, there is considerable production of ROS leading to increased oxidative 

stress and oxidant mediated organ injury (239).  Here, we report not only increased 

global oxidative stress in CS (Table 8-1, page 173), but also the mobilization of a 

multi-faceted defense system with significant increases in the relative abundance of 

proteins involved in the defense response, response to hypoxia and oxidative stress in 

CS-ML  (Figure 8-6, page 186).  Levels of superoxide dismutase 3, peroxiredoxin 1, 

peroxiredoxin 2, peroxiredoxin 5, and peroxiredoxin 6 were all increased in CS-ML 

(Table 8-1, page 173).  Superoxide dismutase catalyzes the conversion of superoxide 



!

! "$&!

into oxygen and hydrogen peroxide, and a significant increase in its activity has 

previously been reported in intestinal microvasculature post-shock (325).  

Peroxiredoxins comprise a family of 6 enzymes that not only catalyze the reduction of 

hydrogen peroxide and several other organic peroxides but are also involved in 

hydrogen peroxide mediated signal transduction (326-330).  Recent studies have 

documented the important role played by peroxiredoxins in the cellular stress 

response, with over expression of peroxiredoxin 6 conferring protection from oxidant 

mediated cell injury and knock-out mice being more susceptible to tissue injury (326, 

329, 330).   To our knowledge, there have been no studies looking at the role of 

peroxiredoxins in CS. 

 

The Pasteur effect is a long standing observation that there is a greater reliance on 

glycolysis for ATP production under hypoxic conditions (331).  Hypoxia inducible 

factor 1 (HIF-1) is a recently recognized transcription factor that is a necessary 

mediator of the Pasteur effect (331).  HIF-1 is degraded under normal circumstances, 

but its accumulation in hypoxic cells leads to the induction of several genes that 

contain hypoxia response elements in their control sequences (331).  HIF-1 causes 

increased production of several gene products relating to glycolysis including aldolase 

and enolase, both of which were increased significantly in CS-ML (332).  It is 

therefore not a surprise that the majority of the proteins with a significant increase in 

their relative abundance in CS-ML were related to metabolic processes that eventually 

culminated in either glycolysis or gluconeogenesis (Figure 8-7, page 187), and this 

finding is consistent with literature (331, 333, 334).  
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Proteins have been traditionally studied and classified on the basis of their individual 

interactions, but it is helpful to consider the network of protein-protein interactions 

(197, 300, 335) that govern all biological processes.   Understanding the role of a 

protein within such a network offers further insights into protein function (197).  A 

visual representation of this network of protein-protein interactions is called an 

interactome (198).  Proteins that are highly connected or sit at a central node in the 

interactome, have been reported to be more important for the organisms survival than 

proteins with fewer connections (197).  In the current study, an interactome of the 60 

proteins with changes in CS-ML (Table 8-2, page 177) and their direct protein-protein 

interactions was constructed in order to identify highly connected proteins that may sit 

at the junction(s) of important signaling mechanisms (Figure 8-8).  The interactome 

revealed obvious and substantial protein-protein interaction clusters around 8 

proteins: 14-3-3 zeta, 14-3-3 epsilon, calmodulin, actin, cofilin 1, profilin 1, prolyl 4-

hydrolase, peptidylprolyl isomerase, and smaller clusters around transgellin, cystatin 

C, fatty acid binding protein 4 and aldoase A (Figure 8-8, page 189).   

 

14-3-3 proteins are a group of 6 highly conserved proteins which have over 100 

known binding partners (336).  They are involved in signal transduction processes and 

pathways (including that via !2-adrenergic receptors, cytokine receptors, insulin-like 

growth factor 1, glucocorticoid receptor, protein kinase C family), cell-cycle control, 

anti-apoptosis (regulation of Bcl-2 proteins) and stress response (336, 337). 14-3-3 

zeta has been reported to have a role in survival responses following stress (338). 14-

3-3 zeta and 14-3-3 epsilon have not been previously studied in CS. 

 

Calmodulin is another highly conserved and widely distributed protein that was 

increased in CS-ML.  It is a small calcium binding protein that mediates the control of 

a large number of enzymes by calcium (339, 340).  It is thought to have a wide 

number of protein regulatory actions including adenylate cyclase, myosin light chain 
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kinase, phospholipase A2 and many others (340).  It is also known to regulate 

glycogen breakdown in muscle (340), and has been implicated in the regulation of 

hepatic microvasculature  during periods of stress (341).  Again, to our knowledge, 

there is no research looking specifically at the role of calmodulin in CS.  

 

The cytoskeleton, comprising microtubules and actin filaments, is the framework on 

which several fundamental aspects of cell mechanics are dependent including mitosis, 

intracellular transport, cell motility and cell polarity.  Cofilin helps degrade old actin 

filaments and has been implicated in the destruction of the actin cytoskeleton in 

hypoxic endothelial cells leading to cell injury (342, 343).  Profilin contributes to 

filament assembly (344).  Together, they increase the rate of actin filament 

remodelling by 125 fold (344).  In this study, a significant increase in the relative 

abundance of actin, cofilin and profilin was found in CS-ML – which suggests that an 

increase in actin turnover occurs in CS.  Cofilin has also been implicated in the failure 

of tight junctions between the intestinal epithelial cells contributing to a loss of barrier 

function (345).  Further research is now indicated to determine if cofilin and profilin 

can be manipulated to reduced endothelial injury and loss of intestinal barrier function 

in CS. 
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There have been two previous gel-based proteomic studies looking at differentially 

abundant proteins in sham-control vs. CS-ML (346, 347).  Due to the limited 

resolving ability of a gel-based methodology, these studies were only able to report on 

two proteins that were differentially expressed in CS-ML and did not provide a 

comprehensive description of the ML proteome. 

 

Specifically, Kaiser et al. reported that CS-ML might contain a modified form of rat 

serum albumin with different electrophoretic properties (346).  The LC-MS/MS based 

methodology used in the current study does not allow us to comment on different 
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electrophoretic properties of albumin that may be present in CS-ML.  It should be 

noted that unlike our study, the collection protocol used by Kaiser et al. was not 

performed with protease inhibitors.  Thus, ex-vivo modification of proteins, including 

albumin cannot be excluded.  The other proteomic study by Jordan et al. reported that 

the levels of gelsolin, a plasma protein involved in the actin-scavenging system, were 

decreased in CS-ML (347).  In our current study, gelsolin was identified in ML 

samples from all sham and CS animals.  However, there was no statistically 

significant difference in its relative abundance between the two groups.  Again, 

Jordan et al. did not use collection vials with protease inhibitors to prevent ex-vivo 

modification of the ML samples. 
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The limitations discussed in section 7.4.1.5 (page 164) also apply to the current study.  

These include the limitations surrounding the immunodepletion of major abundant 

proteins and the limited sample volume left after proteomics which prevented further 

analyses by complementary gel-based proteomic methods.  Other models of systemic 

shock, such as sepsis (348) may alter the proteome of ML differently and need to be 

investigated in future studies.  In addition, this study focussed on the changes in the 

aqueous fraction of CS-ML as this was previously found to be more toxic than the 

lipid fraction (161).  The composition of the lipid fraction of CS-ML will be the focus 

of future studies. 
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This study makes a significant contribution to our knowledge of the proteomic 

compositional changes that occur in ML during CS.  This study reports for the first 

time, a comprehensive proteomic description of 245 proteins in CS-ML, 60 of which 

significantly increased in their relative abundance compared with control ML.   

 

The finding of increased pancreatic enzymes in CS-ML now provides further 

rationale for clinical studies investigating the use of lymphotropic protease inhibitors 

to target the pancreatic catabolic enzymes present in CS-ML with the aim to reduce 

distant organ injury.  Proteins with increased relative abundance in CS-ML were 

classified into key pathways related to defence, oxidative stress, hypoxic stress and 

metabolism by using GO pathways. Finally, the interactome identified several 

proteins out of the 60 that changed in shock which sit at highly connected nodes 

(peroxiredoxins, 14-3-3 zeta, 14-3-3 epsilon, calmodulin, cofilin 1, and profilin 1) and 

thus may prove to be important in understanding the underlying pathophysiology and 

signalling mechanisms during CS.  This study not only provides a detailed description 

of CS-ML but also provides a number of directions for future research.   
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Chapters 6, 7 & 8 applied state-of-the-art proteomic methodology to successfully 

investigate the proteome of normal and disease conditioned mesenteric lymph. 

Chapter 6 provided the first description of the proteome of normal mesenteric lymph 

in the fasted and fed states while Chapters 7 and 8 describe the proteomic changes 

that occur in mesenteric lymph conditioned by acute pancreatitis and systemic shock 

respectively. 

