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ABSTRACT OF THE THESIS 

 

Mechanisms of Regulation for Serine Protease Activity in the Rat 

Ileocecal Junction 

 

by 

 

Derek Wai Tam 

Master of Science in Bioengineering 

University of California, San Diego, 2014 

Professor Geert W.Schmid-Schönbein, Chair 

 

Digestive enzymes in the gut have recently been implicated as primary factors in 

the process of inflammatory shock. Pancreatic serine proteases have been determined as 

key players in causing damage to an ischemic intestine. Most studies have focused on the 

pancreas and small intestine when investigating enzymatic activity in the digestive tract. 
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They are fully activated in the small intestine, but their activity in the large intestine is 

reduced by a mechanism that is largely unknown. 

 This study is designed to investigate proteolytic activity at the transition from the 

small to the large intestine. Segments of rat small intestine, cecum, and large intestine 

were harvested. Using zymographic techniques, the protease activity of intestinal 

homogenates was measured with specific substrates of trypsin, chymotrypsin, and 

elastase. We tested whether cecal wall contains serine protease inhibitors that result in 

reduction of proteolytic activity in the large intestine using reverse zymography. 

 Results indicate that there is a significant reduction in protease activity, 

specifically trypsin, in the cecum and large intestine when compared to the small 

intestine. Reverse zymography results suggest that a previously unknown inhibitor of 

about 30 kDa for trypsin may be present in the cecal wall but absent in the small or large 

intestinal homogenates. When eluted and unpurified cecal wall homogenate sample was 

mixed in equal volume with trypsin, there was a noticeable reduction in trypsin activity. 

Mass spectroscopy results suggest an immunoglobulin heavy chain antibody may be the 

source of the unknown inhibitor, but further studies are needed. 
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Chapter 1: Introduction 
 

Ch 1.1 Inflammation, Shock, and Multiple Organ Failure 

 Inflammation is a physiologic repair response to tissue injury or infection, such 

that normally inflammation will lead to resolution of the injury or infection and tissue 

healing.
1
 The innate immune system, which serves as a first line of defense and causes 

subsequent activation of inflammatory cells, cytokines, proteases, and other components, 

acts as an initial line of defense.  

However, it is also possible that the inflammation results in an overwhelming 

immune response, causing life-threatening symptoms such as widespread cell apoptosis 

and organ failure, often referred to as sepsis.
1
 This inflammatory response has also been 

designated as systemic inflammatory response syndrome (SIRS). SIRS typically occurs 

in response to trauma, burns or other inflammatory processes and is characterized by 

symptoms such as fever, tachycardia, tachypnea, and leukocytosis.
1
 Morbidity and 

mortality from severe sepsis and SIRS are caused by uncontrolled inflammatory 

response. In the United States alone, there are an estimated 750,000 cases of severe sepsis 

annually, with an average mortality rate of 26.8%.
2
 

 Shock and multi-organ failure are accompanied by severe inflammation. Evidence 

for markers of inflammation is detectable throughout the microcirculation, for example in 

the form of increased endothelial permeability, leukocyte and platelet attachment to the 

endothelium, production of free radicals, apoptosis, and eventually with cessation of 

blood flow and frank organ failure.
3
 Shock can result from a number of factors: 
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trauma, hypovolemia, sepsis, tumors, temporary reduction or obstructions to blood flow, 

among other causes.
4
 Even when a patient survives the initial insult or trauma, if organ 

failure should follow the situation can prove fatal. A large number of biochemical 

inflammatory mediators have been proposed, but the specific mediators causing 

multiorgan failure have eluded a direct identification.
4
 One fact that is known, however, 

is that the inflammatory response is not restricted to the initial site of injury, but can 

spread to other remote organs that would otherwise exhibit few or no signs of 

dysfunction.
5,6

  

Shock is often accompanied by inadequate tissue perfusion and oxygenation, or 

ischemia.
7
 Systemic inflammation and multiple organ failure are often the end results of 

shock if left untreated. This organ failure may be a result of endogenous inflammatory 

mediators produced in the inflammatory response as opposed to exogenous factors.
8
 

Indeed, following trauma, the cause of death is likely to result from multiorgan failure. 

Currently, too little is known regarding the trigger mechanisms that lead from initial 

trauma to eventual multiorgan failure to allow for effective diagnosis and treatment.
8
 

Ch 1.2 Role of the Intestine and the Gut-Lymph Hypothesis 

 For many decades the gastrointestinal tract has been implicated as a primary 

contributor to shock.
9,10

 Recently we hypothesized that digestive enzymes produced in 

the pancreas play a key role in the initiation of the inflammatory response, in a process 

referred to as autodigestion.
4,6,9 

Pancreatic proteolytic enzymes digest most food during 

transport through the lumen of the small intestine, and are degraded by pancreatic 

enzymes into bioactive fragments in the intestinal lumen.
9,11
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Most of the pancreatic proteases are serine proteases, and possess the serine 

residue SER-195 involved in hydrolytic bond cleavage. Produced in the exocrine cells of 

the pancreas, serine proteases are stored in inactive membrane-bound vesicles known as 

zymogens, and are activated by enterokinases upon entering the duodenum.
9,12

 To 

prevent self-digestion, the body compartmentalizes the enzymes in the lumen via the 

intestine’s muosal barrier, consisting of the mucin layer and the tight epithelial barrier, 

also known as the brush border epithelium, which is normally impermeable to digestive 

enzymes.
9,12

 The autodigestion hypothesis states that pancreatic enzymes leak into the 

interstitial space of the intestinal wall after the intestine’s mucin layer and the tight 

epithelial barrier are compromised during shock, and proceed to digest the intestinal 

tissue down to the muscle tissue layer and even into the venous circulation.
6,13,14

  

Ischemia in the gut leads to an increased permeability of the intestinal mucosa, 

followed by damage and inflammation in the gastrointestinal tract.
10

 Digestive enzymes 

can enter the intestinal wall to initiate autodigestion following the increase in wall 

permeability.
15

 Furthermore, it has been demonstrated that the ischemic intestine 

possesses cytotoxic mediators that are otherwise not present in normal intestine.
10

 

Inhibiting enzymatic activity in the intestinal lumen during ischemia reduces the presence 

of inflammatory mediators and improves shock symptoms and outcomes.
11,16 ,17

  

A phenomenon related to shock is ischemia-reperfusion injury, which can also 

generate inflammatory mediators in local organs, such as the intestine, and compromise 

cardiac function.
14,18

 Reperfusion of the ischemic intestine with restoration of blood flow 

after ischemia results in cell damage via escape of digestive enzymes in to the wall of the 
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intestine and proteolytic cleavage of the extracellular matrix.
6
 Free radicals are released 

which damage cell membranes, further instigating the release of additional free radicals, 

cytotoxic products, and proteases.
19,20,21

 Digestive enzymes such as trypsin and 

chymotrypsin have been found to play key roles activating leukocytes and altering 

leukocyte morphology.
10,14

 Degradative enzymes, including proteases, also initiate 

pancreatitis, and may be involved in inflammatory bowel disease, diabetes, pancreatic 

cancer, among other disorders.
12,22,23,24 

During ischemia-reperfusion injury in the intestine, the luminal content of the 

intestine can enter the intestinal wall, generating a systemic inflammation and systemic 

organ damage. Three major candidates involved in the inflammation generated by 

luminal material from the intestine are bacteria, digested food, and digestive enzymes.
10

  

For many decades, bacteria were hypothesized to be the primary initiators of 

shock. It was proposed that intestinal bacteria and their byproducts, such as endotoxin, 

translocate by passing across the intestinal barrier and into the circulation, resulting in 

inflammation and sepsis.
4,22,25

 However, many studies have been unable to pinpoint a 

definitive role for bacterial translocation in multiorgan failure.
20 

Furthermore, cell 

activation and necrosis can still occur even in the absence of endotoxin, and no 

correlation between endotoxin concentration and the development of the inflammatory 

response has been found; such research suggests that bacterial translocation and sepsis 

may not be the major cause of multiple organ failure.
20

 

