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The overall objective of our studies is to determine the underlying mechanisms 

of cell and organ failure in hypertension. We proposed recently a new “autodigestion 

hypothesis” postulating that there may be elevated levels of unchecked degrading 

proteases in hypertensive patients, not present in healthy controls.  These uncontrolled 

extracellular proteases cause receptor cleavage that destroys membrane receptors 

involved in arterial constriction/dilation and consequently the higher blood pressure. 



 

x 

We investigate these mechanisms in a model of human hypertension, the 

spontaneously hypertensive rats (SHR).  These rats have elevated protease activity in 

their plasma. The goal of the current study is to determine the source of the 

uncontrolled enzymatic activity and its leakage mechanism into the bloodstream.  The 

enzymatic activity of SHR pancreas, since it is a major source of digestive enzymes, 

and plasma paired with normotensive (WKY rat) controls was measured with 

zymography. The results showed that SHR has significantly higher enzymatic activity 

than WKY in the venous blood, pancreas, and pancreatic venules (p<0.05). These 

enzymes were identified to be possibly trypsin and chymotrypsin. Furthermore, by 

introduction of an 18 hour fasting period with reduction of these digestive enzyme 

levels in the pancreas there is a small but significant reduction in systolic blood 

pressure in SHR but not in its normotensive control. These results provide the first 

time a lead for the origin of uncontrolled enzymes in the SHR. The evidence suggests 

leakage of highly degrading enzymes from the pancreas into the circulation through its 

venules leading to receptor cleavage and hypertension.   
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Chapter 1 Introduction 

 Hypertension, or high arterial blood pressure, is currently considered one of the 

major health problem affecting more than 65 million lives in the U.S
2, 8

. Being a major 

risk factor for stroke, congestive heart failure, myocardial infarction and end-stage 

renal damage, hypertension increase the chance of morbidity and mortality
7, 10

. 

Despite its importance the pathogenesis of hypertension remains largely unknown. 

Several molecular mechanisms have been suggested in an attempt to delineate the 

molecular pathway of hypertension and identify targets that can help in therapeutic 

intervention. For example, a possible pathway leading to hypertension involves 

genetic mutations by changing renal salt balance. However, much of the genetic 

studies on the general population have failed to provide insights into targeting variants 

that may account for hypertension
12

. 

 

1.1 Autodigestion Hypothesis 

 Recently, a new hypothesis for the pathogenesis of hypertension has been 

developed by our lab, which states that the metabolic syndrome, including diabetes, 

hypertension and obesity, may be at least in part due to degrading enzymes that cause 

cleavage of important receptors responsible for cell functions
27

. The idea behind this 

hypothesis originated from the studies in experimental shock where disruption of 

mucosal barrier and escape of digestive enzymes were documented and consequently 

led to multiorgan failure. With the aid of protease inhibitors, symptoms of multi-organ 

failure can be significantly attenuated
27, 28

. 
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In a more recent study, a similar hypothesis that the release of proteases may 

be unchecked and may cause early forms of cell and tissue damage was tested in a 

chronic disease model of hypertension, the Spontaneously Hypertensive Rats (SHR). 

It was shown that SHR has increased enzymatic activity in the plasma in comparison 

to the normotensive rats (Wistar-Kyoto Rats, WKY) with significant cleavage of the 

insulin receptors.  Such proteolytic cleavage of the insulin receptors results in the 

development of insulin resistance in the SHR
3
.  Other receptors are also subject to 

proteolytic damage with corresponding loss of cell function.   

Autodigestion in the SHR involves the action of matrix metalloproteinases. 

The elevation of such MMP activities is accompanied by the loss of receptors
3, 21

. But 

further analysis of protease activity in plasma suggests that serine proteases may be 

involved possibly in the activation of these MMPs 
22

. The elevation of serine proteases, 

possibly originating from the gut, along with elevation of MMPs in SHR has been 

shown
3
. In this study, SHR plasma was incubated with casein substrate, which detects 

mainly serine proteases along with acid and thiol proteases, to measure the general 

proteolytic activity for comparison with WKY plasma. Such protease activity was 

only partially inhibited with EDTA (~29%), which is often considered as an inhibitor 

of MMPs though it may also inhibit other proteases
3
. Thus, it has been hypothesized 

that there may also be elevated serine protease activity in the bloodstream of SHR, 

which could in turn autoactivate more serine proteases as well as MMPs
3
. 

 Much research in the past has focused on the consequences of the 

autodigestion hypothesis, such as the elevation of MMP levels and receptor cleavage 

in various organs and in the bloodstream and their consequences for cell and tissue 



3 

function. The current study is aimed to investigate the cause of autodigestion by 

asking the question: what is(are) the source(s) of the uncontrolled enzyme release 

responsible for the elevation of enzymatic activity in the bloodstream? The two major 

sources of serine proteases in the human body are the intestine and the pancreas, 

which therefore will be the main targets of the current study. 