 

The focus now changes to the last of the three emerging concepts in the 

pathophysiology of AP highlighted in section 2.4: early mitochondrial dysfunction in 

distant organs during acute pancreatitis.  
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Multiple organ dysfunction syndrome (MODS) is the main cause of death in both the 

early and late phases of severe AP (103, 106).   In the initial two weeks of severe AP, 

MODS is due to an exaggerated cytokine mediated systemic inflammatory response 

syndrome (SIRS) which is thought to primarily affect the lungs (10, 104, 107), while 

in the latter phase MODS is secondary to sepsis thought to result from intestinal 

barrier failure (103, 108).  Mortality from severe AP correlates with the number of 

organs that fail (3), and the presence of MODS has also been shown to identify 

patients most at risk of death (12).  The response of early organ failure to initial 

resuscitation and intensive care support is also predictive of outcome (103, 104).  For 

example, resolution of organ failure with resuscitation within 48 hours confers good 

prognosis, whereas persistent organ failure does not (103, 106).  Development of 

novel therapies for AP associated MODS has been frustrated by a lack of 

understanding of the underlying pathophysiological processes during early severe AP 

(131).   

 

Recent research has linked mitochondrial dysfunction (MD) with MODS (84, 173-

175) (section 2.3, page 31).  Primary MD during SIRS, recently termed ‘cytopathic 

hypoxia’, is now thought to play a central role in the development and progression of 

MODS (349, 350).  This primary mitochondrial failure is postulated to lead to 

metabolic failure and eventual organ dysfunction (84, 350).  The mechanisms 

responsible for primary MD are not fully understood.  It has been proposed that the 

exposure of mitochondria to various pro-inflammatory cytokines such as tumour 

necrosis factor (TNF)-! and interleukin (IL)-1" leads to decreased ATP production 

despite normal oxygen delivery to the tissue (349-353).  A number of other 
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mechanisms including the reversible inhibition of cytochrome c oxidase, inhibition of 

mitochondrial respiratory chain complexes by nitric oxide (NO), and the activation of 

the nuclear enzyme poly-(ADP-ribosyl)-polymerase have also been suggested (349-

353).  In addition to cytopathic hypoxia, disruption of the mitochondrial electron 

transport system (ETS, complexes I-IV, which are responsible for oxidative 

phosphorylation) in a disease state can result in the excess release of reactive oxygen 

species (ROS), usually in the form of superoxide (O2!-) from complexes I and III 

(354).  Excess ETS-derived ROS cause further oxidative damage to mitochondria, 

which can not only impair respirational flux but also lead to increased mitochondrial 

permeability with the concomitant release of cytochrome c, a well defined apoptotic 

mediator (354). Thus, MD may kill cells by excessive ROS production, energy 

starvation and/or apoptosis.  

 

Here, we hypothesize that MD occurs in distant organs early during the development 

of AP and prior to the development of MODS.  Confirmation of MD in distant organ 

systems during the early phase of AP would support the proposal that mitochondrial-

specific therapies may help prevent the subsequent development of MODS in severe 

AP as the disease progresses. 
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The aim of this study was to characterize mitochondrial function in 7 tissue 

homogenates using high-resolution respirometry during early AP in two different 

rodent models. 
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The study was approved by the University of Auckland Animal Ethics Committee.  

The animals were housed and handled as described in section 3.1. 
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Twenty-eight male Wistar rats (6-8 months old, 463 ± 2 g; mean ± SEM), fed a 

standard Harlan Teklad 2018 rodent diet (Madison, WI, USA) were randomised to 4 

groups.  Group 1 (n = 8), saline control; Group 2 (n = 6), caerulein induced acute 

pancreatitis (CIP); Group 3, (n = 7) sham surgical controls (laparotomy only without 

induction of pancreatitis); and Group 4 (n = 7), taurocholate induced acute 

pancreatitis (TIP, a laparotomy followed by intraductal infusion of taurocholate into 

the pancreas) (76, 179).  All chemicals used in these experiments were supplied by 

Sigma Aldrich Pty Ltd (New South Wales, Australia), unless otherwise stated. 
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The caerulein induced acute pancreatitis model (CIP) of AP as described in section 

3.4.2.1 was used in this study.  All animals were individually housed, had access to 

food and tap water ad libitum for 6 h and were monitored as per a standard protocol; 

thereafter, they were rapidly anaesthetised under isoflurane. 
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The taurocholate model of AP (TIP) as described in section 3.4.2.2 was used in this 

study. The abdomen was then closed and the rat recovered on a warming plate. All 

animals received 5 mL of SC normal saline administered at the start of the 

experimental protocol. 

 

In the post-operative phase, all animals were individually housed, had access to food 

and tap water ad libitum for 6 h and were monitored as per a standard post-operative 

recovery protocol; thereafter, they were rapidly anaesthetised under isoflurane. 
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Blood was collected by a euthanising cardiac puncture as described in section 3.5.2, 

and biochemistry was performed as described in section 3.6.1. 

The pancreatic tissue and small bowel were harvested for histology as described in 

section 3.5.3, and assesed as described in section 3.6.3. 
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The pancreas (tail and head separately), duodenum, mid-jejunum, lung (left lower 

lobe), heart (left ventricular endomyocardium), left kidney, and liver (left lobe) were 

harvested for assessment of mitochondrial function as described in section 3.5.4.  

Mitochondrial function was then assessed as described in section 3.6.5. 
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In a separate experiment, we determined whether there might be any direct toxic 

effect of caerulein on rodent lung mitochondria.  Lung tissue (n = 4) was incubated 

with 200 µg/kg caerulein at 37º C for 30 minutes in oxygenated assay medium.  

Control lung tissue (n = 4) was incubated similarly in the oxygenated assay medium 

without caerulein.  Mitochondrial respiration was measured as described above. 
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Statistical analysis was carried out using GraphPad Prism ™ version 4.00 for 

Macintosh (GraphPad Software, San Diego, California, USA).  The Mann-Whitney U 

test with a Bonferroni correction was used for the three relevant planned comparisons. 

A p value  < 0.05 was considered significant. 
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All animals survived the study protocols without evidence of clinical shock or of 

being in a moribund state (section 3.3.3).  Both CIP and TIP models produced AP 

with the expected elevation in serum amylase (Table 9-1).  The TIP model produced a 

more severe AP than the CIP model, as shown by the higher pancreas injury histology 

scores in the TIP group (Table 9-1).  The serum creatinine and electrolyte 

measurements were unchanged in the CIP group compared to matched controls 

(saline-control group).  The mild nature of the CIP model was also confirmed by the 

lack of any other biochemical derangement (Table 9-1).  By contrast, the TIP model 

had a modest systemic derangement in various biochemical parameters (Table 9-1).  
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Pancreatic MD was apparent in both AP models (J-A.&' K)R), but its pattern differed 

between the two.  Whereas CIP lead to a significant depression of glutamate oxidation 

(complex I dysfunction with decreased GM2 and GM3 along with increased 

GMS3/GM3) in the pancreatic tail, it caused only an increase in the GMS3/GM3 ratio 

(indicating complex I dysfunction relative to complex II) in the pancreatic head (J-A.&'

K)R).  TIP significantly depressed flux through complexes I and II in the pancreatic 

head (J-A.&' K)R, Figure 9-1).  TIP induced no significant changes in mitochondrial 

function in the pancreatic tail despite the tail being oedematous. 
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The combination of a volatile anaesthetic and surgery was found to have depressed 

respiratory flux through complex I, complex II and isolated complex IV in the lung 

when compared to the non-operated saline control group (J-A.&' K)R, Figure 9-1). This 

unexpected finding meant that investigation of AP effect on lung MD was only 

studied in the CIP model and not the TIP model. 