Digested food in the intestine has also been studied for its potential role as a 

source of cytotoxic mediators.
10

 Preliminary results show that only after digestion with 



5 
 

 
 

luminal fluid containing pancreatic enzymes does homogenized food become cytotoxic, 

suggesting that inflammatory mediators may originate from digestive enzymes—as 

opposed to digested food.
10

 

Ch 1.3 Enzymatic Activity and its Role in Shock 

The discovery that the pancreas is a source of inflammatory mediators has led to a 

number of studies about the phenomenon. While neither homogenates of pure pancreatic 

proteases and nonischemic intestine are cytotoxic, once mixed together to allow the 

intestinal homogenates to be digested by the proteases, cytotoxicity results and induces 

blebs in neutrophils.
10,13 

Homogenates of ischemic pancreas also cause damage to the 

mucosal barrier in addition to inflammation and necrosis of neutrophils.
14

 It was found 

that serine proteases and lipases are the major classes of proteases that result in 

cytotoxicity upon digestion of homogenates.
20

 

Furthermore, the use of protease inhibitors to attenuate the inflammatory response 

following ischemia-reperfusion injury lends credence to the idea that enzymatic activity 

from proteases plays a key role in shock.
6,16,17,26

 Inhibitors have been shown to reduce 

neutrophil activation and even reduce gut and lung injury.
26 

Use of serine protease and 

lipase inhibitors also reduces intestinal injury and overall cell activation in the 

microcirculation.
27

 Activation of circulating leukocytes during ischemia and reperfusion 

is also reduced, as well as initial symptoms and inflammation pertinent to multiple organ 

failure.
15
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 To determine whether other organs are responsible for releasing inflammatory 

response activators besides the pancreas and intestine, studies were conducted to 

investigate this phenomenon.
14,20

 As it turns out, the homogenates of these organs do not 

stimulate neutrophil activation alone but do when incubated with pancreatic proteases or 

lipases, often  resulting in a cytotoxic response.
20

 This evidence increasingly supports the 

hypothesis that enzymatic activity plays a central role in shock. 

Ch 1.4 Cell Death in Shock 

 Ischemia puts cells at risk for damage and even cell death when combined with 

reperfusion.
28,29

 The particular cell death that often results is known as oncosis, a type of 

programmed cell death similar but different from necrosis that is characterized by 

swelling and membrane dysfunction in addition to cell detachment.
30

 In the liver, for 

example, cell death is spurred by the activation of Kupffer cells (liver macrophages), that 

when activated following reperfusion, generates reactive oxygen species and 

proinflammatory cytokines that play a key role in the systemic inflammatory response 

and multiorgan failure.
29,31 ,32

 The loss of ATP production in the mitochondria results in 

swelling, rounding, and the formation of plasma membrane protrusions known as blebs; 

symptoms consistent with oncosis.
28

 Further, bleb formation after longer periods of 

ischemia/reperfusion inexorably results in necrotic cell death via osmotic swelling and 

bleb rupture.
33,34,35 

Membrane rupture can result in the release of inflammatory mediators 

that contribute to the to the inflammatory response.
30

 Ultimately, it is safe to presume that 

cell death is a major factor in cytotoxicity and damage caused during systemic 

inflammation. 
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Ch 1.5 Role of the Vermiform Appendix and the Cecum 

 The vermiform appendix is a narrow tube attached to the posterior medial wall of 

the beginning of the cecum of the large intestine, forming a blind end.
36

 The word 

“vermiform” is derived from Latin, meaning “worm-like,” an appropriate term since the 

structure itself elongates less rapidly compared to the rest of the colon during gestation, 

resulting in a worm-like structure.
36

 The appendix ranges in length, from 2 to 20 cm, or 

10 cm on average. Lined by colonic epithelium, the appendix wall consists of two muscle 

layers, inner circular and outer longitudinal.
37,38

 Presently little is known regarding the 

actual function of the appendix, which was once thought to be a vestigial organ, but it has 

been proposed that the appendix serves a primarily immunological purpose.
37

 For 

instance, it is now proposed that the appendix guards the small intestine from bacteria 

present in the large intestine.
39

 Other potential functions include embryological, 

physiological, bacteriological, and biochemical mechanisms.
36

 

 There is some evidence as to the embryological and physiological functions of the 

appendix. The appendix grows rapidly during the fifth and sixth weeks of fetal 

development, growing finger-like villi on the interior surface.
40

 In addition, the goblet 

cells in the appendix secrete a type of mucosal layer containing a high concentration of 

IgA type immunoglobulins that may play a role in both surface immunity and the bowel-

blood barrier.
41,42 

Furthermore, primarily acid mucin layers exist in the cecum, appendix, 

and large intestine.
43 
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 The appendix’s bacteriological role is controlling the essential bacteria residing in 

the cecum and colon, particularly during the early stages of life.
38

 There are hints that the 

appendix may develop systemic tolerance to antigenic agents derived from bacteria, food 

waste, or even proteolytic enzymes.
41,42,44

 Regarding a biochemical role, it has also been 

found that about one in 300 appendectomy specimens contains a carcinoid tumor with 

vaso-active cell types such as serotonin, which happens to occur in the appendix only.
37

 

This would suggest some correlation between the appendix and these cell types. 

 Current research suggests that the appendix’s primary functions are 

immunological, as the appendix contains numerous specialized lymphoid follicles, which 

are involved in antibody production.
38,39,41,42,44

 The antibodies are as follows: IgA 

immunoglobulins, which provide secretory and mucosal surface immunity, IgM and IgG 

immunoglobulins, which grant bloodstream and humoral immunity.
38,39,41,42,44,45,46

 

In contrast to these functions, the purpose of this current study is to elucidate the 

possible role of the appendix in regard to proteolytic activity in the large intestine. 

 A small number of bacteriological studies have investigated the cecum and large 

intestine of animals such as rats, For instance, one rat study on cirrhosis, a liver disease 

sometimes caused by enteric bacteria, found that bacterial translocation in the cecum was 

the likely factor responsible for the development of spontaneous infections in cirrhosis.
47

 

There is also mounting evidence of enzymatic activity and its role in carcinogenesis in 

the gastrointestinal tract. Serine proteases such as trypsin have also been implicated in the 

progression and metastasis of tumors in the digestive tract.
48,49,50,51

 In addition, it was 

reported that serine protease inhibitors suppress carcinogenesis both in vivo and in 
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vitro.
52,53

 Another study revealed that the protease-activated receptor-2 (PAR-2), which 

acts as a mediator of trypsin, plays a role in the proliferation of colon cancer cells in 

culture.
54

 Thus, it would seem that proteolytic activity does play a largely debilitating 

role not just in the small intestine and pancreas, but also in the large intestine. 

 Concerning the role of the appendix in secreting antibodies, a number of studies 

have suggested that antibodies may play a role as protease inhibitors. Many proteases are 

targetable by antibodies since approximately half of them are extracellular.
55

 Natural 

protease inhibitors possess protruding active-site loops that interact with substrate-

binding clefts in a canonical manner.
56

 In one study, Kunitz domain inhibitors were 

successfully engineered with camelid heavy chain antibodies, lacking a light chain, but 

possessing a CDR-H3 loop that allows for optimal cleft insertion into protease 

domains.
57, 58

 

Studies on the antibody-binding epitope (where the antibody makes contact) of 

proteases revealed that the most common mode of inhibition is competitive inhibition
59

, 

though there also exists mixed-type inhibition
60

 for certain antibodies. The first major 

mechanism by which antibodies inhibit proteases is via steric hindrance of substrate 

access to the catalytic cleft. One such antibody displaying this mechanism is the anti-

HGFA antibody (Fab58), which obstructs substrate access to the active site, acting as a 

competitive inhibitor.
61, 62

 The second major mechanism is allosteric inhibition, or the 

“allosteric switch” mechanism, by which partial inhibition is achieved via enzyme 

kinetics.
61, 63

 This was evident in the Fab75-HGFA complex
61

 and the Fab40 HGFA 

antibody
63

 which does not bind to the active site region, but instead a conformational 
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change in an HGFA loop enables the ‘switching’ on or off to enable an ‘enzymatically 

active’ competent state or ‘catalytically inactive’ non-competent state.
56

 Depending on 

the equilibrium of the competent state, catalysis can either proceed as normal or be 

inhibited in the non-competent case.
56

 Further, the allosteric sites have high specificity 

for antibodies directed against them, while inhibitors are protected from inadvertent 

proteolysis due to the epitope being located outside the catalytic cleft.
56

 

Ch 1.6 Research Goals 

Objective and Experimental Design 

 Based on current knowledge about the inflammatory cascade and multiple organ 

failure in shock, we seek to further investigate the effects of enzymatic activity in the 

digestive system. Digestive enzymatic activity may be one of the primary causes of cell 

death and organ damage following ischemia-reperfusion injury. Most current studies 

have focused on the pancreas or the small intestine when investigating the digestive 

enzymatic activity in the digestive track, and it is unclear to what degree the digestive 

enzymatic activity continues as food items are transported from the small into the large 

intestine. In particular, it is important to know the level of proteolytic activity, upon 

passage through the ileocecal junction between the small intestine and the cecum of the 

large intestine. Research into this issue may provide another window into the 

physiological role of the vermiform appendix. 