 

1.2 Abnormalities of SHR Intestine 

 Several studies have shown the abnormalities in the duodenum, jejunum and 

ileum. Drueke and his group observed a patchy loss of microvilli in specimens from 

SHR as well as the detachment of epithelial cells from the basement membrane as 

seen with electron microscopy
4
. Similar observation of partial loss of microvilli was 

also observed in the SHR jejunum and ileum by other groups
25

. In addition, there was 

a reduction in alkaline phosphatase, a brush border membrane protein, activity 

determined using quantitative microdenitometry
4
. For SHR ileal segment, there 

appeared to be a hypertrophy of with increased villus width
25, 26

. There was also 

reduction in sodium-dependent glucose cotransporters 1 (SGLT1) level in the 

smooth apical surface of SHR and initial transport of D-glucose and D-galactose 

across ileal BBMV from SHR
26

. Thus, we suspect that these abnormalities in the brush 

border of SHR intestine may allow the entry of proteases into the wall of the intestine 

thus subsequently the circulatory system.  
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1.3 Abnormalities of SHR Pancreas 

 Several research groups have studied the abnormalities in the pancreas of 

SHR
1, 17, 18

. For example, a study was done to document the morphological changes in 

6- to 36-week-old SHR and WKY. It was determined that the abnormalities in SHR 

include inflammatory cell infiltration, stromal fibrosis, acinar atrophy, hemorrhage, 

degeneration and ductular proliferation. Furthermore, these pathological conditions 

worsen with age. It was suggested that SHRs may have spontaneous pancreatitis
18

. 

Another group further confirmed the abnormalities in SHR pancreas by using scanning 

electron microscope to document the three-dimensional morphological structure of 

SHR pancreatic arterioles using corrosion casts. They observed ductular proliferation, 

tortuous ductal channels, crater-like depressions of ductal inner surfaces and sporadic 

presence of long cilia of ductal cells in these arterioles, similar to those observations 

seen in WBN/Kob rats, a diseased model for pancreatitis
1
. 

 If SHRs indeed had pancreatitis, the mechanism for hypertension and eventual 

multi-organ failure could be linked to a similar autodigestion mechanism as is the case 

in severe acute pancreatitis (SAP), as suggested by Huanchen Sha et al
29

. It has been 

hypothesized that in SAP, the activated trypsins destroy the pancreas itself leading to 

pancreatic tissue bleeding and necrosis. In addition, activated trypins can flow through 

venous system into the bloodstream which in turn damages the endothelial barrier to 

increase vascular permeability and results in multiple organ bleeding sites. Such 

change is immediately apparent in the liver, being the first organ to receive highly 

trypsin-concentrated blood from the pancreatic venous flow
29

. These studies suggest 
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that the pancreas may be the source of unchecked level of digestive enzymes in the 

bloodstream. 

 

1.4 Effects of Fasting 

  One of the most common and noninvasive therapeutic intervention for 

pancreatitis is fasting or caloric restriction in order to attenuate the production of 

digestive enzymes by the pancreas and prevent further damage. In addition, several 

studies have shown fasting or caloric restriction can significantly reduce blood 

pressure in SHRs without the reduction in the control WKY rats
16, 19, 20, 23, 31, 32

.  A 

number of hypotheses have been proposed in an attempt to explain this phenomenon 

in SHR, though the mechanism is still poorly understood. For example, the reduction 

in blood pressure may have been due to loss of body weight of the animals. However, 

the hypotensive effect is also observed after 24 hours of fasting without significant 

loss of body weight. Furthermore, it was also thought that it may have been due to the 

suppression of sympathetic nervous system activity during fasting
5, 9, 24, 32

. However, 

such suppression is observed in both fasted SHR and WKY rats; thus it is unlikely it is 

solely dependent on sympathetic nervous system activity
5
. Sharyn M. Fitzgerald et al 

also tested the hypothesis whether the reduction in blood pressure was due to 

reduction in sodium intake of the animals where fasting can reduce the sodium intake 

thus increasing excretion of sodium. 12-week-old WKY and SHR were put to a 48 

hours fasting period followed by 72 hours recovery period. A subgroup of animals was 

fed with sodium-deficient diet to determine the effect of sodium intake. The results 

showed that the increase in urinary sodium excretion and water intake during fasting 
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was not different between the two groups thus the mechanism through which fasting 

reduces the blood pressure remains largely unknown
6
. 

 

1.5 Long-term Objective  

 The overall objective of the current study is to determine the molecular 

mechanisms responsible for end organ injury in hypertension. Based on the previous 

study in our lab, the present study first aims to identify the type of enzyme present at 

an elevated level in SHR plasma and then determine the source of such elevated 

enzymatic activity by measuring the level of serine protease activities in selected 

organs. Since digestive enzymes are synthesized in the pancreas, and based on 

documented abnormalities in SHR pancreas, the pancreas may be one of the main sites 

for leakage of digest enzymes. Furthermore, the leakage mechanism of these digestive 

enzymes is hypothesized to be similar to the one suggested by Huanchen Sha in the 

study of SAP
29

. Thus, the venous system in pancreas will also be examined for 

possible leakage of enzymes into the circulation. Finally, animals will be subject to a 

short 18-hour period of fasting treatment to determine the correlation between 

enzymatic activity and blood pressure.   

