
Abstract. Background/Aim: We developed an experimental
method to reproduce insulin secretion from isolated rat
pancreas preparations using an organ bath system. However,
secretion of trypsin, another pancreatic enzyme, interferes
with insulin production in such systems. We aimed to
ascertain the minimum trypsin inhibitor (TI), dose for
obtaining a sustained, stable rate of insulin secretion.
Materials and Methods: The action of TI (1-10 μg/ml) on
pancreatic preparations of male Wistar-Imamichi rats in
organ bath experiments was assessed by measuring insulin,
amylase, and trypsin activity. Results: The level of insulin
outflow remained steady in the TI-treated samples, in contrast
to that in the untreated control, where insulin secretion
decreased over time. The level of amylase outflow did not
change significantly. Trypsin activity was significantly lower
in the TI-treated samples than in the control. Conclusion:
Even low concentrations of TI can maintain insulin secretion
by inhibiting trypsin activity in organ bath experiments.

Insulin is an important metabolic hormone and plays a
crucial role in maintaining homeostasis. Insufficient insulin
secretion results in diabetes mellitus, a disorder
characterised by high blood glucose levels. Insulin therapy
and various other glucose-lowering agents, including
sodium/glucose cotransporter 2 inhibitors, glucagon-like
peptide-1 (GLP-1) receptor agonists, and dipeptidyl
peptidase 4 inhibitors (1), have been used for ameliorating
this disorder. Furthermore, insulin-sensitising agents, which
reduce insulin resistance, have also been used since many
years. However, currently, there is no curative therapy for
diabetes mellitus. Recently, research on oral insulin delivery
has gained pace (2, 3). Nevertheless, protection of insulin
from enzymatic degradation has not been fully elucidated
and remains a challenge. 

Lately, the organ bath technique with magnus tube has
been used to investigate organ/tissue function in physiological
conditions (4, 5). We have previously confirmed that the level
of insulin outflow increases upon both glucagon-like peptide-
1 (GLP-1) (6) and glucose stimulation in this experimental
system. Pancreatic organ bath preparations have been found
to be sufficiently sensitive and reproducible as a method to
assess the effects of novel therapeutics for diabetes mellitus
on insulin secretion. However, in our previous two studies,
we observed that the level of insulin outflow decreased over
time in the control group without stimulation (6, 7). Thus, we
presumed that adding a bioactive substance would create a
situation where basal insulin secretion would be sustained.
We suspected that the presence of pancreatic digestive
enzymes reduced insulin secretion in organ baths employing

2551

This article is freely accessible online.

*These Authors contributed equally to this study.

Correspondence to: Motoshi Ouchi, MD, Ph.D., Department of
Pharmacology and Toxicology, Dokkyo Medical University School
of Medicine, 880 Kitakobayashi, Mibu, Shimotsuga, Tochigi 321-
0293, Japan. E-mail: ouchi@dokkyomed.ac.jp

Key Words: Insulin, amylase, pancreas, trypsin inhibitor, organ bath.

in vivo 35: 2551-2558 (2021)
doi:10.21873/invivo.12537

The Effects of Trypsin Inhibitor on Insulin Secretion 
Using Rat Pancreas in an Organ Bath 

ASUKA MORITA1*, MOTOSHI OUCHI1*, KEITARO SATOH2, SHUNSUKE KOBAYASHI3, 
MISAO TERADA4, HIDEFUMI WAKASHIN5, HIROE KON6, KEITARO HAYASHI1, NAOHIKO ANZAI4,7, 

AKIRA SHIMIZU8, HITOSHI SUGIHARA3, KENZO OBA9 and TOMOE FUJITA1

1Department of Pharmacology and Toxicology, Dokkyo Medical University School of Medicine, Tochigi, Japan;
2Department of Pharmacology, Meikai University School of Dentistry, Saitama, Japan;

3Department of Endocrinology, Diabetes and Metabolism, Graduate School of Medicine, 
Nippon Medical School, Tokyo, Japan;

4Dokkyo Medical University School of Medicine, Tochigi, Japan;
5Department of Regulatory Physiology, Dokkyo Medical University School of Medicine, Tochigi, Japan; 

6Research Center for Laboratory Animals, Dokkyo Medical University, Tochigi, Japan;
7Department of Pharmacology, Chiba University Graduate School of Medicine, Chiba, Japan;

8Department of Analytic Human Pathology, Nippon Medical School, Tokyo, Japan;
9Kawaguchi Sakura Clinic, Saitama, Japan



pancreas preparations. In our earlier studies, we added
soybean-derived trypsin inhibitor (TI) to the isolation buffer
with collagenase for isolating rat pancreatic acini (8) and
parotid gland acini (9), to prevent cell damage from trypsin
and trypsin-like proteases. Hence, we focused on TI as a
candidate bioactive substance and studied the effect of a
moderately high concentration (100 μg/ml) of TI (7).
Addition of TI to the experimental solution rescued the
reduction in insulin secretion. Additionally, an enzyme
marker of tissue damage in the TI group tended to be lower
than that in the control group.