 This study was designed to investigate the proteolytic activity at the transition 

between the small intestine and the large intestine. An initial pilot study suggested that 
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the activity levels of various serine proteases in the small intestine, cecum, and large 

intestine of Wistar laboratory rats exhibit a significant reduction in serine protease 

activity levels in the cecum and large intestine compared with the levels in the small 

intestine (see Results). Thus, we hypothesize that proteolytic activity decreases 

significantly in the cecum and large intestine by a mechanism that involves the cecum. 

Activity levels of various pancreatic serine proteases in samples of rat intestinal 

homogenates were measured by zymographic techniques. A reverse zymography 

technique was then used to determine whether a serine protease inhibitor(s) was causing 

the attenuation in activity in the lumen of the cecum and large intestine. After further 

purification, the inhibitor of interest can be isolated by high-performance liquid 

chromatography and identified by mass spectroscopy. Western blot studies suggest the 

possibility of an enzymatic degradation of digestive enzymes in the cecum and large 

intestine. The overall goal of the research is to bring to light a possible new molecule or 

mechanism that may protect the large intestine against damage caused by digestive 

enzymes. 

Hypothesis 

 In this study, we hypothesize that the proteolytic activity of the serine proteases in 

the cecum and large intestine decreases as compared to the small intestine due to the 

presence of enzymatic inhibitors or enzyme degradation. The decrease in protease 

activity is brought about by secretion of a protease inhibitor from the wall of the cecum 

(the counterpart to the appendix in humans). The resulting attenuation in the activity 

levels of these proteases is the large intestine’s potential defense mechanism against 
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digestive enzymes; since food items are dehydrated in the large intestine, active enzymes 

would be further concentrated and may cause damage to the structure of the large 

intestine unless digestive enzymes are blocked. 

Specific Aim 

 Analyze protease activity levels of intestinal homogenates of rat small intestine, 

cecum, and large intestine using zymographic techniques. Utilize reverse gelatin 

zymography to determine whether or not a serine protease inhibitor is present in the 

sample of cecum or large intestine homogenate. Utilize Western blot techniques to 

determine whether enzymatic degradation plays a role by measuring for the presence of a 

protein gradient. If present, determine the molecular weight of the inhibitor, and its 

sequence to potentially match this inhibitor with known serine protease inhibitor profiles. 
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Chapter 2: Experimental Study 

Ch 2.1 Materials and Methods 

Ch 2.1.1 Animals and Tissue Collection 

 Male Wistar rats, fed a diet of standard laboratory chow (8604 Teklad Rodent 

Diet, Harlan Laboratories, Indianapolis, IN) and water, weighing between 200 to 400 

grams were anesthetized with a combination of Ketamine and Xylazine (10 mg/mL, 115 

µL/kg body weight i.m.) (MWI, Nampa, ID) in a ratio of 7.5 µL: 4 µL. After at least 10 

to 12 minutes, reflex level of the rat was tested via toe pinch. Responsive animals were 

given an additional waiting period of 5 to 10 minutes before retesting. Using this test, all 

animals utilized in the study were determined to be fully anesthetized following the 

waiting period. 

 Terminal surgery was performed following anesthesia. First, the rats were 

securely placed over a cutting board resting atop a heating pad at 37°C. After shaving off 

the abdomen and most of the proximal torso, a midline incision was made, with care 

taken not to damage internal organs. Then the small intestine, cecum, and large intestine 

were gently exteriorized and placed over a saline-dampened gauze pad lying adjacent to 

the rat. The animal was then euthanized with an injection of 400 µL of B-Euthanasia and 

selected sections of the intestines were harvested. Following this procedure, a roughly 15 

cm distal end of the small intestine (the ileum) was collected and divided into two halves. 

This was repeated for the entire cecum and the proximal end of the large intestine 

(roughly 6 cm in length); see Figure 1 for photographs of each section.
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After rinsing both sections in saline solution, one section was placed into a pre-

weighed 50 mL tube and immediately stored in a liquid nitrogen container for quick 

freezing. The tubes were weighed prior to surgery to ensure accurate w/v measurements 

for homogenization. The other section was carefully cut longitudinally so that luminal 

contents were exposed. It was then placed in a 50 mL tube with 40 mL of saline and 

inverted vigorously to release the luminal content. Once the tissue was removed from the 

tube, the procedure was repeated at least once with another 50 mL tube of saline before 

the flushed intestine was placed in an empty 50 mL tube, which was then immediately 

frozen in liquid nitrogen. Some leftover luminal content were also added into a 15 mL 

tube and frozen. The rinsing and storing in liquid nitrogen was repeated for the whole 

cecum and the proximal end of the large intestine, including their luminal content. After 

all samples were collected, the tubes were removed from the liquid nitrogen container 

and stored at -80°C to preserve protease activity until they were homogenized. 

Ch 2.1.2 Tissue Homogenization and Colorimetric Plate Assay 

 Usually within two days of surgery and storage at -80°C, the intestine samples 

were homogenized using a Polytron P1200 tissue homogenizer. First, phosphate buffered 

saline (PBS) was added to the sample tubes based on the dry weight of the tissue, in a 

ratio of roughly 1:4 w/v (in g/mL). Then the thawed tissues were homogenized while the 

tubes sat on ice. 2 mL aliquots of the homogenates were taken and stored at -80°C until 

use for analysis by plate reader or gel electrophoresis. 

 The intestinal homogenates were analyzed using a microplate reader, the 

FilterMax F5. Samples were analyzed for the presence of three serine proteases: trypsin, 
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chymotrypsin, and elastase. Protease activity was determined by measuring the 

absorbance of the following fluorescent substrates: BAPNA (N-alpha-benzoyl-DL-

arginine-p-nitroanilide), SAPNA (N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide), and 

SAAPLPNA (succinyl-ala-ala-pro-leu-p-nitroanilide) for trypsin, chymotrypsin, and 

elastase, respectively. Prior to the plate analysis, 20 µL of undiluted intestine homogenate 

was added to 180 µL of substrate on a 96-well microplate. Leftover homogenates were 

returned to storage at -80°C. Samples were measured in triplicate, corresponding to the 

full organ (wall plus luminal content), rinsed intestinal wall (without luminal content), 

and luminal content for the small intestine, cecum, and large intestine (a total of nine 

samples). PBS was used as a negative control.  

The samples on the plate were analyzed using a 405-nm wavelength protocol with 

15-min measurement increments for a total of three hours. Thirteen time points were 

selected to generate a time course of absorbance. Activity levels were determined by the 

amount of absorbance, and then single-factor ANOVAs and paired t-tests were performed 

to compare differences between the individual intestinal organs and luminal content. 

Ch 2.1.3 Reverse Gelatin Zymography 

Preparation of Gels 

Based on the initial results of the pilot study and the colorimetric plate analysis, 

we hypothesized that a potential serine protease inhibitor is present in the rat cecum 

homogenate. To this end, an SDS-PAGE reverse zymography using gelatin as the 

substrate was performed. Polyacrylamide gels ranging in composition from 10% to 15% 
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were tested. It was found that 15% gels were best suited for viewing the control protease 

inhibitor, aprotinin. Aprotinin, a trypsin inhibitor, has a molecular weight ranging from 5 

to 15 kDa, which appears near the bottom of a 15% gel. Briefly, the protocol is as 

follows. 