 

1.5.1 Objective 

The objective of the current study is to determine the role of the pancreas and 

the release of serine proteases in the elevated blood pressure of the Spontaneously 

Hypertensive Rats (SHR) and normotensive control, the Wistar-Kyoto Rats (WKY).   
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1.5.2 Hypothesis 

 We hypothesize that SHR in the pancreas spontaneously leak digestive 

enzymes into the circulation through the venous system, which may be involved in the 

control of blood pressure by activation of MMPS. With a short fasting treatment, the 

production and leakage of uncontrolled enzymes can be attenuated thus lowering the 

blood pressure of SHR.  

 

1.5.3 Specific Aims  
1)  Determine the type of protease activity present at elevated levels in the plasma 

of SHR and WKY 

2)  Determine the source of the uncontrolled enzymatic activity 

3)  Identify the type of enzymes present in SHR pancreas compared to the 

pancreas in normotensive control rats.   

4)  Determine possible leakage mechanism of enzymatic activity from the 

pancreas into the circulation 

5)  Determine the effects of short-term fasting on the enzymatic activity in SHR 

and WKY plasma and pancreas 
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Chapter 2 Materials and Methods 

2.1 Animals 

 28-32 week old Wistar-Kyoto and spontaneously hypertensive rats (SHR) were 

obtained for the experiments.  One control SHR animal was excluded from the study 

due to its normotensive blood pressure measured with femoral artery cannulation. 

 

2.2 Saphenous Vein Blood Collection and Glucose Measurements 

 The animal was placed in a restrainer with its right leg extended outside of the 

restrainer. The saphenous vein bifurcation site was located after shaving the hair at the 

site and wiped with 100% alcohol. A puncture was made on the right saphenous vein 

for blood collection with a pipet from which glucose measurements were made using a 

glucose meter (Contour, Bayer).  

 

2.3 Surgical Operations and Tissue Collection 

 Animals were tranquilized with Xylazine (20 mg/ml, 200 uL/kg bodyweight 

i.m.) (MWI, Nampa, ID) and administered with general anesthesia (Nembutal 

pentobarbital sodium, 50 mg/ml, 1ml/kg body weight, i.m., Ovation Pharmaceuticals, 

Inc., Deerfield, IL).  After 20 minutes, the reflex level was tested with a tail pinch. 

Animals that were responsive to the tail pinch were given an additional dose of 

general anesthesia as needed. All of the animals were fully anesthesized and 

unresponsive to the tail pinch after additional dose of general anesthesia (5 – 10 uL 

Nembutal) and waiting period.  
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 Upon anesthesia, animals were secured onto a cutting board on heating pad set 

at 37C. Upon shaving the fur, the left femoral artery was exposed and cannulated. A 

syringe filled with Nembutal was attached to the femoral artery catheter to provide 

additional anesthesia as necessary. Tail pinch test was performed throughout surgery 

to check for the level of anesthesia. A pressure transducer was utilized to measure the 

blood pressure of the rats through the femoral artery catheter.  

 Upon completion of blood pressure measurement, ~3 ml of blood was 

collected from the animals through the femoral artery catheter. A midline incision was 

made with care to prevent any injury to the internal organs. ~1ml of PBS was injected 

into the peritoneal space with several soft massages to evenly distribute the PBS.  The 

PBS containing peritoneal fluid was subsequently collected. Additional, ~3ml of blood 

was collected from vena cava. The animals were then euthanized through an 

intravenous injection of Fatal Plus (200uL, 390 mg/ml) (Pentobarbital Sodium, 

Vortech Pharmaceuticals, Ltd., Dearborn, MI). The liver, intestine, and pancreas were 

promptly harvested and placed in PBS for freezing. 

 

2.4 Fasting Treatment 

 Subgroups of WKY and SHR were fasted overnight for 18 hours with water 

provided ad libitum. Control groups received standard chow and water. 

 

2.5 Tissue Embedding 

 Upon harvesting from the rats, the organs were cut and embedded in Tissue- 
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Tek O.C.T. (Optimal Cutting Temperature) Compound (Sakura Finetek, Torrance, CA) 

at room temperature. The embedded tissues were then quickly frozen in 2-

Methylbutane chilled in liquid nitrogen and stored at -80C in order to preserve 

enzymatic activity. Each organ was prepared as follows: 

1. Pancreas: pancreas was detached from the stomach and duodenum with 

surrounding adipose tissue removed and cut with a scalpel and embedded. 

2. Intestine: 4 cm portions were removed from the center and segments 2-3” 

away from the duodenum and the cecum. 1cm of intestinal portion was cut 

and embedded longitudinally. For tissue homogenates, 2 cm portions were 

removed from 8 different segments along the small intestine. Each cut 

portion was weighed and stored at -80
o
C until homogenization.  