 

Another unexpected finding was that sham surgery also impacted pancreatic 

mitochondrial function despite there being no significant difference between the 

pancreas histology scores from the saline control and sham surgical groups (Table 

9-1).  Depressed complex I flux was seen in both the pancreatic head and tail while 

depression of complex II was limited to the pancreatic tail.  Heart, liver, kidney, 

duodenal and jejunal mitochondrial function were not altered in the sham surgical 

group (J-A.&'K)R).  
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MD secondary to pancreatitis in distant organs was restricted to the lung and jejunum 

(J-A.&' K)R, Figure 9-1).  CIP depressed flux through complexes I, II and IV in lung 

tissues.  Respirational flux through complex I was also depressed in jejunal 

homogenates during CIP when compared to the saline control group (GMS3/GM3, 

J-A.&' K)R).  TIP caused jejunal complex I and II dysfunction when compared to sham 

surgery.  However, there was no difference in the lung mitochondrial function 

between the TIP group vs. sham surgery, where the combination of the anaesthetic 

and surgery appeared to depress overall lung mitochondrial function in the sham 

group, potentially masking any effect of TIP.  Neither model of AP at 6 h had any 

significant impact on mitochondrial respiration in heart, liver, kidney or duodenum. 
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Lung appeared to be the most susceptible to MD induced by pancreatitis or surgery 

(J-A.&'K)R).  Therefore, in order to exclude a direct toxic effect of the caerulein on the 

lung, an additional experiment was performed in which lung tissue was incubated 

directly with 10 times the concentration of caerulein used in the in vivo study. The 

results show no significant alteration in lung mitochondrial function due to direct 

effects of caerulein (Table 9-3). 
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This study provides the first documentation of the mitochondrial function in seven 

tissues at six hours after the induction of acute pancreatitis in two well accepted 

rodent models of acute pancreatitis.   Here we found significant MD in the inflammed 

pancreas with both experimental pancreatitis models. However, out of the several 

other abdominal organs that were assessed in this study, MD was organ-specific and 

found to be present in only the lung and jejunum. There was no dysfunction in the 

other organs that were studied (heart, liver, kidney, duodenum).  
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It was expected that MD would occur in the pancreas of both experimental models of 

acute pancreatitis.  Taurocholate is administered directly into the main pancreatic duct 

of the pancreas, and thus greater MD is expected in the head of the pancreas rather 

than the tail (355).  This is the likely explanation for the findings that TIP model 

resulted in more severe MD in the pancreatic head, with depressed respirational flux 

in complexes I and II.  In the case of CIP, which is administered systemically, it 

would be expected that mitochondria in all regions of the pancreas would be affected 

equally, however the head appeared to be more resistant to insult.  Mitochondrial 

swelling, the induction of mitochondrial permeability transition pores, and a 

depression in pancreatic respiration and ATP levels have been previously reported 

within 5 hours of the onset of CIP (163, 164).   These reports, however, did not 

explore regional differences between the pancreatic head and tail.   Here, we found 

CIP caused significant depression of complex I respirational flux in the pancreatic 

tail.  In contrast, MD was less pronounced in the pancreatic head, with only 

depression of complex I activity relative to complex II (an increase in the 

GMS3/GM3 ratio).  These interesting findings would suggest different regional 

susceptibilities of pancreatic mitochondria with the pancreatic tail appearing more 

prone to damage.  Differential susceptibility of mitochondria to injury within a single 

tissue type, has been reported for muscle but not in the pancreas (356).  However, 

regional differences in the pancreas biology in other situations have been reported; for 
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example, after a partial pancreatectomy, cellular regeneration is twice as rapid in the 

region of the pancreatic head (357).  This may in part explain this reported difference 

in MD within the pancreas (358, 359).  
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The first organ system to demonstrate dysfunction and to fail in clinical severe AP is 

normally the lung (54).  In our own experience, 88% of patients with severe AP had 

established respiratory failure within the first week of hospitalisation (10).   It has also 

been shown that about half of the deaths within the first week of severe AP can been 

attributed to respiratory failure (360-362).   Experimental models of AP have also 

demonstrated early lung injury.  It has been reported that within 3 hours of caerulein 

administration in rats it was possible to demonstrate decreased surfactant synthesis, 

alveolar capillary endothelial injury and increased neutrophil infiltration, and that 

these effects were not due to a direct effect of caerulein on the lung (362, 363). 

 

This study reports, for the first time, that there is a significant depression of lung 

mitochondrial function, with reductions in complex I and II respiratory flux occurring 

within 6 h of the induction of mild AP by caerulein.  Healthy lung function and 

viability are known to be directly related to normal mitochondrial function (364, 365), 

and failure of mitochondrial respiration and oxidative phosphorylation has been 

considered an important part of the complex pathophysiology of adult respiratory 

dysfunction syndrome (366).  An early impairment of lung mitochondrial function 

during the development of AP would not only cause early deterioration in lung 

function through decreased ATP production (173) but would also predispose the lung 

to further damage evoked by excessive ROS production and apoptosis (367), 

contributing to the later development of adult respiratory dysfunction syndrome.  
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In the sham-operated group substantial depression of respiration was apparent in the 

lung when compared with the saline control (non-operated) group.  This precluded 

comparisons of the relative effect between the CIP and TIP models, as complex I, II 

and IV fluxes in lung remained depressed for six hours after recovery from 

anaesthetic and sham surgery.  Lung epithelial cells are among the first to be exposed 

to high concentration volatile anaesthetics.  As a consequence they can suffer from 

cytotoxic and genotoxic effects (368) which can inhibit complex I (369), open 

mitochondrial ATP-inhibited K+ channels that depolarize mitochondria (370), and 

sufficiently depress  ETS function to reverse complex V (370).  This promotes ATP 

hydrolysis, as opposed to synthesis, in order to maintain membrane potentials.  

Volatile anaesthetic caused increased lung permeability, oxidative stress and overall 

injury following a mini-laparotomy with simple handling of the small bowel (371, 

372). These reports are consistent with our findings and indicate that the non-

operative CIP model is better suited to assess lung MD in early acute pancreatitis than 

the open TIP method.  

 

O"#"# L00.'2+)0+1'(2.+D1*'/.12%2%&+)*+%*2.&2%*19+7%2)'3)*8/%19+0(*'2%)*+
 

The discovery of jejunal MD in both the CIP and TIP models after only six hours was 

an important and unexpected finding of this study.  The data shows that even with the 

very mild CIP pancreatitis, intestinal mitochondrial dysfunction was detectable 

through the significant changes in Complex I respiration (GMS3/GM3), and this 

became even more marked in the moderate-severity TIP model (Complex I and II 

changes).  Failure of intestinal function, with increased permeability and bacterial 

translocation, is thought to occur over the course of the first week after the onset of 

severe acute pancreatitis (108, 131).  The current study provides the first evidence that 

intestinal dysfunction evidenced by jejunal MD, actually occurs within hours of the 

onset of mild or moderate acute pancreatitis.  This challenges conventional thinking 

by demonstrating that jejunal MD is not a late phenomenon but can also occur in less 
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severe acute pancreatitis, and prior to the evolution of MODS or hypovolaemic shock. 

Thus early jejunal MD may be evidence of the ‘first hit’ to the intestine and the first 

measurable finding of pathological intestinal damage early in AP pathogenesis.   

Supportive of this concept are reports that others have found intestinal mucosal injury 

following endotoxic shock that was independent of hypoperfusion, and considered 

that this might be due to impaired mitochondrial respiration or cytopathic hypoxia 

(349).  Here, it has been show that even when the predominant inflammation process 

is isolated to a single specific organ (pancreas) and there is no associated clinical 

shock, that the intestine and lung will still develop a significant deterioration of 

mitochondrial function.    

 

Notably, no MD was detectable in the duodenum during our study.  This points 

toward a fundamental difference in the physiology between these two intestinal sites. 

For example, the jejunum is reported to be more susceptible to ischaemia-reperfusion 

mucosal injury than the duodenum perhaps due to differences in vascular anatomy 

(373). However there are also differences in microbes and intra-luminal contents 

(374) that might contribute to differences in mitochondrial stability between the 

duodenum and jejunum. 

 

Impairment of intestinal barrier function correlates strongly with septic complications 

due to bacterial translocation, the priming of neutrophils and MODS (108, 131).  

Intestinal permeability to bacteria correlates negatively with enterocyte ATP levels, 

suggestive of an ATP dependence for proper intestinal barrier function (375).  Early 

intestinal MD would be expected to depress ATP levels and to increase ROS 

production (173, 367) which may also underpin an intestinal barrier failure. This 

ongoing MD may worsen MODS by exacerbation of SIRS.  Thus our data suggests 

that jejunal MD might represent a very early or even primary event in acute 

pancreatitis intestinal damage that is prior to the occurrence of systemic hypotension, 

increased intestinal permeability and bacterial translocation. Our observations 

therefore also postulate a new target for therapeutic interventions, whereby 

interventions are specifically designed to support mitochondrial function in early 

acute pancreatitis. 
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Reports on mitochondrial function in tissues distant to the pancreas in acute 

pancreatitis have been limited to liver isolated mitochondria function in acute 

pancreatitis, where MD has been reported in rodents with severe TIP (166, 167).  

Here, no apparent difference was found in mitochondrial function in liver 

homogenates from either model after six hours. This may reflect differences in 

experimental protocols, as we administered up to 5 mL of SC normal saline for 

resuscitation at the start of the protocol in the TIP model in order to ensure adequate 

organ perfusion, and we used tissue homogenates rather than isolated mitochondria. 

We deliberately elected to use tissue homogenates because these provided a means for 

rapid and simultaneous processing of many tissues for measurement of tissue-specific 

mitochondrial respirational flux rate.  Homogenates were also considered superior to 

mitochondrial isolation in this type of experimental setting as the entire mitochondrial 

population present in the tissue sample was tested. This approach avoided the 

processing delays of enriched organelle preparations and also lowered damage due to 

endogenous proteases, as well as lowering the risks of confounding bias that can 

result if swollen, more fragile and/or damaged mitochondrial subpopulations are lost 

through mitochondrial isolation processes (199-201).  The current findings should 

threfore accurately reflect true mitochondrial function as it occurs in the tissue milieu.   
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The current study used two well-established models of mild and severe AP.  