The influence of TI on insulin secretion and hence on
glucose metabolism is not completely known. However, if
trypsinogen gets accidentally converted to trypsin within the
pancreas, likely due to excessive pancreatic exocrine
stimulation, disturbance of pancreatic duct flow, or the reflux
of bile and intestinal fluid into the pancreatic duct, autolysis
of the pancreas occurs, inducing pancreatitis, which leads to
dysregulated glucose metabolism (10). Thus, adding TI
suppresses trypsin-associated pancreatitis, which may reverse
the reduction in insulin secretion from the pancreatic
preparation. In the present study, we focused on finding the
minimum TI dose for obtaining sustained and stable insulin
secretion. Thus, the aim of this study was to assess the effect
and the pharmacological action of TI at low doses, compared
to those used for earlier investigations on insulin secretion,
using organ bath systems.

Materials and Methods
Animals. Male Wistar-Imamichi rats (10-13 weeks old) were
purchased from the Institute for Animal Reproduction (Ibaraki,
Japan). The rats were housed under a controlled temperature of
23±3˚C and lighting from 7:00 to 19:00 h. Laboratory food CE-2
(CLEA Japan, Inc., Tokyo, Japan) and water were provided ad
libitum. The experimental protocols were approved by the
Institutional Animal Care and Use Committee, Dokkyo Medical
University (Approval number 1117, 27th December 2017), and the
experiments were conducted in accordance with the Guidelines for
Animals Experimentation of Dokkyo Medical University. All efforts
were made to minimise the number of animals used and their
suffering. For analysis of trypsin, 24 rats of similar age (80.7±1.2
days) were assigned to four groups (n=6 for each group) receiving
0, 1, 3, and 10 μg/ml TI, respectively. All applicable international,
national, and/or institutional guidelines for the care and use of
animals were followed.

Organ bath experiment. The organ bath system was used as
described previously (6). Briefly, rats were euthanised humanely by
carbon dioxide, and blood was taken from the caudal vena cava. The
whole pancreas was removed from rats and subsequently immersed
in modified Tyrode’s solution. Next, the right lobe located on the
duodenal side was separated, wrapped in a nylon mesh as the
pancreas preparation, and suspended in the organ bath setup. The
preparation was equilibrated for 120 min; the solution in the bath
was replaced with fresh solution every 20 min. TI powder

(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) was
mixed with the incubation medium. To assess the effects of different
TI concentrations (0, 1, 3, and 10 μg/ml) on insulin and amylase
outflow, 2.3 ml of the incubation medium was sampled at four time
intervals, i.e., at 0, 20, 40, and 60 min. The collected solutions were
poured into Protein LoBind tubes (Eppendorf, Hamburg, Germany)
and stored at –80˚C for further analyses. The weight of each
pancreas was measured at the end of the experiment.

Quantitative determination of insulin, amylase, and lipase outflow.
Insulin and amylase were measured in this experimental system as
described previously (6). The levels of insulin in the collected
samples were determined by an Ultra Sensitive Rat Insulin ELISA
Kit (Morinaga Institute of Biological Science, Inc., Kanazawa,
Japan) according to the manufacturer’s instructions. The
concentration of insulin in the samples was calculated using a
standard curve.

Quantitative determination of amylase and lipase in the collected
solutions was performed using a Fuji Dri-Chem 3500V Dry-
Chemistry Analyzer along with Fuji Dri-Chem Slide AMYL-PIII and
v-LIP-P (Fujifilm Corp., Tokyo, Japan), following a previous study
where rat serum lipase was quantified (11). The samples were diluted
10-fold with phosphate-buffered saline (PBS) and warmed at 37˚C.
A 10 μl aliquot of solution was taken on the slide for analysis. All
measurements have been presented as the actual measurement
divided by the weight of the unwrapped pancreas preparation.

Trypsin activity assay. Trypsin activity was measured at baseline and
end of the experiment using a colorimetric assay kit (Bio Vision,
CA, USA). Samples (100 μl) were taken in a 96-well plate, and 1
μl of 50× chymotrypsin inhibitor solution was added to each
sample, followed by incubation for 10 min at room temperature.
Subsequently, 50 μl of reaction mix (48 μl assay buffer+2 μl trypsin
substrate) was added to each well and incubated at approximately
15-20˚C, while being protected from light. Absorbance at 405 nm
was measured at baseline and after 2 h of incubation. One unit of
trypsin activity was defined as the amount of trypsin required for
cleaving the substrate to yield 1 μmol of p-nitroaniline (p-NA) per
min. Trypsin activity was calculated using a standard curve (linear
between 0.02 to 80 nmol/well) according to the formula provided
in the manufacturer’s protocol. 