 First, a separating gel, or lower gel, was created using a combination of DI water, 

30% Bis-Acrylamide, 0.375M Tris-HCl at pH 8.8, 0.1% SDS, 0.1% gelatin (1 mg/mL), 

10% ammonium persulfate (APS), and tetramethylethylenediamine (TEMED). The latter 

two ingredients were added following a 15 min incubation of the solution in a 37°C hot 

water bath. Afterwards, the gel monomer solution was placed between two glass plates (a 

spacer plate and a short plate, forming a gel cassette) mounted on a Bio-Rad Mini-

PROTEAN Tetra Cell casting frame, which is then mounted on a casting stand. The stand 

allows for the mounting of two Minigels; thus, two gels were run per experiment. DI 

water was added over the gel to prevent potential dehydration. After a waiting period of 

about 10 min, the gel was confirmed to have polymerized and solidified between the 

plates. 

 Next the stacking gel, or upper gel, was generated by mixing DI water, 30% Bis-

Acrylamide, 0.330M Tris-HCl at pH 6.8, 0.1% SDS, 10% APS, and TEMED. It was 

added over the polymerized separating gel and to the top of the short plate, and 

immediately a 9 or 10-well comb was placed over the stacking gel, with care taken to 

avoid bubbles. After some time, the upper gel was determined to have polymerized and 

the combs were carefully removed. 
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Sample Preparation and Electrophoresis 

 Meanwhile, cecum homogenate samples from -80°C storage were prepared and 

diluted to ensure clear visualization in the gel. During some pilot studies, it was 

determined that a roughly 1:1 dilution with PBS allowed for best visualization of the 

sample in the gel. Multiple samples from different animals were placed alongside a 

positive control, aprotinin, which was kept undiluted at 1.4 mg/mL. Samples were mixed 

with 4x loading buffer (pre-made and provided by Bio-Rad) prior to addition to the wells. 

The loading buffer served as a dye marker while the samples ran down each lane. 

 Next, the gel cassette sandwich were removed from the casting stand and placed 

on an electrode assembly, which consists of a sealing gasket and anode and cathode. The 

assembly was then placed in a mini tank, which houses two assemblies. 1x gel running 

(electrode) buffer, consisting of Tris base, glycine, SDS, and DI water, was then poured 

over the assemblies to fully submerge the gels. Afterward the gels were run by attaching 

the lid over the tank and electrode assemblies, and then connected to a DC voltage power 

supply. Gel electrophoresis was run initially at 80 V for the first 20 min, then at 120 V for 

the remaining time. Gels typically ran around 75 to 90 min before the bromophenol blue 

dye from the loading buffer reached the bottom of the gel. 

 Occasionally, a substrate-less gel was run alongside a single reverse zymogram. 

This gel was made using the same recipe as mentioned in the previous section, only 

without a gelatin substrate. In addition to all the homogenate samples run in the reverse 

zymogram, a Benchmark
©

 protein ladder was added to the first lane, serving as a marker 

to determine rough molecular weights of each visualized band. The purpose of the 
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substrate-less gel was to act as a comparison with the reverse zymogram in order to 

determine the corresponding molecular weight of any bands that appear on the reverse 

zymogram, since protein ladder does not appear in reverse zymograms. Furthermore, this 

would differentiate between bands that appear in the substrate-less gel versus the reverse 

zymogram; i.e. which bands could be a potential inhibitor versus those that are not. 

Renaturation and Gel Development 

 Following electrophoresis, the gels were removed from the electrode assembly 

and carefully extracted from the space between the plates with a spatula. Each gel was 

then placed in a gel container filled about halfway with renaturing buffer, consisting of 

2.5% Triton-X buffer in DI water. The renaturing buffer serves to renature protease 

molecular bonds that were broken during gel electrophoresis. Gels were then agitated in 

15 min increments for a total of one hour on a shaker. Between each cycle, renaturing 

buffer was removed and replaced in the container. The substrate-less gels were not put in 

renaturing buffer, and instead were stained immediately following electrophoresis (for 

details see the following section). 

 After renaturing, the gels were rinsed once with reverse zymography developing 

buffer consisting of water, 10 mM Tris base, 200 mM NaCl, 10 mM dehydrated CaCl2, 

0.02% Brij-35, and 5 µg/mL of trypsin. Then 40 mL of developing buffer was poured 

into each gel container, and the gels were allowed to incubate overnight (12-16 hrs) in a 

37°C hot water bath. The trypsin in the buffer digests the gelatin during the incubation 

phase, causing the gel background to turn clear and ensuring that only inhibitor bands 

rather than normal protease bands can be visualized. 
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Staining and Destaining of Gels 

After overnight incubation, the gels were removed from the gel containers and 

replaced in a transparent plastic container partially filled with staining buffer. The buffer 

consists of water, methanol, acetic acid, and 0.025% Coomassie blue. The gels were 

washed once with the buffer, re-submerged in staining buffer, and then placed on an  

agitator for three hours. Following this step, the gels were washed with destaining buffer 

consisting of water, methanol, and acetic acid, and then returned to the agitator. After 10 

to 20 min, if the gel was still too blue, the destaining buffer was replaced. The gel was 

removed from destaining solution and replaced in DI water once blue bands were clearly 

visible. Destaining in water could continue overnight for improved band visualization. 

Inhibitors to trypsin will appear as a dark band on a clear background. The gels were 

positioned between transparent films and scanned afterwards to allow for analysis. 

Ch 2.1.4 High-Performance Liquid Chromatography and Mass Spectroscopy 

Silver Staining and Protein Elution 

 In order to prepare the cecal wall samples for mass spectroscopy, the samples had 

to be further purified due to high protein content. The band containing the potential 

inhibitor of interest was first isolated using a simple protein elution technique. First, two 

SDS-PAGE Mini-gels were run via electrophoresis. Afterwards, one of the gels 

(containing a protein maker) was silver stained to determine locations of protein bands, 

while the other gel was kept hydrated. Silver staining is a technique allowing for protein 

identification at high sensitivity. 
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 Briefly, the silver staining protocol is described as follows: first, the gel was taken 

from the cassette, placed in a staining tray, and rinsed briefly in ultrapure water. Next, the 

gel was fixed in fixative for 20 minutes to remove interfering ions and detergents from 

the gel, and then washed in 30% ethanol for 10 minutes. Afterwards, the gel is incubated 

for 10 minutes in sensitizing solution to improve staining contrast. After washing again in 

30% ethanol and ultrapure water for a total of 20 minutes, the gel is incubated in staining 

solution for 15 minutes, and then washed for 30 seconds in ultrapure water. The gel was 

then placed in Developing solution for 4-8 minutes until the appearance of bands of the 

desired intensity. Finally, Stopper solution is added directly to the gel in Developing 

solution, and agitated for 10 minutes before a final 10 minute ultrapure water wash step. 

Following staining, the protein band corresponding most closely with the 

Coomassie Blue-stained inhibitor band of interest from reverse zymography was excised 

from the second, unstained gel (the location of the band was matched to that of the 

stained gel) using a clean razor blade. The gel strip was further cut into smaller bands so 

as to be able to fit into a 2-mL microcentrifuge tube. Next, the protein was purified from 

the gel matrix by first placing the excised gel pieces into the tube, and adding about 0.75 

to 1 mL of elution buffer (50 mM Tris-HCl, 150 mM NaCl, and 0.1 mM EDTA at pH 

7.5) to completely immerse the gel strips. Then the strips are crushed in solution with a 1-

mL syringe and incubated on a rotary shaker at about 30°C overnight. Finally, the 

solution is centrifuged at 10,000 g for 10 minutes and the supernatant is added to a new 

centrifuge tube, which can then be used for high-performance liquid chromatography. 
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High-Performance Liquid Chromatography 

 High-performance liquid chromatography, also known as HPLC, is a 

chromatographic, mass transfer technique used to separate and purify individual 

compounds in a mixture or solution.
55

 This technique utilizes adsorption via high-

pressure pumps that pass a pressurized liquid (the mobile phase) and sample mixture 

through a column of sorbent (stationary phase), wherein the components are separated. 