However, future studies should investigate the pattern of MD in distant organs using 

other models of AP to ensure that the changes reported here are not specific to the CIP 

and TIP models.  This study investigated changes in mitochondrial function in end 

organs at 6 hours after the onset of AP.  Future studies need to be conducted to 

document the evolution of mitochondrial dysfunction at multiple time points with 

disease progression.    Sequential serum cytokine measurements were not done during 

the 6 hour study period because of the modest circulating blood volume of the rat and 
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the potential effect that this might have had on the development of AP, MD and 

MODS.  The temporal relationship between MD and changes in cytokine levels in 

peripheral, pulmonary and portal circulations will be of interest in future studies. 
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To date, systemic MD in AP has not been explored to any depth.  This study has 

shown a surprising pattern of mitochondrial dysfunction early in AP. The pattern of 

damage seen here provides insight to the susceptibilities of specific tissues energetics.  

Decreased mitochondrial function will not only contribute towards depressed ATP 

production in impacted tissues (pancreas, lung and jejunum), but may well increase 

the production of reactive oxygen species. Complex I is a proton pump which is 

directly coupled to phosphorylation, and therefore the depression of complex I 

function impacts ATP synthesis more substantially than complex II.  Complex I is 

also one of the major sites of superoxide production, which is most likely amplified in 

pathological states (376).  A concomitant decrease in ATP with excessive free radical 

production would clearly be detrimental in poorly defended tissues. Given that the 

pancreas, lung and jejunum appeared most labile to AP, tissue ATP reserves and 

antioxidant defenses will most likely be compromised in the face of further insults to 

these organs.  
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The development of novel therapies to prevent the progression of severe AP-

associated MODS continues to be frustrated by a clear understanding of key 

pathophysiology during the early stages of severe AP (131).   As discussed above, the 

early inhibition of mitochondrial respiratory chain complexes is not global but occurs 

selectively in lung and jejunum during early AP.  Failure of these two specific organ 

systems contributes significantly to the morbidity and mortality associated with severe 

AP (10, 108, 131, 360).  This early and selective MD seen in the lung and jejunum 

during the development of AP offers new insight into underlying pathophysiological 
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events during the early phase of AP.  The prevention of the progression and even the 

recovery of lung and jejunal dysfunction might be possible through treatment directed 

at MD and cytopathic hypoxia (84, 174, 350) early in the course of the disease.  Such 

an approach has not been considered for the treatment of AP.    
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This study provides the first description of mitochondrial function in multiple organs 

during early AP.  Previously unrecognized early organ-specific inhibition of 

mitochondrial function distant from the primary site of pancreatic inflammatory 

damage is reported. This finding is consistent with the development of cytopathic 

hypoxia which could contribute to MODS related morbidity and mortality as seen in 

severe AP.  These data highlight the need for further research to identify the 

underlying pathophysiology behind the organ-specific MD in these organs, and the 

potential benefits of early mitochondrial specific therapies in AP. 
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Acute pancreatitis is a relatively common disease with a prevelance of 29.3 cases per 

100,000 population per year in New Zealand (5).  For the majority of patients, AP is a 

mild self-limiting diesase that may only require a brief period of hospitalization (8, 9).  

However, for the 20-30% of patients who develop the severe form of the dieases, the 

course is often protracted and carries with it substantial morbidity and mortality (3, 8, 

10). The risk of mortality in severe AP remains high at 20 – 54% despite 

improvements in resuscitation, intensive care support and surgery (9, 11, 12).  This 

continued high risk of mortality in severe AP reflects the complex underlying 

pathophysiology of the disease (11). 

 

Due to the rapid clinical course of severe AP and the relative inaccessibility of human 

pancreatic tissue during disease evolution, researchers turned to animal models of AP 

in an attempt to unravel the underlying pathophysiology (377).   As a result of several 

decades of animal and laboratory work (Chapter 1), we now understand several of the 

key steps involved in the pathophysiology of AP.  These include acinar cell events 

(premature zymogen activation, cytoskeletal changes, basolateral exocytosis, 

activation of proinflammatory transcription factors, autophagy, and cell death), extra-

acinar cell events (leukocyte chemoattraction and migration, release of inflammatory 

mediators,  microcirculatory changes, and release of ROS), and the eventual 

progression to MODS and death.   

 

Stemming from this understanding of the cellular and molecular events during AP, 

attempts at early biochemical interventions have focused on various novel therapeutic 

targets: inhibition of cell adhesion molecules, modulation of the immune response by 

neutralization of cytokines, prevention of microcirculatory dysfunction and 

antioxidant therapy.  Despite promising laboratory studies, none have been 

particularly successful in the clinical setting to date (377).   Therefore, the clinical 

treatment of severe AP continues to consist of mostly supportive measures (131). 
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Progress towards specific treatment requires the development of new concepts, based 

on phathophysiologic studies and evaluated in animal and clinical studies.  Three such 

concepts (the need for bedside measurement of patient antioxidant status, disease 

conditioned mesenteric lymph and mitochondrial dysfunction)  were introduced in 

Chapter 2 and further investigated in the studies contained within this thesis.  This 

chapter summarizes the results from these studies along with the further research 

directions that have resulted from the current work. 
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Acute pancreatitis is characterized by increased oxidative stress (92, 93, 96) and 

disturbances in the antioxidant status (95, 168).  However, the measurement of 

oxidative stress in clinical settings continues to pose a significant challenge, and 

consequently a persisting problem in running clinical trials investigating the use of 

antioxidant treatment is the lack of a simple bedside method for measuring the 

patient’s antioxidant status (98).  In Chapters 4 and 5, three different disease models 

(acute pancreatitis, severe shock and recovering acute pancreatitis) were used to 

investigate whether the antioxidant status of serum as measured by a simple 

electrochemical technique (CyV) would correlate with biochemical and histological 

markers of disease severity.   

 

In the first study (Chapter 4) a well established rodent model of AP was used to 

determine  whether CyV could resolve differences in the severity of mild, moderate 

and severe AP.  Here, it was demostrated that the first voltammetric peak (CVi1) 

increased as the severity of AP increased and showed significant correlations with 

histological and systemic indices of severity (amylase, lipase, calcium, pH, base 

excess, urea). 
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Having established that CyV could indeed resolve differences in the severity of AP, 

the next set of experiments in Chapter 5 were designed to a) investigate the ability of 

CyV to measure the changes in redox status of serum conditioned by systemic shock 

(which often accompanies severe AP) and b) its ability to follow changes in the redox 

status overtime as animals recovered from AP.   Here, it was found that CyV 

responded to systemic shock with both the first (CVi1) and second (CVi2) 

voltammetric peaks increasing significantly in shock conditioned serum.  These 

changes also correlated with standard biochemical markers of oxidative stress (PC 

and TBARS).   In the recovering model of AP, CVi1 was shown to increase with the 

induction of AP and then return to baseline sham levels within a 24h period as the 

animals recovered from the initial physiological insult.  Here, CVi1 was significantly 

correlated with decreasing PC as the animals recovered. 
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Real-time measurements of a patient’s redox status would potentially be useful to 

clinicians looking after critically ill patients in the intensive care and theatre 

environment.  The  CyV three electrode system is amenable to miniaturization and 

incorporation into an indwelling arterial or venous catheter.  Our group is currently 

collaborating with experts in the field of nanotechnology to achieve this goal.  Once 

developed, the equipment will be tested in a series of laboratory studies prior to use in 

clinical studies. 
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While the current work has demonstrated that CyV is simple to perform and reliably 

able to monitor redox changes induced by experimental acute inflammatory diseases 

such as AP and CS, clinical studies are now required to gauge its clinical usefulness. 

Our group is awaiting ethics approval and funding for several planned clinical studies 
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in the setting of intensive care and general surgery for evaluating the clinical 

usefulness of CyV. 

 

Significance 

 

CyV has the potential to provide an uncomplicated, inexpensive, and reagent free 

bedside test that can be used by clinicians not only to increase our understanding of 

the changes that occur in the total antioxidant capacity with the onset of a severe 

inflammatory disease but also follow these changes with disease progression and 

response to various therapies.  CyV may also be used as a stand-alone marker of 

disease severity or be included in a clinical scoring system such as APACHE II to 

improve its sensitivity. 
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Recent research suggests that disease conditioned ML provides the link between the 

intestine and the development of MODS during critical illness (149).  It is thought to 

contain toxic factors that contribute towards the development of distant end organ 

failure (161, 169-172).  Recent work has suggested that these toxic factors maybe 

carried in the protein fraction of ML (161), but the proteome of normal and disease 

conditioned ML was yet to be defined.    