3. Liver: a small section close to the portal venous system was cut in the 

radial direction with a scalpel and embedded. 

4. Spleen: the entire spleen was removed and embedded. 

 

2.6 Sectioning 

 Each tissue sample embedded in O.C.T compound was sectioned with a Leica 

CM 3500 cryostat onto Fisherbrand Superfrost Plus Microscope Slides (Fisher 

Scientific, Pittsburgh, PA). The section thickness for each organ tissue was 5 µm. 

Each slide contains one SHR and one WKY tissue section for comparison. Slides were 

then stored at -20
o
C until processed for in situ zymography on the same day or 

immunohistochemistry. 
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2.7 In situ zymography 

 Before incubation with casein substrate, tissue slides were placed on inverted 

Petri dishes resting in a water bath at 37
o
C for 5 minutes to thaw and remove visible 

residual moisture. Upon drying, 10 µL of casein substrate (EnzChek Protease Assay 

Kit, E6639) (Invitrogen, Eugene, OR), Nα-Benzoyl-L-arginine-7-amido-4-

methylcoumarin hydrochloride, trypsin substrate (B7260, Sigma) or Glutaryl-L-

phenylalanine 7-amido-4-methylcoumarin (49737, Sigma) was applied onto the slides. 

For control, the digestion buffer from the kit or substrate buffer (50 mM Tris-HCl, 20 

mM calcium chloride, pH 8) was utilized to test for autofluorescence of the tissue 

sections. The slides were then coverslipped and coated with nail polish to prevent 

movement of the coverslip and evaporation of the substrate. The slides were placed in 

a black slide box to prevent quenching of fluorescence and incubated in a water bath 

set at 37
o
C for 60 minutes. 

 After incubation, slides were viewed under an inverted fluorescence 

microscope containing a filtered mercury light source. Fluorescent images of the 

sample and control sections were recorded in order to obtain an estimate of the level of 

tissue auto-fluorescence.  

 

2. 8 Immunohistochemical Labeling of Trypsin 

 Slides were air dried with 100% acetone at -20
o
C for 10 minutes. Hydrophobic 

circles were drawn around each tissue section on the slides before blocking of 

endogenous peroxidase with peroxo-block solution (00-2015, Invitrogen) for 30 
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seconds. After several quick rinses with PBS, slides were incubated with normal horse 

serum for 1 hour at room temperature to block non-specific binding. Trypsin antibody 

(SC67388, Santa Cruz) was then added to the slides for overnight incubation at 4
o
C. 

After rinsing with PBS 3 times for 10 minutes each on the shaker, the slides were 

incubated with rabbit Immpress reagent for 30 minutes followed by the addition of 

DAB substrate (SK4100, VectorLab) for detection of secondary antibody.  

 

2.9 Image Analysis 

 The images were processed with Image J (NIH, http://rsbweb, nih.gov/ij/). 

Background was eliminated by using the following equation: 

In = ( Ii – Id ) / (Ib – Id ) * 255 

where In represents the pixel intensity of the modified image without background, li 

represents the pixel intensity on the original image, lb represents the pixel intensity of 

empty space without tissue section and ld represents the pixel intensity with the 

microscope light turned off. 

The fluorescent images were first split into RGB layers and only the red layer 

was considered for in situ zymography with casein substrate and the blue layer for 

trypsin and chymotrypsin substrate. The intensity of each image was measured by 

considering only the tissue area presented in the image. Measurement of the control 

sections were also calculated and used to obtain the auto-fluorescence of the tissue. A 

signal presence was determined by comparing measured auto-fluorescence on control 

sections and measured signal on sample sections. 
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 The light microscopy images from immunohistochemistry were inverted and 

converted into grayscale for image analysis. Signal intensity equivalent to non-specific 

control slides was considered the lower threshold. Area (At) and intensity (It) covered 

by light intensity above threshold was quantified and divided by total tissue area (Ao, 

excluding empty spaces around the tissue). Corrected absorbance shown in data is 

calculated by the following: 

 Corrected absorbance = (At)(It) / (Ao) 

 

2.10 Tissue Homogenization 

 5 ml of cold PBS per gram of tissue was added to the tubes containing frozen 

intestinal portions. The intestinal portions were homogenized in the tubes covered 

with ice with a tissue homogenizer (Kinematica Polytron PT 1200C homogenizer from 

Brinkmann; Westbury, NY). Each intestinal portion was homogenized for at least 30 

seconds or until disappearance of large chunks. The homogenates were then 

transferred to 1.5ml tubes and spun at 13,000g’s for 15 minutes at 4
o
C. The 

supernatants were transferred to new 1.5ml tubes and spun at 13,000g’s for 10 minutes 

at 4
o
C. The supernatants were then collected and divided into aliquots and stored at -

80
o
C until use. 