The particular method used in this experiment was reversed-phase HPLC, in which the 

stationary phase is non-polar and hydrophobic while the mobile phase is somewhat polar. 

Hydrophilic, polar molecules elute more quickly, thereby separating the mobile from the 

stationary phase. Retention time can be adjusted based on the hydrophobic interactions of 

the analyte. 

 Following HPLC analysis, fractionated samples of each “peak” are analyzed 

using plate zymography. The sample is measured both separately against a trypsin control 

and combined in equal parts to the same trypsin sample, in order to determine if a 

decrease in trypsin activity occurs when trypsin is combined with the HPLC sample. 

 Some samples were run without HPLC analysis and instead underwent plate 

zymography following elution from the SDS-PAGE gel. The same protocol was followed 

as with the HPLC samples. 

Mass Spectroscopy 

 Mass spectroscopy (MS) is a common technique used to determine the elemental 

composition of a sample based on the masses of molecules and chemical compounds. 
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Charged particles are generated when these compounds are ionized, with the resulting 

byproducts separated according to their mass-to-charge ratio. The ions are then detected 

with a mass spectrometer and the signal is processed into a spectrum of masses of all 

molecules in the sample. Subsequent data analysis allows one to determine the amino 

acid sequence of proteins and other molecules, in this case, the inhibitor of interest. 

Ch 2.1.5 Western Blot 

BCA Protein Assay 

In order to determine whether enzymatic degradation from the transition between 

the small intestine and cecum and large intestine plays a role in the reduction of activity 

at the ileocecal junction, a Western blot was performed to determine trypsin levels in the 

proteins of the intestinal homogenates. Prior to running a Western, a BCA (bicinchoninic 

acid) protein assay, intended to measure protein concentration of each homogenate 

sample, served as an initial analysis. This assay involved comparing diluted samples of 

intestinal, wall, and luminal content homogenates with several albumin standards in order 

to construct a protein concentration curve based on measured absorbance at 595 nm 

wavelengths. To ensure enzymatic activity, samples were incubated at 37°C in a water 

bath prior to placement into a microplate. After cooling to room temperature, the 

absorbance was then measured on a plate reader. 

Electrophoresis and Membrane Transfer 

 Following BCA protein analysis, concentrations of each homogenate sample to be 

run on the Western blot were standardized such that the concentration in each sample 
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would be fixed and identical to one another. All samples that required dilution to reach 

the desired concentration were diluted with PBS. An SDS-PAGE polyacrylamide gel was 

run including all homogenate samples using the protocol outlined in the previous section 

on Electrophoresis (Paragraph 3, for substrate-less gels), with the notable exception of 

2.5% β-mercaptoethanol used in the sample buffer to ensure reduction and denaturation 

of proteins and to maintain their activity. After combining the samples with buffer in 1:2 

ratios, all samples were boiled at 100°C for 5 to 10 minutes. Afterwards, the samples 

were run on the gel as previously described, alongside a ColorburstTM Electrophoresis 

Marker (M.W. 800-220,000 Da) (Sigma). Resolving gels were run at 10-12%. 

 After electrophoresis, membrane transfer was performed. First, blotting buffer 

was prepared to a concentration of 1x from glycine, Tris-base, methanol, and DI water. 

All sponges and filter papers were prewet prior to gel removal, and PVDF membrane 

(Millipore Immobion-P) was used as the transfer medium. A “sandwich” assembly was 

then prepared using Bio-Rad’s Transblot, consisting of the gel and PVDF membrane 

sandwiched between filter papers and sponges. The gel(s) was carefully placed over one 

filter paper and kept hydrated with blotting buffer. The membrane was placed over the 

gel on the opposite side of the filter paper, and another filter was added over the 

membrane. To complete the sandwich, sponges were placed on both ends and then the 

assembly was sealed and placed onto a gel gasket. An ice pack was then placed next to 

the gasket, and 1x blotting buffer was poured onto the gel case. The gasket was then 

placed in a large container containing ice to maintain a temperature close to 4°C around 

the gel(s) to prevent overheating. The Transblot assembly was run at 100 V for one hour. 
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 In order to prevent nonspecific binding of the primary and secondary antibodies to 

the membrane, membrane blocking was performed. Blocking buffer was prepared from 

1x TBST (consisting of TBS, Tween20, and ultrapure water) and 5% nonfat dry milk. 

The TBS consisted of Tris-base, NaCl, and ultrapure water at a pH of 7.6. Following 

membrane transfer, the PVDF membrane, which should now contain the protein blots 

from the gel, was washed twice in TBST and then immersed in blocking buffer and 

incubated either overnight over an ice pack on a rotary shaker, or for 45 minutes on the 

shaker without ice. 

Antibodies and Detection 

 Following the blocking step, the membrane was cut at approximately the locations 

between the 20 kDa and 45 kDa bands of the protein marker, such that the proteins of 

interest corresponding to the protein references trypsin (23.3 kDa) and β-actin (42 kDa), 

would be included. The rest of the membrane outside of this range of molecular weights 

was discarded. The membrane strip of interest was then rinsed twice in TBST and then 

immersed in 5 or 10 mL of blocking buffer containing primary antibody (anti-trypsin D) 

in a ratio of 1:1,000 antibody to buffer. The membrane was then incubated for 2.5-3 

hours (or overnight) on a rotary shaker. After incubation, the membrane was washed for 

about 30 minutes in TBST, with four changes of buffer.  

 Next the membrane was incubated in TBST containing the secondary antibody 

(anti-mouse antibody) in a ratio of 1:10,000 (antibody to buffer), for one hour. The 30- 

minute membrane wash step was repeated following incubation. Using a 

chemiluminescent pico- or femto- detection kit, 1 mL of each ECL developing and fixing 
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agent (1:1 ratio) was mixed and poured over the membrane. The membrane was then 

placed in between two overhead slides to keep hydrated, and subsequently brought to the 

darkroom along with autoradiography film to develop. The pictures taken during 

development of the Western blot were analyzed for the presence of specific proteins. 

Ch 2.1.6 Data Analysis 

Data Plotting  

Following measurement of absorbance by the fluorescent plate reader, an Excel 

file with all data from the 13 time points was generated. Using this data average means of 

each sample performed in triplicate were calculated, then normalized by subtracting 

initial values at time point zero, and finally corrected by subtracting the absorbance value 

of the PBS negative control and PBS plus DMSO substrate from the protease substrate in 

question. The activity profile was then plotted as a function of absorbance versus time in 

minutes (example curve in Figure 2.2). Finally, a bar graph was made after selecting the 

time point were the highest absorbance curve started to exhibit a linear trend; in most 

cases this was at about 75 min. Thus, the graph shows the activity level of the serine 

protease in question as a function of absorbance, while comparing the nine samples of 

intestinal homogenate and luminal content (see Results section). 

Statistical Analysis 

 For the fluorescent plate assays, two-tailed t-tests were performed between the 

various intestinal homogenate groups to determine statistically significant differences 

between groups. For example, t-tests were used to compare all wall groups; the small 
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intestine, cecum, and large intestine. With a relatively robust sample size of animals, 

comparisons were only considered significant if p < 0.05. Additionally, a single factor 

ANOVA was conducted to compare between groups, along with post-hoc Bonferroni, to 

determine whether there are significant differences in the means. 

 

Figure 2.1: A photograph of detached rat intestines, starting with the distal end of the 

small intestine, or ileum, down to the end of the rectum. Cuts were made at 15 cm from 

the junction between the ileum and cecum for small intestine, the entirety of the cecum, 

and about 6 cm from the end of the cecum to the colon for the large intestine.
1
 

                                                           
1
 http://www.cccmkc.edu.hk/~kei-kph/Rat%20dissection/Rat_digestive%20system.htm 

Proximal End of colon 

Distal end of 
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Figure 2.2: Time course of trypsin activity using the substrate BAPNA. The absorbance, 

which indicates the activity level, is plotted as a function of time in minutes. Note that for 

the highest curve, the small intestine, the curve shows an initial linear slope until around 

75 min, when it starts to flatten out. At this time point we choose to take the value of 

absorbance for our data. The groups in this time course include the whole intestinal 

organs and wall, but not the luminal content, which are included in other plots. 