 

The work presented in Chapter 6 provided the first comprehensive description of the 

normal ML proteome (301).  This study helped develop and establish the protocols for 

immunodepletion of major abundant proteins and iTRAQ LC-MS/MS in our 

laboratory.  The study confirmed that immunodepletion of abundant proteins was a 

necessary step prior to LC-MS/MS because it increased the number of identified 
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proteins by three fold.  One hundred and fifty proteins including 26 hypothetical 

proteins were identified in normal ML.  There were important differences in the 

relative abundance of several proteins between the fed and fasted states (Figure 6-4, 

page 137).   

 

Having established the immunodepletion and iTRAQ LC-MS/MS protocols in our 

laboratory and defined the proteome of normal ML, two further studies were 

conducted to investigate the changes in the ML proteome due to AP (Chapter 7) and 

severe systemic shock (Chapter 8).  Potentially toxic pancreatic catabolic enzymes 

were found to be increased in ML conditioned by both AP and CS.  In addition 

several key pathways and highly connected proteins were identified as potential future 

research targets in the pathophysiology of systemic shock (Chapter 8). 
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The studies described here have shown a significant increase in the relative abundance 

of potentially toxic pancreatic proteases in ML conditioned by AP and systemic 

shock.  Therefore, it has been hypothesized that the development of enterally 

administered lymphotropic antiproteases to target pancreatic proteases in ML prior to 

its circulation to distant organs may be more effective than the previously attempted 

intravenous approach.    First, the natural ability of commercially available enteral 

protease inhibitors to partition to ML will be evaluated, and then strategies such as 

lipid encapsulation, attachment to lipid backbones, and attachment to lymph selective 

dyes will be utilized to further enhance their absorption into ML.  This novel 

lymphotropic approach to protease inhibition has never been attempted in acute 

pancreatitis. 
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Significance 

 

The introduction of evidence for the efficacy of enterally administered lymphotropic 

protease inhibitor treatment in reducing the severity of distant organ injury in AP 

would be a significant advance in a disease that remains bereft of specific treatments.  

This would provide essential support for the development of a clinical trial.     
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Primary mitochondrial dysfunction (MD) has emerged as a key cellular event in a 

number of disease states, including ischemia-reperfusion, sepsis, shock and MODS 

(378-381). MODS accounts for the majority of the mortality associated with severe 

AP (section 2.3, page 31), and therefore it was hypothesized that MD may sit at the 

root cause of the development of end organ dysfunction in severe AP. 

 

The study presented in Chapter 9 characterized mitochondrial function in 7 tissue 

types using high-resolution respirometry during early AP in two different rodent 

models.  This study, for the first time, provides insight into the pattern of distant organ 

MD in early AP.   Here, it was revealed that the early inhibition of mitochondrial 

respiratory chain complexes is not global, but occurs selectively in the lung and 

jejunum.  Failure of these two organ systems contributes significantly to the morbidity 

and mortality associated with AP (10, 108, 131, 360).   
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Further research is now needed to investigate if the prevention and even the recovery 

of lung and jejunal MD might be possible through treatment directed at the 

mitochondria (84, 174, 350) early in the course of the disease.  Three potential 

therapies that target the mitochondria are: 

1. L-carnitine: known to interact with the mitochondrial membrane, help co-

transport fatty acyl-coenzyme A into the mitochondria (a major control step 

for long chain fatty acid oxidation), stimulate mitochondrial ATP synthesis 

and prevent cell death (382, 383). 

 

2. Tetrathiomolybdate: a copper chelator, is know to reduce the amount of 

reactive oxygen species produced by mitochondria (384).  

 

3. Szeto–Schiller (SS)-peptides: a novel class of antioxidant peptides that 

selectively partition to the inner mitochondrial membrane (385).  SS-peptides 

scavenge and reduce mitochondrial reactive oxygen species and have been 

reported to prevent the formation of the mitochondrial transition pore before 

cell death (385). 

 

Significance 

Demonstration of reversible mitochondrial dysfunction during severe AP will provide 

a novel treatment avenue for AP and an exciting opportunity to develop 

mitochondrial-targeted supplements for early enteral therapy in this disease. 
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In conclusion, the work presented in this thesis has successfully investigated three 

emerging concepts in the pathophysiology of AP: bedside measurement of antioxidant 

status, disease conditioned mesenteric lymph and mitochondrial dysfunction.  Several 

contributions to existing knowledge were made including the novel application of 

cyclic voltammetry to measure redox changes during AP and shock, the first 

description of normal fasted/fed ML proteome as well as the changes that occur in the 

ML proteome due to AP and shock using state-of-the-art proteomic techniques, and 

the first description of mitochondrial function in multiple organs during AP.  The key 

findings were that cyclic voltammetry can reliably measure the redox status changes 

during AP and shock, pancreatic catabolic enzymes are present in high levels in AP 

and shock conditioned ML, and that organ-specific MD is present in the lung and 

jejunum as early as six hours after the onset of AP.  As discussed above, these 

findings have opened up several directions for further laboratory and clinical research 

in AP. 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

Ab1-018 Hps5 IPI00382131 8 8 8 

Ig gamma-2B 
chain C region 

Igh-1a IPI00655256 2 3 1 

22 kDa protein* - IPI00204640 8 8 8 

Actin alpha 
cardiac 1 

Actc1 IPI00194087 1 1 2 

Actin, alpha 1, 
skeletal muscle 

Acta1 IPI00189813 3 3 2 

Actin, gamma, 
cytoplasmic 1  

Actg1 IPI00764461 4 4 4 

Adiponectin, C1Q 
and collagen 
domain 
containing* 

Adipoq IPI00202515 5 6 6 

Afamin Afm IPI00777658 2 2 3 

AHNAK 
nucleoprotein* 

Ahnak IPI00769072 5 3 4 

Albumin Alb IPI00191737 8 8 8 

Alcohol 
dehydrogenase1 

Adh1 IPI00331983 3 2 3 

Alcohol 
dehydrogenase 4 
(class II), pi 
polypeptide 

Adh4 IPI00476212 2 1 1 

Aldolase A  Aldoa IPI00231734 6 6 7 

Aldolase B Aldob IPI00471911 3 2 3 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

Alpha 1 
microglobulin/bik
unin 

Ambp IPI00210900 8 8 8 

Alpha-1-inhibitor 
III 

A1i3 IPI00201262 8 8 8 

Alpha-2-
glycoprotein 1, 
zinc 

Azgp1 IPI00211103 8 8 8 

Alpha-2-HS-
glycoprotein 

Ahsg IPI00327469 8 8 8 

Alpha-2u globulin 
PGCL1 

LOC2592
46 

IPI00400456 6 6 7 

Amiloride binding 
protein 1  

Abp1 IPI00204571 2 2 3 

Amylase 1, 
salivary 

Amy1 IPI00198466 8 8 8 

Amylase 2, 
pancreatic  

Amy2 IPI00211904 6 7 7 

Angiotensinogen  Agt IPI00209744 8 8 8 

Apolipoprotein  
A-I 

Apoa1 IPI00563778 8 8 8 

Apolipoprotein  
A-II 

Apoa2 IPI00197700 6 7 7 

Apolipoprotein  
A-IV 

Apoa4 IPI00324272 8 8 8 

Apolipoprotein B Apob IPI00555161 8 8 8 

Apolipoprotein  
C-I 

Apoc1 IPI00200102 8 8 8 

Apolipoprotein  
C-II 

Apoc2 IPI00194583 8 8 8 

Apolipoprotein  
C-III 

Apoc3 IPI00206600 8 8 8 

Apolipoprotein  
C-IV 

Apoc4 IPI00191952 7 7 7 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

Apolipoprotein E Apoe IPI00190701 8 8 8 

Apolipoprotein H Apoh IPI00778633 8 8 8 

B-cell 
CLL/lymphoma 
10 

Bcl10 IPI00776589 1 2 1 

Beta-2 
microglobulin 

B2m IPI00204359 8 8 8 

Beta chain 
haemoglobin 
isoform 

MGC729
73 

IPI00207146 8 8 8 

Betaine-
homocysteine 
methyltransferas
e  

Bhmt IPI00332027 3 2 3 

Biliverdin 
reductase B 
(flavin reductase 
(NADPH)) 
(predicted) 

Blvrb_pr
edicted 

IPI00392676 1 2 1 

Cadherin 1 Cdh1 IPI00206662 4 3 5 

Cadherin 17 Cdh17 IPI00215358 2 1 1 

Calmodulin  Calm1 IPI00231955 4 5 3 

Calreticulin Calr IPI00191728 1 2 0 

Carbonic 
anhydrase 1* 

Car1_pr
edicted 

IPI00360930 8 8 8 

Carbonic 
anhydrase 3  

Ca3 IPI00230788 8 8 8 

Carboxypeptidas
e A1 

Cpa1 IPI00327713 3 2 2 

Carboxypeptidas
e A2 
(pancreatic)*  

Cpa2_pr
edicted 

IPI00193391 5 6 5 

Carboxypeptidas
e B1 (tissue) 

Cpb1 IPI00193393 5 6 5 



!