 

2.11 Intestinal protease activity measurements 

 The intestinal homogenates, along with pure proteases, were tested for 

proteolytic activities using Enzchek Protease Assay Kit (E6639, Molecular Probes)  
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and trypsin activity using BAPNA substrate.  

The substrate in Enzchek Protease Assay Kit is the protein, casein, heavily 

derivatized with pH-insensitive fluorophores. When undigested, the fluorophores are 

quenched and the molecule does not fluoresce. Upon cleavage by proteases, the 

peptides with these fluorophores will fluoresce. The level of measured fluorescence 

increases with the amount of peptide present. The fluorescence of the intestinal 

homogenates incubated with this substrate is measured in duplicates on a 96-well plate 

by a spectrophotometer (Spectromax Gemini XS) using the Softmax Pro software 

(Molecular Devices Corp., Sunnvale, CA) and expressed in Relative Fluorescent Units 

(RFUs). The level of fluorescence increases with the number of sites within the casein 

molecule cleaved by the enzymes in the sample.  

For each well, 5ul of intestinal sample, 95 of digestion buffer and 100 µl of 

casein substrate was added to each well and the plate was covered with aluminum foil 

to prevent evaporation. The plate was incubated at 37
o
C in the spectrophotometer and 

kinetic measurements were made over a period of 60 minutes.  

 

2.12 Plasma Protease Activity Measurements 

Plasma samples were tested for trypsin activity using Nα-Benzoyl-L-

arginine 4-nitroanilide hydrochloride (BAPNA) substrate (B3133, Sigma) and 

chymotrypsin activity using N-Succinyl-ala-ala-pro-phe-p-nitroanilide (SPNA) 

substrate (S7388, Sigma). 

The BAPNA substrate is a chromogenic substrate suitable for detecting of 

trypsin-like enzymes. P-nitroaniline is released upon hydrolysis of BAPNA, which can 
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then be detected at 405nm. For each well, 20 µl of plasma sample was incubated with 

180 µl of BAPNA substrate (0.5 mM) for 90 minutes with absorbance values taken 

every 15 minutes at 405 nm. For analysis, the absorbance reading at time 0 was 

subtracted from absorbance reading at each subsequent time point and designated as 

corrected absorbance.  

The SPNA substrate works in a similar fashion as the BAPNA substrate where 

upon cleavage, the 4-nitroanilide substrate yields 4-nitroaniline presenting a yellow 

color under alkaline conditions that can be detected at 405 nm. Similar to the trypsin 

activity assay, 20 µl of plasma sample was incubated with 180 µl of substrate (5 mM) 

for 90 minutes and an additional reading was taken at 24 hours. Absorbance reading at 

time 0 was also subtracted from each subsequent time point to eliminate the effects of 

autofluorescence. 

 

2.13 Statistical Analysis 

 All measurements are shown as mean ± standard deviation. Two-tailed 

student’s t-test was used for comparison between animal groups. A probability p<0.05 

was considered statistically significant. 
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Chapter 3 Results 

3.1 Enzymes present in plasma 

 Arterial and venous plasma samples were incubated with trypsin and 

chymotrypsin substrates to determine enzyme activity. The results showed a trend for 

elevated activity in SHR, especially in the case for trypsin activity in venous plasma 

(Figure 1). These results are in agreement with the previous evidence provided by 

Delano et al for an elevated in protease activity in venous plasma of the SHR
3
. 

 

3.2 Possible sources(s) of enzymatic activity in plasma 

3.2.1 Spleen & Liver 

 From the results of in situ zymography using fluorescent casein substrate, there 

appeared to be no enzymatic activity in the spleen of either group (results not shown). 

However, there appeared to be a slight but not significant elevation of enzymatic 

activity in SHR liver than that in WKY (Figure 3). 

 

3.2.2 Intestine & Pancreas 

 Two major potential sources for digestive enzymes were examined for 

proteolytic activity, intestine and pancreas. No significant difference in enzymatic 

activity was found between SHR and WKY intestinal sections using in situ 

zymography with fluorescent casein substrate. Similar result was found in the 

intestinal homogenates collected along the length of the intestine (Figure 2). In 

contrast, pancreatic sections of the SHR showed significantly higher enzymatic 
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activity than WKY sections using in situ zymography with fluorescent casein substrate 

(Figure 4). 

 

3.3 Types of enzymes present at elevated level in the pancreas of SHR 

 To identify the types of enzymes detected by casein substrate (see previous 

section), pancreatic sections were labeled with trypsin antibody and incubated with 

trypsin and chymotrypsin substrates to determine whether they are present at elevated 

level in the pancreas of the SHR.   

 The immunohistochemical labeling showed there is an elevated level of trypsin 

expression in the pancreas of the SHR (Figure 5). In addition, SHR pancreatic sections 

incubated with trypsin substrate showed slight increase in trypsin activity in 

comparison to those in WKY pancreatic sections (Figure 6). A similar pattern was 

observed using chymotrypsin substrate (Figure 7). This is in line with the pattern 

observed using the general protease substrate, casein (Figure 4). 