Stereomicroscopy of pancreas. The excised pancreas preparations
were cut and immersed in red mercurochrome dye (Kozakai
Pharmaceutical Co., Tokyo, Japan). The red dye was diluted 6-fold
(high concentration) and 30-fold (low concentration) with modified
Tyrode’s solution before immersion for 1 h and 3 h at both
concentrations. The immersed pancreas was washed three times
with PBS and stored at –80˚C. The cross-section of pancreas was
observed using an SZH10 stereomicroscope (Olympus Optical Co.,
Ltd., Tokyo, Japan) after cutting the frozen tissue samples.

Histopathology of pancreas. Frozen pancreas was fixed with 10%
buffered formalin. Formalin-fixed tissues were embedded in paraffin
blocks, and 4 μm thick sections were prepared. Sections were
deparaffinised and stained with haematoxylin and eosin (H&E)
following standard protocols. Images were obtained using a light
microscope. The total area of degenerative cells was analysed using
the WinROOF image processing software (MITANI Corporation,
Tokyo, Japan).
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Statistical analysis. Statistical tests were carried out using IBM
SPSS ver. 25 (International Business Machines Corp., Armonk, NY,
USA). To assess changes over time in the organ bath study, repeated
measures analysis of variance and the Bonferroni post hoc test were
performed. Significant differences in the experiments using organ
baths were determined by one-way analysis of variance. Dunnett’s
post hoc test was used to detect significant differences between the
control and treatment groups. Comparison of two groups was also
performed using Student’s t-test. Linear regression was used to
estimate the insulin outflow achieved from trypsin activity and the
lipase outflow achieved from amylase outflow. All values are
expressed as means±standard error. p-values less than 0.05 were
considered statistically significant.

Results

Effect of TI on insulin and amylase. We observed that TI
affected insulin secretion. As shown in Figure 1A, the level
of insulin outflow in the control group (0 μg/ml TI)
decreased over time (p=0.014; baseline vs. 60 min, p=0.016),
whereas, the level of insulin outflow in the TI-treated groups
did not vary significantly with time (1 μg/ml TI: p=0.948; 3
μg/ml TI: p=0.345; and 10 μg/ml TI: p=0.135). Furthermore,
the level of amylase outflow in the control and TI-treated
groups did not change significantly over time (control:
p=0.326; 1 μg/ml TI: p=0.082; 3 μg/ml TI: p=0.084; and 10
μg/ml TI: p=0.241) (Figure 1B). 

Trypsin activity in organ baths. Trypsin activity was
significantly low in the TI-treated samples compared to that
in the control [at baseline of experiment (Figure 2A):
p<0.001; and at the end of experiment (Figure 2B): p<0.001].
Further, insulin outflow at the baseline was low when the
trypsin activity was high (R2=0.214, p=0.023; Figure 2C). 

Relation between amylase and lipase outflow. The
relationship of lipase outflow was investigated as a base for
amylase outflow. Amylase and lipase outflow were not
significantly different between the control group and 10
μg/ml TI group at baseline and the end of the experiment
(Figure 3A–D). Linear regression revealed the predicted
levels of lipase outflow in relation to amylase outflow at
baseline (R2=0.254, p=0.095; Figure 3E) and at the end of
the experiment (R2=0.763, p<0.001; Figure 3F).

Dye permeation in pancreas. In pathology, red mercurochrome
is often used as a marker to reveal the direction of tissue
polarity (12). As shown in Figure 4, the pancreas was stained
with red mercurochrome uniformly. Time-dependent changes
in dye permeation were not prominent. However, gradual
increase of dyeing intensity depending on concentration was
visible. Red mercurochrome staining suggests that dye
molecules can permeate the pancreas, thus indicating the
likelihood of TI permeation into the pancreas. 

H&E staining was carried out to acquire general pathological
information on the pancreas preparations. As shown in Figure
5, adipose tissue degeneration (indicated via arrows) was
slightly more pronounced in the control group than in the TI-
treated group. However, no significant difference in tissue
structure was evident with or without TI, as indicated by digital
image analysis (n=3; control group: 22,584.1±5,924.8 μm2; TI
group: 9,131.0±3,021.3 μm2; p=0.113).