! &)'!

Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

Carboxypeptidas
e B2 (plasma) 

Cpb2 IPI00190501 8 8 8 

Carboxypeptidas
e N, polypeptide 
1 

Cpn1 IPI00190500 7 7 6 

Cathepsin B Ctsb IPI00562653 3 2 3 

Cationic 
trypsinogen* 

LOC2869
11 

IPI00211212 5 6 5 

Gastrotropin  Fabp6 IPI00231649 3 2 3 

Ceruloplasmin Cp IPI00476292 8 8 8 

Chymotrypsinoge
n B 

Ctrb IPI00206309 5 6 5 

Clusterin Clu IPI00198667 8 8 8 

Coagulation 
factor II 

F2 IPI00189981 8 8 8 

Coagulation 
factor IX 

F9 IPI00765267 4 4 4 

Coagulation 
factor X 

F10 IPI00206786 8 8 8 

Coagulation 
factor XI 

F11 IPI00569754 2 4 2 

Coagulation 
factor XII  

F12 IPI00365752 8 8 8 

Cofilin 1 Cfl1 IPI00327144 4 3 5 

Col6a3_predicted 
Col6a3_
predicted 

IPI00360737 1 1 2 

Complement 
component 1, q 
subcomponent, 
alpha 
polypeptide 

C1qa IPI00215296 2 1 1 

Complement 
component 1, r 
subcomponent* 

C1r IPI00361108 6 5 5 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

Complement 
component 1, s  

C1s IPI00199519 8 8 8 

Complement 
component 2 

C2 IPI00194044 8 8 8 

Complement 
component 3 

C3 IPI00480639 8 8 8 

Complement 
component 4 
binding protein, 
alpha 

C4bpa IPI00209973 8 8 8 

Complement 
component 4, 
gene 2 

C4-2 IPI00422037 7 6 7 

Complement 
component 4a 

C4a IPI00213036 8 8 8 

Complement 
component 5 

C5 IPI00764698 8 8 8 

Complement 
component 6 

C6 IPI00331776 8 8 8 

Complement 
component 7* 

C7 IPI00766303 8 8 8 

Complement 
component 8, 
alpha 
polypeptide* 

C8a_pre
dicted 

IPI00358382 8 8 8 

Complement 
component 8, 
beta polypeptide 

C8b IPI00387929 8 7 8 

Complement 
component 8, 
gamma 
polypeptide* 

C8g_pre
dicted 

IPI00373395 8 8 8 

Complement 
component 9 

C9 IPI00231423 8 8 8 

Complement 
component factor 

Cfh IPI00208659 7 7 6 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

H 

Complement 
component factor 
h-like 1 

Cfhl1 IPI00554226 6 7 7 

Complement 
factor B 

Cfb IPI00422011 5 5 6 

Complement 
factor D  

Cfd IPI00212480 8 8 8 

Complement 
factor I 

Cfi IPI00204451 8 8 8 

C-reactive 
protein, 
pentraxin-related 

Crp IPI00188225 8 8 8 

Creatine kinase, 
brain 

Ckb IPI00470288 8 8 8 

Creatine kinase, 
muscle 

Ckm IPI00211053 8 8 8 

Cystatin C  Cst3 IPI00231801 7 6 7 

Desmoglein 2* 
Dsg2_pr
edicted 

IPI00358687 2 1 1 

Diazepam 
binding inhibitor 

Dbi IPI00231069 1 1 2 

Dmx-like 1* 
Dmxl1_p
redicted 

IPI00367836 2 4 2 

Enolase 1, alpha Eno1 IPI00464815 3 2 3 

Enolase 1, alpha 
pseudogene* 

LOC6885
09 

IPI00767147 3 2 3 

Enolase 3, beta  Eno3 IPI00231631 8 8 8 

Epidermal 
growth factor 
receptor 

Egfr IPI00212694 8 8 8 

Esterase 2 Es2 IPI00195148 5 8 5 

Eukaryotic 
translation 

Eif5a IPI00211216 2 1 1 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

initiation factor 
5A 

Expressed in 
non-metastatic 
cells 2  

Nme2 IPI00325189 2 4 3 

Extracellular link 
domain-
containing 1 
(predicted) 

Xlkd1_pr
edicted 

IPI00359024 1 1 2 

Extracellular 
matrix protein 1 

Ecm1 IPI00231772 7 6 7 

Fatty acid 
binding protein 
1, liver 

Fabp1 IPI00190790 3 2 3 

Fatty acid 
binding protein 3 

Fabp3 IPI00231971 1 1 2 

Fatty acid 
binding protein 
4, adipocyte  

Fabp4 IPI00207890 7 8 7 

Fetuin beta Fetub IPI00212708 6 7 7 

Fibrinogen, alpha 
polypeptide 

Fga IPI00382317 7 7 6 

Fibrinogen, B 
beta polypeptide 

Fgb IPI00382134 3 1 2 

Fibrinogen, 
gamma 
polypeptide 

Fgg IPI00190759 4 4 1 

Fibrinogen-like 2 Fgl2 IPI00324102 2 3 1 

Fibronectin 1 Fn1 IPI00231982 5 3 4 

Follistatin-like 1 Fstl1 IPI00207063 1 2 2 

Four and a half 
LIM domains 1* 

Fhl1 IPI00780699 2 3 3 

Gelsolin Gsn IPI00363974 8 8 8 

Globin, alpha* LOC2871 IPI00213611 6 7 7 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

67 

Glucose 
phosphate 
isomerase  

Gpi IPI00364311 8 8 8 

Glutathione 
peroxidase 1 

Gpx1 IPI00192301 2 1 1 

Glutathione 
peroxidase 3 

Gpx3 IPI00476458 8 8 8 

Glutathione S-
transferase, mu 
1 

Gstm1 IPI00231639 7 6 7 

Glutathione S-
transferase, mu 
2 

Gstm2 IPI00411230 8 8 8 

Glutathione-S-
transferase, 
alpha type2  

Gsta3 IPI00231150 4 6 6 

Glutathione-S-
transferase P 

Gstp1 IPI00231229 5 4 5 

Glycerol-3-
phosphate 
dehydrogenase 1 
(soluble)  

Gpd1 IPI00231148 3 2 3 

Glycosylphosphat
idylinositol 
specific 
phospholipase 
D1 

Gpld1 IPI00325157 6 7 7 

Group specific 
component 

Gc IPI00194097 8 8 8 

Guanine 
deaminase 

Gda IPI00325884 3 2 3 

Isoform 1 of 
Haptoglobin 

Hp IPI00477597 4 2 4 

Heat shock 
protein 8 

Hspa8 IPI00208205 2 2 4 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

Hemoglobin 
alpha 2 chain 

LOC3605
04 

IPI00205036 6 7 7 

Hemoglobin beta 
chain complex 

Hbb IPI00230897 8 8 8 

Hemoglobin 
subunit alpha-
1/2 

Hba-a1 PI00287835 2 1 1 

Hemopexin Hpx IPI00195516 8 8 8 

Hepatocyte 
growth factor 
activator 

Hgfac IPI00364125 4 5 2 

Histidine-rich 
glycoprotein 

Hrg IPI00201347 8 8 8 

Hypothetical 
protein 
LOC678701* 

LOC6787
01 

IPI00557598 3 2 5 

Igh-1a protein* Igh-1a IPI00202440 3 2 4 

Igha_mapped 
protein 

LOC366
747 

IPI00553949 5 4 3 

Insulin-like 
growth factor 1 

Igf1 IPI00831729 3 4 2 

Insulin-like 
growth factor 
binding protein 3 

Igfbp3 IPI00209369 3 2 3 

Insulin-like 
growth factor 
binding protein, 
acid labile 
subunit 

Igfals IPI00202416 8 8 8 

Inter alpha-
trypsin inhibitor, 
heavy chain 4 

Itih4 IPI00188541 5 4 3 

Inter-alpha 
trypsin inhibitor, 
heavy chain 1* 

Itih1_pr
edicted 

IPI00188338 7 7 6 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

Inter-alpha 
trypsin inhibitor, 
heavy chain 3 

Itih3 IPI00326984 8 8 8 

Interleukin 1 
receptor 
accessory protein 

Il1rap IPI00211004 4 4 4 

Kallikrein B, 
plasma 1 

Klkb1 IPI00203384 8 8 8 

K-kininogen 
isoform 

LOC2508
7 

IPI00187799 8 8 8 

K-kininogen 1 
LOC2508

7 
IPI00515829 8 8 8 

Lactate 
dehydrogenase A 

Ldha IPI00197711 2 2 4 

Lactate 
dehydrogenase B 

Ldhb IPI00231783 1 1 2 

Lecithin 
cholesterol 
acyltransferase 

Lcat IPI00191754 2 1 1 

Lectin, galactose 
binding, soluble 
1 

Lgals1 IPI00231275 8 8 8 

LOC366772 
BWK3* 

LOC3667
72 

IPI00368397 5 4 5 

LOC494499 
protein 

LOC4944
99 

IPI00555178 3 5 2 

LOC498793 
protein* 

LOC4987
93 

IPI00389806 8 8 8 

LOC500180 Ig 
kappa chain C 
region, B allele* 

LOC500
180 

IPI00388002 5 4 4 

LRRGT00046 
LOC679

040 
IPI00454264 2 1 1 

Lumican Lum IPI00206403 8 8 8 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