 

3.4 Possible leakage mechanisms of enzymatic activity into the 

circulation 

  Two possible leakage mechanisms were considered and examined. Enzymes 

could secrete into the peritoneal space from the pancreas, which in turn is taken up by 

the surrounding vessels. Or enzymes could leak directly into the circulation via 

pancreatic venules.   



18 

 No significant difference was found between the level of enzymatic activity in 

the peritoneal fluid of WKY and SHR (Figure 8). Pancreatic venules were identified 

by locating venule-arteriole pairs. Measurements were taken around the venule wall 

using ImageJ to determine light intensity. Compared to WKY pancreatic venules, SHR 

pancreatic venules showed significantly higher proteolytic activity, including trypsin 

and chymotrypsin activity and trypsin expression (Figure 9-12). 

 

3.5 Effects of Fasting 

3.5.1 Glucose Measurements 

 Glucose measurements were taken before and after fasting for all animals. No 

difference was found before and after fasting in all groups of animals (Figure 13-B). 

 

3.5.2 Weight & Blood Pressure 

 No significant difference in weight was found between control and fasted 

animals (Figure 13-A). Systolic blood pressure was significantly lowered after 18 

hours of fasting and mean blood pressure was reduced as well in the SHR group; this 

reduction was absent in the WKY group (Figure 11). 

 

3.5.3 Enzymatic Activity in Plasma 

 Zymography was done on plasma collected from femoral artery and vena cava 

using trypsin, and chymotrypsin substrates. In all groups, plasma from SHR showed 

somewhat higher activity in comparison to that from WKY; such trend was 

particularly significant in the trypsin activity of venous plasma (Figure 14). 
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Furthermore, the activity was reduced after fasting which is especially notable in the 

trypsin activity of venous plasma (Figure 14-C). 

 

3.5.4 Enzymatic Activity in Pancreas & Vessels 

 Enzymatic activity was measured using in situ zymography on pancreatic 

sections of all groups. In addition, expression level of trypsin protein was quantified 

by immunohistochemistry on the same sections. In all cases, there was a trend for 

elevation in enzymatic activity and trypsin protein expression in SHR pancreatic 

sections. This elevation was suppressed by fasting though not to significant levels 

(Figure 15,17,19,21). A similar trend was found in the case of pancreatic venules, with 

highly significant reduction in the trypsin expression and chymotrypsin activity 

between SHR and fasted SHR groups (Figure 16,18,20,22). 
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Figure 1. (A-D) Measurements of trypsin, and chymotrypsin activity in arterial and 

venous plasma. Trypsin activity and chymotrypsin activity were compared after 15 

minutes and 24 hours of incubation with its respective substrates. Trypsin activity was 

significantly elevated in SHR venous plasma. *p<0.05 WKY compared to SHR. 
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Figure 2. (A-C) Mean±SD of casein fluorescence intensity by in situ zymography 

quantification of intestinal sections from duodenual, jejunal, and ileal segments 

respectively. Proteolytic activity of flushed (F) and non-flushed (N) intestinal sections 

were compared to determine the effect of food presence. In additional, measurements 

were taken around the epithelial layer and inside the interstitial space of the villi. (D) 

Intestinal homogenates were collected along the length of the intestines from SHR and 

WKY and quantified with casein zymography.  

D 

C 

A 
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Figure 3. (Top panels) In situ zymography micrographs of liver sections. Scale bar = 

100 µm. (Bottom graph) Fluorescence quantification of micrographs using ImageJ 

expressed in fluorescence intensity unit. Proteolytic activity has a tendency to be 

elevated in SHR liver sections though no significant difference was found. 
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Figure 4. (Top panels) Casein in situ zymography micrographs of pancreatic sections. 

Scale bar = 100 µm. (Bottom graph) Fluorescence intensity quantification by ImageJ 

expressed in fluorescence intensity unit. Proteolytic activity is significantly elevated in 

SHR in comparison to WKY. *p<0.05 WKY compared to SHR. 
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Figure 5. (Top panels) Micrographs of frozen immunohistochemical sections with 

primary antibody against trypsin as seen by DAB substrate. Left panels (IgG) 

represent sections stained with an irrelevant primary antibody. Scale bar = 100 µm. 

(Bottom graph) Light absorption measurements presented as percentages of stained 

area over tissue area. *p<0.05 WKY compared to SHR. 

 

 

 

 

 

 



25 

 

 
 

Figure 6. (Top panels) Trypsin in situ zymography micrographs of pancreatic sections. 

Scale bar = 100 µm. (Bottom graph) Fluorescence intensity quantification by ImageJ 

expressed in fluorescence intensity unit. Trypsin activity tends to be elevated in SHR 

in comparison to WKY (not significant). 