  



28 
 

 
 

Ch 2.2 Results 

Ch 2.2.1 Colorimetric Plate Assay 

 For analysis of protease activity, Wistar rats weighing between 200 to 400 g were 

used. However, there were a number of older animals weighing at least 500 g. Due to 

potential differences in the two groups, data was separated according to body weights. 

The younger animals weighed between 200 to 400 g (around 2 to 3 months in age), and 

older animals (at least 3 months old) typically weighed over 500 g.  

Averaged results for the three serine proteases, trypsin (Figure 2.3), chymotrypsin 

(Figure 2.4), and elastase (Figure 2.5), all for animals weighing between 200 to 400 g, 

show in all cases that there is significant reduction of protease activity in full organ 

homogenates from the small intestine to the cecum and the large intestine. Results for 

animals weighing over 500 g show a similar trend (Figures 2.6, 2.7, and 2.8).  

 Initial data for the large intestine was found to have high variation, which may be 

due to the inconsistent tissue collection along the colon. In a first sequence of studies the 

large intestine samples were taken closer to the end of the cecum (Figures 2.3, 2.4 and 

2.5), so that the luminal content was similar in composition to that of the cecum 

(liquefied waste as opposed to dehydrated waste pellets).  

In a later sequence of studies, samples of large intestine were harvested at least 2-

4 cm away from the end of the cecum, where the luminal content was typically in solid 

pellet form due to dehydration. The results from the proximal and distal large intestine 
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were separated for trypsin (Figures 2.9), and showed also a consistent reduction of 

protease activity from the small intestine, the cecum, the proximal and the distal large 

intestine using full organ homogenates. The same trend was present for the luminal 

content of the small intestine versus that of the distal end of the large intestine (colon), 

where the luminal material was in the form of solid waste pellets. The consolidated data 

of all animals weighing between 200 to 400 g is shown in Figure 2.10. 

For the BCA assay, a standardized curve of absorbance versus protein 

concentration (in µg/mL) was generated (one example shown in Figure 2.11). These 

results only pertained to a single animal. Undiluted protein concentrations for all samples 

of intestinal homogenate were calculated using this curve and the data can be found in 

Table 1. 

Ch 2.2.2 Reverse Zymography Results 

 Substrate-less control gels were occasionally run alongside a reverse zymogram 

(Figures 2.12, 2.13, and 2.14). Some images were enhanced for contrast using ImageJ. 

Photographs of the gels following overnight incubation from reverse zymography (Figure 

2.15, 2.16, 2.17, 2.18, 2.19, and 2.20) revealed a noticeable band pattern with a dilution 

ratio of at least 1:2 homogenate to PBS (most gels displayed were diluted 1:1, unless 

otherwise stated). This band is most likely a trypsin inhibitor of molecular weight around 

25 to 30 kDa. 
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Ch 2.2.3 High-Performance Liquid Chromatography and Mass 

Spectroscopy Results 

 Following elution and purification via HPLC, cecal wall homogenate samples, 

separated as ‘peaks’, were analyzed via plate zymography. However, the results showed 

no appreciable change in trypsin activity levels when mixed in a 1:1 ratio with 50 µg/mL 

of trypsin, especially when compared to an aprotinin control. Thus, we concluded that 

running the samples through HPLC might over-dilute the wall material such that the 

inhibitor activity may no longer exist. Thus, no results from HPLC are shown. 

 The results from the wall homogenate samples eluted directly from SDS-PAGE 

are shown in Figure 2.21. It was determined that when trypsin is mixed in equal volumes 

with eluted cecal wall homogenate, a nearly 50% reduction in activity occurred. A 

reduction of about 30% occurred when trypsin was combined with eluted large intestine 

homogenate. However, there was no meaningful reduction when combining pure, 

unpurified cecal wall homogenate with trypsin. When unpurified large intestinal wall 

homogenate was combined with trypsin, there was actually an increase in activity overall. 

 The results from a number of mass spectroscopy studies revealed the presence of 

a number of proteins, including keratin, actin, desmin, beta-globin, hemoglobin alpha 1 

and 2 chains, and TAO kinase. There was also the presence of an immunoglobulin heavy 

chain (gamma polypeptide), as shown in Table 2. 
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Figure 2.3: Average activity levels of the three harvested intestinal homogenates based 

on absorbance at 75 minutes; small, intestine, cecum, and large intestine. Each organ is 

further subdivided into three groups representing luminal material, the entire organ (wall 

plus luminal content), and intestinal wall only. Error bars represent mean  SD. * 

p<0.05, paired t-test and single factor ANOVA. 
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Figure 2.4: Average chymotrypsin activity at 180 minutes based on absorbance 

measurements. There is very high variation in the small intestine measurements for 

luminal material and full organ, albeit with small sample size. There were no significant 

differences amongst the groups. 
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Figure 2.5: Average elastase activity at 75 minutes based on absorbance measurements. 

There is very high variation in the small intestine measurements for luminal material and 

full organ. No significant differences were found amongst the groups, although p-values 

between the complete organ versus cecum and full organ versus large intestine were close 

to 0.05. 
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Figure 2.6: Average activity levels of trypsin at 75 minutes for animals greater than 500 

g body weight. The same trends hold as with the younger animals; significant differences 

(p<0.05) were evident between the small intestine versus cecum, and small intestine 

versus large intestine. Luminal content data was not included in this graph. 
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Figure 2.7: Average activity levels of chymotrypsin at 180 minutes for animals greater 

than 500 g. The same trends hold as with the younger animals; no significant differences 

were found between groups. Luminal content data was not included in this graph. 
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Figure 2.8: Average activity levels of elastase at 75 minutes for animals greater than 500 

g. The same trends hold as with the younger animals; significant differences (p<0.05) 

were found between small intestine complete organ versus cecum and large intestine. 

Luminal content data was not included in this graph. 
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Figure 2.9: Average trypsin activity levels at 75 minutes for animals between 200 to 400 

g in weight. The difference between these groups versus those in Figure 2.3 is the fact 

that the large intestine and wall samples were harvested about 2-4 cm from the end of the 

cecum as opposed to the junction; significant differences (p<0.05) were found between 

the small intestine versus cecum, and small intestine versus large intestine. There was 

also a significant difference between the activity in the luminal content of the small 

intestine versus that of the distal end of the large intestine, where the food is a solid 

pellet. 

  

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Luminal
Material

Full
Organ

Wall Luminal
Material

Full
Organ

Wall Luminal
Material

Full
Organ

Wall

Small Intestine Cecum Large Intestine

Tr
yp

si
n

 A
ct

iv
it

y 
(A

b
so

rb
an

ce
) 

200-400 g 
Rats 

* 
* 

* 



38 
 

 
 

 

Figure 2.10: Average trypsin activity levels at 75 minutes for animals between 200 to 

400 g in weight. As with Figure 2.09, the large intestine and wall samples were harvested 

about 2-4 cm from the end of the cecum as opposed to the junction; significant 

differences (p<0.05) were found between the small intestine versus cecum, small 

intestine versus large intestine, and the luminal content of the small intestine versus that 

in the distal end of the large intestine. 
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Figure 2.11: A curve of absorbance at 595 nm versus protein concentration in µg/mL 

using a BCA assay. The data are linear, and the resulting equation of the curve was used 

to determine protein concentrations of nine intestinal wall homogenates (small intestine, 

cecum, and large intestine, as well as their associated wall and luminal content) for three 

animals. 
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Table 2.1: Protein concentrations determined by BCA assay for nine sets of intestinal 

homogenate samples corresponding to three animals. Abbreviations are as follows; SI: 

small intestine, Lum: luminal content, Cec = cecum, and LI = large intestine. 