Lysozyme Lyz IPI00421714 4 5 4 

Malate 
dehydrogenase 
1, NAD (soluble)  

Mdh1 IPI00198717 7 7 6 

Mannose binding 
lectin 1, protein 
A 

Mbl1 IPI00325371 4 7 4 

Murinoglobulin 1 
homolog 
(mouse) 

Mug1 IPI00212666 8 8 8 

Murinoglobulin 2 Mug2 IPI00564327 8 8 8 

Muscle glycogen 
phosphorylase 

Pygm IPI00190181 1 1 2 

Myoglobin  Mb IPI00214517 8 8 8 

Myosin, light 
polypeptide 
kinase* 

Mylk_pre
dicted 

IPI00370703 8 8 8 

Nucleoside 
phosphorylase* 

Np IPI00207725 3 2 3 

Orosomucoid 1 Orm1 IPI00191715 8 8 8 

Pancreatic lipase Pnlip IPI00198916 5 6 5 

Paraoxonase 1 Pon1 IPI00555299 8 8 8 

Parkinson 
disease7  

Park7 IPI00212523 5 3 4 

Peptidylprolyl 
isomerase A  

Ppia IPI00387771 8 8 8 

Peroxiredoxin 1  Prdx1 IPI00211779 4 5 4 

Peroxiredoxin 2  Prdx2 IPI00201561 6 8 4 

Peroxiredoxin 5 Prdx5 IPI00205745 4 4 4 

Peroxiredoxin 6  Prdx6 IPI00231260 5 6 5 

Phosphoglucomu
tase 1  

Pgm1 IPI00780332 5 7 6 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

Phosphoglycerate 
kinase 1   

Pgk1 IPI00231426 8 8 8 

Phosphoglycerate 
mutase 1  

Pgam1 IPI00421428 6 5 5 

Phosphoglycerate 
mutase 2  

Pgam2 IPI00231506 4 4 4 

Plasma 
glutamate 
carboxypeptidase 

Pgcp IPI00388265 6 4 6 

Plasminogen Plg IPI00206780 8 8 8 

Platelet factor 4 Cxcl4 PI00206634 2 1 1 

Pregnancy-zone 
protein 

Pzp IPI00326140 8 8 8 

Profilin 1 Pfn1 IPI00231358 6 8 7 

Prolyl 4-
hydroxylase, 
beta polypeptide 

P4hb IPI00198887 3 4 4 

Properdin factor, 
complement* 

Pfc IPI00365896 8 8 8 

Protein S (alpha) Pros1 IPI00213693 3 4 5 

Protein Z, 
vitamin K-
dependent 
plasma 
glycoprotein* 

Proz_pre
dicted 

IPI00365336 8 8 8 

Putative 
uncharacterized 
protein 
(Fragment)* 

- IPI00454446 6 6 4 

Pyruvate kinase, 
muscle 

Pkm2 IPI00231929 2 1 4 

Regenerating 
islet-derived 3 
gamma 

Reg3g IPI00200614 3 5 2 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

Ribonuclease, 
RNase A family, 
1 (pancreatic) 

Rnase1 IPI00211902 3 3 1 

S-
adenosylhomocy
steine hydrolase 

Ahcy IPI00476295 2 1 1 

Selenium binding 
protein 2 

Selenbp
1 

IPI00208026 7 6 7 

Selenoprotein P, 
plasma, 1 

Sepp1 IPI00188060 8 8 8 

Serine (or 
cysteine) 
peptidase 
inhibitor, clade A 
(alpha-1 
antiproteinase, 
antitrypsin), 
member 10 

Serpina1
0 

IPI00210340 5 5 6 

Serine (or 
cysteine) 
peptidase 
inhibitor, clade 
A, member 3K 

Serpina3
k 

IPI00200593 5 5 6 

Serine (or 
cysteine) 
peptidase 
inhibitor, clade 
A, member 3N 

Serpina3
n 

IPI00211075 8 8 8 

Serine (or 
cysteine) 
peptidase 
inhibitor, clade C 
(antithrombin), 
member 1* 

Serpinc1 IPI00372372 8 8 8 

Serine (or 
cysteine) 
peptidase 
inhibitor, clade 
D, member 1 

Serpind1 IPI00210947 8 8 8 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

Serine (or 
cysteine) 
peptidase 
inhibitor, clade F, 
member 1 

Serpinf1 IPI00777549 3 2 3 

Serine (or 
cysteine) 
peptidase 
inhibitor, clade F, 
member 2 

Serpinf2 IPI00199695 8 8 8 

Serine (or 
cysteine) 
peptidase 
inhibitor, clade 
G, member 1 

Serping1 IPI00372792 8 8 8 

Serine (or 
cysteine) 
proteinase 
inhibitor, clade A 
(alpha-1 
antiproteinase, 
antitrypsin), 
member 1 

Serpina1 IPI00324019 4 4 4 

Serine (or 
cysteine) 
proteinase 
inhibitor, clade A 
(alpha-1 
antiproteinase, 
antitrypsin), 
member 4 

Serpina4 IPI00205568 8 8 8 

Serine (or 
cysteine) 
proteinase 
inhibitor, clade A 
(alpha-1 
antiproteinase, 
antitrypsin), 
member 6 

Serpina6 IPI00551705 5 6 5 

Serine (or 
cysteine) 
proteinase 

Serpina3
m 

IPI00210091 7 7 6 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

inhibitor, clade 
A, member 3M 

Serine peptidase 
inhibitor, Kunitz 
type 1 

Spint1 IPI00454389 3 4 0 

Serine protease 
inhibitor 

LOC2992
82 

IPI00200591 8 8 8 

SH3-binding 
domain glutamic 
acid-rich protein 
like (predicted) 