 

 

 

 

 

 



26 

 

 
 

Figure 7. (Top panels) Chymotrypsin in situ zymography micrographs of pancreatic 

sections. Scale bar = 100 µm. (Bottom graph) Fluorescence intensity quantification by 

ImageJ expressed in fluorescence intensity unit. Trypsin activity tends on average to 

be elevated in SHR in comparison to WKY (not significant). 
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Figure 8. Proteolytic Activity measured in peritoneal fluid of WKY and SHR. No 

significant difference was found between the two groups. 
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Figure 9. (Top panels) Casein in situ zymography micrographs of pancreatic venules. 

Scale bar = 100 µm. (Bottom graph) Fluorescence intensity quantification by ImageJ 

expressed in fluorescence intensity unit. Proteolytic activity is significantly elevated in 

SHR venules in comparison to WKY. *p<0.05 WKY compared to SHR. 
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Figure 10. (Top panels) Micrographs of frozen immunohistochemical sections with 

primary antibody against trypsin as seen by DAB substrate. Left panels (IgG) 

represent sections stained with an irrelevant primary antibody. Scale bar = 100 µm. 

(Bottom graph) Light absorption measurements taken along the venules expressed as 

digital units. SHR venules show higher expression of trypsin protein. *p<0.05 WKY 

compared to SHR. 
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Figure 11. (Top panels) Trypsin in situ zymography micrographs of pancreatic venules. 

Scale bar = 100 µm. (Bottom graph) Fluorescence intensity quantification by ImageJ 

expressed in fluorescence intensity unit. Trypsin activity tends to be elevated in SHR 

venules in comparison to WKY venules (not significant). 
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Figure 12. (Top panels) Chymotrypsin in situ zymography micrographs of pancreatic 

venules. Scale bar = 100 µm. (Bottom graph) Fluorescence intensity quantification by 

ImageJ expressed in fluorescence intensity unit. Trypsin activity tends to be elevated 

in SHR venules in comparison to WKY venules (not significant). 
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Figure 13. (A) Body weight measurements of control and fasted groups. No difference 

was found between the groups. (B) Blood glucose measurements of saphenous blood 

of control and fasting groups before and after fasting. No difference was found in any 

of the groups. (C) Measurement of systolic pressure of control and fasted groups. 

Systolic blood pressure was significantly reduced by fasting in the SHR group. 

*p<0.05 WKY compared to SHR. ++p<0.05 SHR compared to SHR fasted.  
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Figure 14. (A-D) Measurements of trypsin and chymotrypsin activity in arterial and 

venous plasma. Trypsin activity and chymotrypsin activity were compared after 10 

minutes and 24 hours of incubation. Venous plasma trypsin activity appears to be 

reduced significantly after fasting. *p<0.05 WKY compared to SHR. *p<0.05 WKY 

fasted compared to SHR fasted. +p<0.05 WKY fasted compared to SHR fasted. 

++p<0.05 SHR compared to SHR fasted.  
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Figure 15. (Top panels) Casein in situ zymography micrographs of pancreatic sections. 

Scale bar = 100 µm. (Bottom graph) Fluorescence intensity quantification by ImageJ 

expressed in fluorescence intensity unit. Proteolytic activity appears to be elevated in 

SHR sections in comparison to WKY sections and tends to be reduced after 18 hours 

of fasting (not significant).  
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Figure 16. (Top panels) Casein in situ zymography micrographs of pancreatic venules. 

Scale bar = 100 µm. (Bottom graph) Fluorescence intensity quantification by ImageJ 

expressed in fluorescence intensity unit. Proteolytic activity appears to be elevated in 

SHR venules in comparison to WKY venules and tends to be reduced after 18 hours of 

fasting (not significant).  
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Figure 17. (Top panels) Micrographs of frozen immunohistochemical sections with 

primary antibody against trypsin as seen by DAB substrate. Left panels (control) 

represent sections stained with an irrelevant primary antibody. Scale bar = 100 µm. 

(Bottom graph) Light absorption measurements presented as corrected intensity unit 

*p<0.05 SHR compared to WKY. *p<0.05 WKY Fasted compared to SHR Fasted. 
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Figure 18. (Top panels) Micrographs of frozen immunohistochemical sections with 

primary antibody against trypsin as seen by DAB substrate. Scale bar = 100 µm. 

(Bottom graph) Light absorption measurements taken along the venules expressed as 

digital units. SHR venules show higher expression of trypsin protein. Such elevation is 

somewhat reduced by fasting in the SHR group (p=0.056). *p<0.05 SHR compared to 

WKY. 
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Figure 19. (Top panels) Trypsin in situ zymography micrographs of pancreatic 

sections. Scale bar = 100 µm. (Bottom graph) Fluorescence intensity quantification by 

ImageJ expressed in fluorescence intensity unit. Trypsin activity tends to be elevated 

in SHR sections in comparison to WKY sections and reduced after 18 hours of fasting 

(not significant).  
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Figure 20. (Top panels) Trypsin in situ zymography micrographs of pancreatic venules. 