Date 

(2012) 

Undiluted Protein Concentration 

(mg/mL) 

24-Apr SI 5.5556 

 

SI Wall 6.8188 

 

SI Lum 3.7836 

 

Cec 3.6328 

 

Cec Wall 3.9636 

 

Cec Lum 1.6972 

 

LI 2.4464 

 

LI Wall 3.4564 

 

LI Lum 2.8488 

26-Apr SI 4.6676 

 

SI Wall 5.2552 

 

SI Lum 1.4108 

 

Cec 4.012 

 

Cec Wall 3.2088 

 

Cec Lum 2.0304 

 

LI 8.5076 

 

LI Wall 4.2204 

 

LI Lum 1.7636 

25-Oct SI 2.9076 

 

SI Wall 6.4844 

 

SI Lum 1.3368 

 

Cec 5.9384 

 

Cec Wall 4.056 

 

Cec Lum 0.1676 

 

LI 5.4708 

 

LI Wall 0.1676 

 

LI Lum 1.0656 
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Figure 2.12: A 15% substrate-less gel with samples of intestinal wall homogenate 

(diluted 1:1) stained in 0.025% Coomassie Blue. A: protein ladder; B: small  intestinal 

homogenate; C: cecal wall homogenate; D: large intestinal wall homogenate; and E: 

undiluted aprotinin (1.4 mg/mL). The bottom dark bands are remnants of the 

bromophenol blue dye front. The arrow indicates a band between 25 to 30 kDa that 

corresponds to the suspected trypsin inhibitor, based on reverse zymography. Protein 

concentrations were not normalized for each homogenate sample. 
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Figure 2.13: A 12% substrate-less gel with samples of intestinal wall homogenate 

(diluted 1:1) stained in 0.025% Coomassie Blue. A: protein ladder; B: small intestinal 

homogenate; C: cecal wall homogenate; and D: large intestinal wall homogenate. The 

arrow indicates a band between 25 to 30 kDa that corresponds to the suspected trypsin 

inhibitor, based on reverse zymography. Protein concentrations were not normalized for 

each homogenate sample. 
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Figure 2.14: Image of a reverse zymogram with homogenates diluted 1:1. A: cecum (full 

organ) homogenate; B: cecal wall homogenate; and C: cecal luminal content 

homogenate. There is a noticeable Coomassie-stained band at the center of the gel 

corresponding to a ~25 kDa band, in Figure 2.11. Other activity bands exist, but this 

specific band is unique to the cecal wall homogenate and is not present in the small 

intestinal wall homogenate, which shows higher trypsin activity than the cecal wall. 

Protein concentrations were not normalized for each homogenate sample. 

~25 kDa 
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Figure 2.15: Image of a reverse zymogram using five different dilutions of cecal wall 

homogenate (derived from the same homogenate). In ratio of dilution: A: 1:1, B: 1:2, C: 

1:3, D: 1:4 (oldest prepared sample; the other samples were prepared weeks afterward on 

the same day), and E: 1:5. Using this zymogram, it was determined that a 1:1 dilution 

ratio was ideal for optimal band visualization following a 16-hour overnight incubation. 

The arrow points to the position of an inhibitor (protein) based on the prominent band 

stained by Coomassie blue (Figure 2.11 arrows). 

 

 

~25 kDa 
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Figure 2.16: A reverse zymogram of wall homogenates of equal protein concentration by 

order of magnitude diluted 1:1. The lanes and amount of protein placed into the lanes are: 

A: small intestine wall – 10 µg; B: small intestine wall – 20 µg; C: cecal wall – 10 µg; 

D: cecal wall – 20 µg; E: large intestine wall – 10 µg; F: large intestine wall – 20 µg (in 

well). The arrow indicates a band in the 25 kDa range for the cecal wall and large 

intestinal wall homogenates. 

 

 

  

~25 kDa 
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Figure 2.17: A reverse zymogram of wall homogenates (at equal protein concentration 

by order of magnitude) diluted 1:1. The lanes and amount of protein placed into the lanes 

are: A: small intestine wall – 10 µg; B: small intestine wall – 20 µg; C: cecal wall – 10 

µg; D: cecal wall – 20 µg; E: large intestine wall – 10 µg (in well). The arrow indicates a 

band in the 25 kDa range for both the cecal wall and large intestine wall samples. 
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Figure 2.18: A reverse zymogram of two cecal wall homogenates (20 µg per well) 

incubated overnight in 10x the amount of trypsin normally used in the developing buffer. 

Both A and B, with molecular weights of ~25 kDa, have the same protein concentration. 
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Figure 2.19: A histogram of the average trypsin activity at 75 minutes in samples of 

intestinal wall homogenates mixed with an equal volume of trypsin, as well as trypsin 

and wall homogenate controls from a pilot study. Pilot studies showed that 50 µg/mL of 

trypsin offered the best absorbance curve, and smaller volumes offered insufficient 

absorbance for quantitative measurements. A decrease of activity by about 50% was 

noted when samples of cecal wall homogenate eluted from the estimated 25 kDa band 

location (CW Elu) was mixed with trypsin. Only a decrease of about 30% was noted for a 

large intestinal wall homogenate mix (LW Elu). Unpurified samples of cecal wall (CW) 

did not show much reduction when compared to eluted cecal wall, while unpurified 

samples of large intestinal wall (LW) actually increased activity when mixed with 

trypsin. 
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Table 2.2: Proteins found in a sample of HPLC-purified cecal wall homogenate. The 

name of the protein is listed on the left column, while the name of the species is listed on 

the right column. The immunoglobulin heavy chain (gammay polypeptide) is highlighted 

due to its potential to act as, or contain, the unknown inhibitor of interest. 

Name Species 

keratin 10 [Rattus norvegicus] 
Rattus 
norvegicus 

keratin 1 [Rattus norvegicus] 
Rattus 
norvegicus 

RecName: Full=Trypsin; Flags: Precursor PIG 

keratin 
 

keratin 2 [Rattus norvegicus] 
Rattus 
norvegicus 

keratin 5 [Rattus norvegicus] 
Rattus 
norvegicus 

Keratin, type II cytoskeletal 6B (Cytokeratin-6B) (CK 6B) (K6b keratin) HUMAN 

beta-globin [Rattus norvegicus] 
Rattus 
norvegicus 

beta globin minor [Rattus norvegicus] 
Rattus 
norvegicus 

PREDICTED: similar to Hemoglobin beta-2 subunit (Hemoglobin beta-2 chain) 
(Beta-2-globin) (Hemoglobin beta chain, minor-form) [Rattus norvegicus] 

Rattus 
norvegicus 

Immunoglobulin heavy chain (gamma polypeptide) [Rattus norvegicus] 
Rattus 
norvegicus 

development and differentiation enhancing factor 2 [Rattus norvegicus] 
Rattus 
norvegicus 

Keratin, type II cytoskeletal 6A (Cytokeratin-6A) (CK 6A) (K6a keratin) (Cytokeratin-
6D) (CK 6D) (Allergen Hom s 5) HUMAN 

Keratin, type II cytoskeletal 6B (Cytokeratin-6B) (CK 6B) (K6b keratin) HUMAN 

hypothetical protein LOC683313 [Rattus norvegicus] 
Rattus 
norvegicus 

PREDICTED: similar to keratin complex 2, basic, gene 6a isoform 2 [Rattus 
norvegicus] 

Rattus 
norvegicus 

PREDICTED: similar to keratin complex 2, basic, gene 6a isoform 1 [Rattus 
norvegicus] 

Rattus 
norvegicus 

TAO kinase 3 [Rattus norvegicus] 
Rattus 
norvegicus 
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Ch 2.3 Discussion 

Ch 2.3.1 Colorimetric Plate Assay 

 There have been relatively few studies that have focused on proteolytic activity in 

different areas of the gastrointestinal tract.
64, 65, 66, 67

 One such study
64

 focused on the 

brush border membrane (BBM) and luminal enzymes from the small intestine and colon 

of guinea pigs, in which peptide and protein degradation, particularly that of insulin and 

insulin B-chain, were observed. The in vitro study found that insulin and insulin B-chain 

degradation occurred relatively quickly in the small intestine as compared to the colon.
68

 

Although luminal pellets did show substantial activity
68

, it could be from either 

extracellular proteolytic activity or cell lysis.
69

 Another study found that some enzymes, 

such as endopeptidase-2, are more active in the duodenum than in the ileum, while 

others—such as carboxypeptidase P and aminopeptidase P—show similar activity in both 

the ileum and duodenum of rats.
70

 Ultimately, the BBM and luminal content study, along 

with previous research performed by the same group, concluded that polymeric substrates 

and small oligopeptides degraded more quickly in the presence of brush border and 

luminal enzymes in the small intestine as opposed to the colon, where degradation rate 

was found to be minimal or negligible.
71

 Could this be a correlation to a greater presence 

of digestive enzymes in the small intestine as opposed to the large intestine? 