Sh3bgrl_
predicte

d 
IPI00358292 1 1 2 

Signal 
recognition 
particle receptor, 
B subunit 

Srprb IPI00476177 6 5 5 

Similar to Actin, 
cytoplasmic 2 
(Gamma-actin)* 

LOC2958
10 

IPI00765011 4 4 4 

Similar to ADP-
ribosylation 
factor-like 1 

LOC6883
11 

IPI00766239 3 4 5 

Similar to alpha-
1 major acute 
phase protein 
prepeptide* 

MGC108
747 

IPI00679245 8 8 8 

Similar to 
amylase 2, 
pancreatic * 

LOC4996
94 

IPI00563187 2 1 1 

Similar to B7-like 
protein GL50-B * 

RGD156
2791_pr
edicted 

IPI00391338 2 1 3 

Similar to 
carboxylesterase 
5 * 

LOC6793
68 

IPI00763603 1 2 2 

Similar to 
Carboxypeptidas
e N 83 kDa chain 
(Carboxypeptidas

RGD130
5170_pr
edicted 

IPI00769284 8 8 8 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

e N regulatory 
subunit)* 

Similar to 
Cysteine-rich 
protein 1 * 

LOC6916
57 

IPI00192188 2 1 1 

Similar to 
GTPase 
activating protein 
testicular GAP1* 

RGD156
3562_pr
edicted 

IPI00367684 3 2 3 

Similar to heat 
shock protein 8* 

LOC6899
08 

IPI00566672 3 3 2 

Similar to heat 
shock protein 8* 

LOC6801
21 

IPI00764197 2 1 1 

Similar to 
histidine-rich 
glycoprotein* 

LOC6815
44 

IPI00769165 8 8 8 

Similar to L-
lactate 
dehydrogenase A 
chain* 

RGD156
2690_pr
edicted 

IPI00203823 3 3 2 

Similar to 
mKIAA0386 
protein* 

RGD130
6939 

IPI00382226 4 6 6 

Similar to 
Murinoglobulin 1 
homolog* 

RGD156
6313_pr
edicted 

IPI00368704 8 8 8 

Similar to Myh11 
protein* 

RGD156
4935_pr
edicted 

IPI00765351 1 2 2 

Similar to 
peptidoglycan 
recognition 
protein 2* 

LOC6873
20 

IPI00779290 2 3 3 

Similar to RIKEN 
cDNA 
1300017J02* 

RGD131
0507 

IPI00655254 8 8 8 

Similar to 
tropomyosin 1, 

MGC109 IPI00187731 4 6 6 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

embryonic 
fibroblast – rat * 

519 

Similar to Vanin-
3 (predicted)* 

RGD156
0609_pr
edicted 

IPI00212508 5 5 6 

SPARC-like 1  Sparcl1 IPI00203494 8 8 8 

Superoxide 
dismutase 3, 
extracellular  

Sod3 IPI00200507 8 8 8 

Thioredoxin 1 Txn1 IPI00231368 6 7 7 

Thymosin, beta 4 Tmsb4x IPI00230925 2 1 1 

Transaldolase 1 Taldo1 IPI00190377 2 1 1 

Transferrin Tf IPI00679202 5 3 6 

Transforming 
growth factor, 
beta induced* 

Tgfbi IPI00188622 8 8 8 

Transgelin Tagln IPI00231196 8 8 8 

Transgelin 2 Tagln2 IPI00555171 1 1 2 

Transketolase  Tkt IPI00231139 3 2 3 

Transthyretin Ttr IPI00324380 6 7 7 

Triosephosphate 
isomerase 1  

Tpi1 IPI00231767 8 8 8 

Tropomyosin 1, 
alpha 

Tpm1 IPI00204206 2 2 2 

Type II keratin 
Kb1 

Kb1 IPI00421857 4 4 2 

14-3-3 epsilon 
polypeptide 

Ywhae IPI00325135 4 3 5 

14-3-3 gamma 
polypeptide 

Ywhag IPI00230835 2 2 4 

14-3-3 zeta 
polypeptide  

Ywhaz IPI00324893 8 8 8 
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Name Gene 
Symbol 

Protein 
Identifier 

Sham (n) Pancreatitis 
(n) 

Shock (n) 

Vitronectin Vtn IPI00210120 8 8 8 
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Four and a half LIM 
domains 1  

Fhl1 IPI00780699 
Four and a half 
LIM domains 1 Rat 100 

Similar to B7-like 
protein GL50-B   

RGD156
2791_pr
edicted 

IPI00391338 Icos ligand Rat 100 

Igh-1a protein  
Igh-1a IPI00202440 

Ig gamma-2B 
chain C region 

Rat 100 

Protein S (alpha) 
Pros1 IPI00213693 

Vitamin K-
dependent 
protein S 

Rat 100 

Similar to Cysteine-
rich protein 1   

LOC6916
57 

IPI00192188 
Cysteine-rich 

protein 1 
Rat 100 

Similar to alpha-1 
major acute phase 
protein prepeptide  

MGC108
747 

IPI00679245 T-kininogen 2 Rat 100 

Similar to histidine-
rich glycoprotein  

LOC6815
44 

IPI00769165 
Histidine-rich 
glycoprotein 2 

Rat 100 

Name 
Gene 

Symbol 
Protein 

Identifier 

Highest Scoring 
protein from 

BLAST 

BLAST 
SPECIES 

Percentage 
Similarity 

 

22 kDa protein  

 

- IPI00204640 
C-type lectin 

domain family 3, 
member b 

Rat 100 

Adiponectin, C1Q and 
collagen domain 
containing  

Adipoq IPI00202515 
30 kDa adipocyte 

complement-
related protein 

Rat 100 

Cationic trypsinogen  
LOC2869

11 
IPI00211212 Cationic trypsin-3 Rat 100 

Carboxypeptidase A2 
(pancreatic)   

Cpa2_pr
edicted 

IPI00193391 
Carboxypeptidas
e A2 (pancreatic) 

Rat 100 
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Similar to 
mKIAA0386 protein  

RGD130
6939 

IPI00382226 Ab2-162 Rat  100 

Similar to Actin, 
cytoplasmic 2 
(Gamma-actin)  

LOC2958
10 

IPI00765011 
Actin, gamma, 
cytoplasmic 1 

Mouse 100 

Similar to 
tropomyosin 1, 
embryonic fibroblast  

MGC109
519 

IPI00187731 Tpm2 protein Mouse 100 

Myosin, light 
polypeptide kinase  

Mylk_pre
dicted 

IPI00370703 
Myosin, light 
polypeptide 

kinase 
Mouse 99 

Similar to amylase 2, 
pancreatic   

LOC4996
94 

IPI00563187 
Pancreatic alpha-

amylase 
Rat 99 

Similar to heat shock 
protein 8  

LOC6801
21 

IPI00764197 
Heat shock 

cognate 71 kDa 
protein 

Mouse 99 

Similar to Myh11 
protein  

RGD156
4935_pr
edicted 

IPI00765351 Myh11 protein Mouse 97 

Similar to L-lactate 
dehydrogenase A 
chain  

RGD156
2690_pr
edicted 

IPI00203823 
L-lactate 

dehydrogenase A 
chain 

Rat 98 

Similar to heat shock 
protein 8  

LOC6899
08 

IPI00566672 
Heat shock 

cognate 71 kDa 
protein 

Mouse 98 

Complement 
component 1, r 
subcomponent  

C1r IPI00361108 C1r protein Rat 99 

Complement 
component 8, alpha 
polypeptide * 

C8a_pre
dicted 

IPI00358382 

Complement 
component 8, 

alpha 
polypeptide 

Rat 99 

Enolase 1, alpha 
pseudogene  

LOC6885
09 

IPI00767147 Enolase-alpha Rat 99 

Dmx-like 1 

  

Dmxl1_p
redicted 

IPI00367836 
Dmx-like 1 

 
Mouse 95 

Similar to 
Complement 

C7 IPI00766303 Complement Rat 95 
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Carbonic anhydrase 
1* 

Car1_pr
edicted 

IPI00360930 
Carbonic 

anhydrase 1 
Mouse 94 

Putative 
uncharacterized 
protein (Fragment)  

- IPI00454446 
Superoxide 
dismutase 

Rat 94 

Serine (or cysteine) 
peptidase inhibitor, 
clade C 
(antithrombin), 
member 1  

Serpinc1 IPI00372372 
Antithrombin-III 

precursor 
Mouse 94 

Inter-alpha trypsin 
inhibitor, heavy chain 
1 * 

Itih1_pr
edicted 

IPI00188338 
Inter-alpha trypsin 

inhibitor, heavy 
chain 1 

Mouse 93 

Similar to Vanin-3 
(predicted) * 

RGD156
0609_pr
edicted 

IPI00212508 Vanin 3 Mouse 93 

Transforming growth 
factor, beta induced  

Tgfbi IPI00188622 
Transforming 
growth factor-
beta-induced 

Mouse 93 

Similar to 
Murinoglobulin 1 
homolog * 

RGD156
6313_pr
edicted 

IPI00368704 Murinoglobulin-1 Rat 91 

Nucleoside 
phosphorylase  

Np IPI00207725 
Purine nucleoside 

phosphorylase 
Mouse 89 

Properdin factor, 
complement  

Pfc IPI00365896 Properdin Mouse 89 

Similar to 
carboxylesterase 5   

LOC6793
68 

IPI00763603 
Adult male colon 

cDNA, RIKEN 
Mouse 89 

Similar to RIKEN 
cDNA 1300017J02 * 

RGD131
0507 

IPI00655254 
Adult male liver 
cDNA, RIKEN 

Mouse 89 

LOC498793 protein * 
LOC4987

93 
IPI00389806 Inter-alpha-

trypsin inhibitor 
Rat 96 

r  

Similar to 
Desmoglein 2 

Dsg2_pr
edicted 

IPI00358687 Desmoglein 2 Mouse 89 

Similar to AHNAK 
nucleoprotein  

Ahnak IPI00769072 Ahnak 1 Rat 86 
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heavy chain H2 

Similar to 
peptidoglycan 
recognition protein 2  

LOC6873
20 

IPI00779290 TagL-alpha Mouse 84 

Similar to 
Carboxypeptidase N 
83 kDa chain 
(Carboxypeptidase N 
regulatory subunit)  

RGD130
5170_pr
edicted 

IPI00769284 
Carboxypeptidas

e N subunit 2 
Mouse 83 

Protein Z, vitamin K-
dependent plasma 
glycoprotein * 

Proz_pre
dicted 

IPI00365336 
Vitamin K-
dependent 
protein Z 

Mouse 82 

LOC366772 BWK3 * 

LOC3667
72 

IPI00368397 Igh protein Mouse 80 
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Globin, alpha  
LOC2871

67 
IPI00213611 

Hemoglobin 
subunit alpha 

Hamster 79 

Hypothetical protein 
LOC678701  

LOC6787
01 

IPI00557598 BWK3 Rat 78 

LOC500180 Ig kappa 
chain C region, B 
allele  

LOC500
180 

IPI00388002 
Anti-colorectal 
carcinoma light 

chain 
Mouse 69 

Similar to GTPase 
activating protein 
testicular GAP1  

RGD156
3562_pr
edicted 

IPI00367684 
GTPase 

activating protein 
testicular GAP1 

Rat 61 