Scale bar = 100 µm. (Bottom graph) Fluorescence intensity quantification by ImageJ 

expressed in fluorescence intensity unit. Trypsin activity appears to be elevated in 

SHR venules in comparison to WKY venules and tends to be reduced after 18 hours of 

fasting (not significant).  

 



40 

 
 

Figure 21. (Top panels) Chymotrypsin in situ zymography micrographs of pancreatic 

sections. Scale bar = 100 µm. (Bottom graph) Fluorescence intensity quantification by 

ImageJ expressed in fluorescence intensity unit. Chymotrypsin activity appears to be 

elevated in SHR sections in comparison to WKY sections and is somewhat reduced 

after 18 hours of fasting.  
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Figure 22. (Top panels) Chymotrypsin in situ zymography micrographs of pancreatic 

venules. Scale bar = 100 µm. (Bottom graph) Fluorescence intensity quantification by 

ImageJ expressed in fluorescence intensity unit. Chymotrypsin activity appears to be 

elevated in SHR venules in comparison to that of WKY venules and is reduced after 

18 hours of fasting.  ++p<0.05 SHR compared to SHR Fasted. 
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Chapter 4 Discussion 

These results indicate that SHRs have elevated serine protease activities in 

plasma, in pancreas and in pancreatic venules that are associated with elevation in 

blood pressure. Chronic reduction of pancreatic enzyme release after fasting reduces 

blood pressure and protease activity in plasma, pancreas and pancreatic venules. 

Uncontrolled protease release and early activation of pancreatic digestive enzymes 

from the pancreas may be the source of enzymatic activity observed in the plasma in 

SHR. Since SHRs have a life expectancy of about 18 - 24 months, even a slight 

chronic leakage and elevation of protease activity over the animal’s life may produce 

enzymatic degradation which may be involved in the SHR’s many deficiencies
14

. 

 

4.1 Plasma Enzymatic Activity 

 As shown in previous studies by our lab, there is elevation in MMP level in 

SHR and presence of such elevated level of MMPs can cause cleavage of receptors 

that are important for cell functions
3, 21

. It has also been well documented that the 

serine proteases can activate many types of MMPs
11, 13, 22, 30

. DeLano et al. provided 

for the first time possible presence of these serine proteases the circuation
3
. The 

current study shows that such elevation of serine proteases may likely be due to the 

elevation of trypsin and, to a lesser extent, chymotrypsin. It is possible that the 

presence of active trypsin in the bloodstream may be the cause for the activation of 

MMPs thus subsequently lead to receptor cleavage in various vessels and organs.  
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4.2 Uncontrolled Enzyme Release 

 The focus of the current study is to determine the source of the elevated plasma 

activity in SHR. Organs with high levels of degrading enzyme activities, e.g. intestine 

and pancreas, were tested using a general protease activity substrate, casein. No 

significant differences between SHR and WKY in the intestines which may be due to 

the limitation of the techniques to detect small difference in enzymatic activity. On the 

other hand, it was observed that the overall activity in the epithelium layer is higher in 

comparison to that in the interstitial space. However, SHRs were found to have 

significantly elevated trypsin level and enzymatic activity in the pancreas tissue and 

pancreatic venules. To explore further possible leakage of pancreatic enzymes into the 

bloodstream through pancreatic venules, liver tissues were also tested for enzymatic 

activity as the first organ to receive venous flow from the pancreas.  An elevation of 

protease activity was also found in the SHR liver, thus providing evidence for 

autodigestion mechanism where SHRs have excess activated enzymes that escape into 

the central circulation through the venous system. 

 

4.3 Effects of Fasting 

 In the present study, a short fasting period (~18 hours) was sufficient to reduce 

the systolic blood pressure significantly in SHR. Previous fasting studies were 

performed for 24+hours to achieve a significant reduction in SHR
6, 9

. Fasting is 

commonly used to treat pancreatitis patients to prevent the release of pancreatic 

enzymes and therefore prevent further autodigestion mechanisms by the enzymes. The 
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reduction in blood pressure as seen in SHR through fasting may be due to the 

attenuation of pancreatic enzyme production and leakage into the circulation.  

 

4.4 Perspectives 

 The present study provides for the first time evidences that the elevated 

enzymatic activity in the SHR plasma is possibly associated with leakage of activated 

trypsin from the pancreas. To further test the autodigestion hypothesis, further work 

can be built on the present resuls. It may be interesting to look into whether receptor 

cleavage is attenuated in fasted animals, such as the insulin receptors and beta(2)-

adrenergic receptors. In addition, the cause for the presence of excess activated trypsin 

in the SHR remains unknown; further studies may examine the genetics of acinar cells 

that are responsible for the release of digestive enzymes. In addition, treatment with 

serine protease inhibitors such as mesiliate gabexate, futhan and cyklokapron in SHR 

may help clarify the exact mechanism of autodigestion
15

. A more complete 

understanding of the underlying mechanism of protease derived hypertension serves as 

the basis for improved therapeutic interventions and prevention.  
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