The results of the serine protease activity assays in this study revealed that in the 

case of trypsin activity, there was a notable reduction of activity in the full organs of the 
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cecum and the large intestine as compared to the full organ of the small intestine 

(Figures 2.3, 2.6, 2.9, and 2.10). Intestinal wall homogenates for these three organs had 

little to no protease activity, while activity in the luminal content of the homogenates was 

typically similar to that of the full organ. In contrast, the case of the solid pellet-like 

luminal content in the distal end of the large intestine (colon) exhibited a notable decrease 

in trypsin activity (Figures 2.9 and 2.10). These results suggest that a serine protease 

inhibitor may be present in or secreted by the cecal wall and possibly also in the large 

intestinal wall, resulting in the attenuation of trypsin activity during the transition from 

the ileum to the cecum. Furthermore, by the time the luminal material has transitioned 

into the colon and has been dehydrated, forming more solid pellets as opposed to more 

liquid food waste, trypsin activity was greatly reduced as compared to when food was 

present in the small intestine. 

 The results of the chymotrypsin and elastase activity assays yielded no consistent 

or significant reduction in activity between the small intestine and large intestine 

homogenates. As such, my experiments were designed to determine potential inhibitor 

activity focused on trypsin. 

 The results of these assays are in contrast to the previous studies of the GI colon 

and large intestine, in which the degradation rate of various enzymes was found to be 

minimal in comparison to that of the small intestine.
71

 However, it can be argued that 

slower degradation rate does not necessarily mean that a gradient for serine protease 

activity does not exist. A recent study
72

 revealed that at that serine protease activity, 

measured as a function of liberated tyrosine, stays relatively constant during the transition 
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of the ileum to the ileocecal junction, thereby suggesting that there is no marked decrease 

in protease gradient down the length of the intestine. Given that trypsin activity decreased 

markedly from ileum to cecum, a different mechanism than simple enzymatic 

degradation appears to be at play, at least in the case of this particular digestive enzyme. 

Hence we can most likely rule out such marked enzymatic degradation of trypsin in the 

transition from the ileum to the colon. 

Ch 2.3.2 Reverse Zymography Results 

 The results of the reverse zymograms from Figure 2.14 to Figure 2.20 suggest 

the existence of a trypsin protease inhibitor in the cecal wall homogenate, and possibly in 

the large intestinal wall. The band that appeared around 25 to 30 kDa in the cecal wall 

homogenate consistently appeared in each of the 26 successful reverse zymograms, often 

in lieu of other prominent bands that exist in the SDS PAGE gel (such as the band 

between 50 to 60 kDa in molecular weight). The large intestinal wall also showed a 

fainter band at approximately the same molecular weight range as the cecal wall 

homogenate when protein concentration is normalized, as was the case for the gels in 

Figures 2.18 to 2.20. 

In many of the reverse zymograms, a band around 50 to 60 kDa in molecular 

weight was visible, but this band appeared to be present in all intestinal wall homogenate 

samples at the same concentration. Hence, we suspect that this band could not have 

served a role as an inhibitor. Subsequent experiments using a higher concentration of 

trypsin in the developing buffer revealed that the band in question was digested by the 

trypsin, while the 25 to 30 kDa band in the cecal wall still remained (Figure 2.20). These 
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results are consistent with the hypothesis that a serine protease inhibitor is present in the 

cecal wall of the rat, resulting in the attenuation of trypsin activity as detected in plate 

zymography. 

Ch 2.3.3 High-Performance Liquid Chromatography and Mass 

Spectroscopy Results 

 The plate zymography experiments in which cecal wall and large intestinal wall 

homogenates, both unpurified and eluted, were mixed in equal volumes with trypsin at a 

concentration of 50 µg/mL (Figure 2.21), revealed that there is a 50% decrease in 

activity. In comparison, there was a 30% reduction in activity when eluted large intestinal 

wall homogenate was mixed in equal volumes with 50 µg/mL trypsin. In contrast, un-

eluted homogenates of cecal wall showed minimal attenuation of activity, while un-eluted 

large intestinal wall homogenate revealed an increase. While neither of the eluted 

homogenate results is considered statistically significant, the results are interesting and 

deserve further study. 

 The results of mass spectroscopy of the cecal wall homogenates reveal a number 

of proteins that can be found in the cecal wall (Table 2.2). Among potential candidates, 

only the immunoglobulin heavy chain (gamma peptide) appears viable as a potential 

inhibitor of trypsin due to studies with antibodies acting as protease inhibitors,
55,58

 

including the ability to engineer Kunitz domain inhibitors from camelid heavy chains.
56,57

 

Future studies should be done to determine whether this immunoglobulin heavy chain can 

actually act as a trypsin inhibitor. 
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 Compared to other areas of the GI tract, the large intestine and colon are better 

locations for mucoadhesion, the adhesion between a surface to a mucosal layer.
73

 

Mucoadhesives bind more strongly to the mucus layer than the mucin layers.
74

 Less 

mucus secretion in the GI tract organ provides better mucoadhesion.
73

 Study of the mucus 

gel thickness and turnover rate (based on secretion) in the stomach, proximal jejunum, 

cecum, and proximal colon of the rat indicates that the cecum and colon have the lowest 

turnover rates.
73

 In addition, there is a decrease in mucus secretion rate in the cecum as 

opposed to the jejunum.
73

 Adherence of various copolymers with specific binding 

properties is greater in the  mucosa of the colon than in the small intestine of the rat
74

,
 
at 

least in enterocytes measured within the mucosa layer as opposed to isolated cells.
75

 

Could the improved mucoadhesion in the cecum and colon allow for more enzymes such 

as a trypsin inhibitor, to be better retained in this area of the GI tract as opposed to the 

small intestine and stomach? 

Such studies, in addition to those measuring proteolytic activity in the intestinal 

tract
76

, suggest that net proteolytic activity is indeed lower in the large bowel than in the 

small intestine, consistent with my own results. What is unclear is whether the cecum and 

colon have enzymes that inhibit the activity of digestive enzyme inhibitors that block the 

activity of digestive enzymes in the large intestine. When combining the findings that 

enzymatic degradation rate in the colon is lower than in the small intestine
71

, thus making 

enzymatic degradation unlikely, the present study suggests that an unidentified inhibitor 

may in fact be secreted in the cecum and possibly the large intestine. Further studies are 

needed in order to isolate and determine the identity of this unknown trypsin inhibitor. 
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Ch 2.4 Conclusion 

This study suggests that proteolytic activity of serine proteases, trypsin in 

particular, is reduced during the transition from the small intestine to the colon via the 

ileocecal junction. The decrease is most notable between the full organ (wall and luminal 

content) of the small intestine versus that of the cecum, and versus that of the distal end 

of the colon. This phenomenon would suggest that either an inhibitor of trypsin is present 

in or secreted by the cecal wall, or enzymatic degradation of trypsin occurs down the 

length of the intestine. The literature suggests that the latter is not the case, and 

subsequent reverse zymography studies and purification via protein elution suggest that 

an unidentified inhibitor may be responsible for the attenuation in trypsin activity in the 

large intestine. The findings thus support our hypothesis that serine protease activity is 

reduced in the large intestine as a way for the colon to protect against potential 

autodigestion and generation of inflammatory mediators in the large bowel, where 

digested food is dehydrated and maintained for longer periods than in the small bowel. 
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