Discussion

In the present study, we investigated the effect of TI on
insulin secretion experiments using rat pancreas preparations.
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Figure 1. Effect of TI on secretory responses from rat pancreas preparations. (A) Insulin outflow. (B) Amylase outflow. Each point indicates data
for tissues from six rats. Values represent the percentage of insulin and amylase outflow during 20-60 min incubation of samples in the TI-treated
groups compared to that in the control and are shown as mean±S.E. To assess changes over time, repeated analyses of variance and the Bonferroni
post hoc test were performed. *p<0.05. The level of insulin outflow in the control group decreased over time. TI: Soybean trypsin inhibitor.



Emerging studies have indicated that insulin outflow
decreases over time in such systems (6). The findings of our
study indicate that TI has the potential to rescue the
insufficient insulin outflow caused by trypsin. 

The present study focused on assessing the effects of TI
on insulin secretion using excised pancreas tissues in an
organ bath. Banting and Best discovered insulin and
observed its degradation by trypsin in the past (13, 14).
Consistently, our results showed the rescue effects of TI on
insulin in this experimental system. Since insulin is a
peptide hormone, it is highly likely that it was eventually
degraded by trypsin in samples from the pancreas
preparations used in the present study. On the other hand,
no destruction of the islets of Langerhans was observed in
our study without TI as control, possibly because the
observations were made prior to the onset of any structural
disorder. However, trypsin could have disturbed the
secretory function of β-cells in the pancreas preparations of
the proposed system and thereby decreased insulin
secretion. Further investigation using an in vitro model is
required to confirm this possibility.

This pancreas preparation is partially removed from whole
pancreas and trimmed in this experimental method. Earlier
research has revealed high-level trypsin drainage after
pancreatic anastomotic leakage (15) and higher trypsin levels
were detected in exudates of selective drainage than in those
of non-selective drainage after pancreatectomy (16). Thus,
leakage of pancreatic juice containing trypsin is thought to
occur due to selective drainage from remnant pancreatic
stump. Further, serum insulin levels were reportedly reduced
in patients with acute pancreatitis (10) and in a glucose-

stimulated insulin secretion (GSIS) model of islets isolated
from rats with acute pancreatitis (17). In another study,
Toyota et al. reported that GSIS was inhibited by trypsin in
isolated rat pancreas perfusion (18). However, limited
investigation has been conducted on insulin secretion using
pancreas preparations. In the present study, TI addition
distinctly suppressed trypsin activity and maintained the
ability of the pancreas preparation to secrete insulin.
Therefore, it is plausible that trypsin activation is promoted
by the transected pancreas. 

Lactate dehydrogenase (LDH), an enzyme marker for
tissue damage, is known to be released when the cell
membrane breaks. LDH is fractionated as a cytoplasmic
enzyme (19), which normally does not cross the cell
membrane. LDH is also present in pancreas (20). We
reported previously that there was a significant difference in
results of LDH activity with 100 μg/ml TI addition,
compared to control (7). In the present study, there was no
significant difference in LDH activity (data not shown). Our
findings suggest that minor injury-induced responses could
have affected the results of this experiment. Due to the
possibility of minor injury-induced responses in pancreas
preparations, further investigation is required. Overall, it
seems reasonable to conclude from the abovementioned
different perspectives that insufficient insulin secretion is
caused by pancreatitis and increased trypsin activity. 

Our results propose that a concentration as low as 1 μg/ml
of TI could be effective in suppressing trypsin activity.
However, individual samples in the 1 μg/ml TI group had
varying degrees of insulin. In our previous study, insulin
outflow apparently increased slightly by 100 μg/ml of TI, a
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Figure 2. Effect of TI on trypsin activity. Trypsin activity at baseline (A) and the end (B) of the experiment. Data are expressed as mean±S.E. from
six tissue samples. One-way analysis of variance and Dunnett’s post hoc test were performed. #p<0.001 for TI-treated groups vs. control group. TI:
soybean trypsin inhibitor. (C) Insulin and trypsin activity baseline data at the beginning of the experiment. The linear regression equation for
predicted levels of insulin outflow is as follows: predicted levels of insulin outflow=9.208-(2.114×trypsin activity). Each open circle represents an
individual value.
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Figure 3. Effect of 10 μg/ml TI on amylase and lipase outflow. (A, B) Amylase outflow. (C, D) Lipase outflow. Each bar indicates data for tissues
from six rats. Data are expressed as mean±S.E from six tissue samples. Left bar is the control group and right bar is TI-treated groups. Left side
(A, C) is the data at baseline. Right side (B, D) is the data at the end of the experiment. Comparison of two groups was also performed using
Student’s t-test [amylase: baseline (A): p=0.107; end of the experiment (B): p=0.361; lipase: baseline (C): p=0.988; end of the experiment (D):
p=0.985]. Lipase and amylase outflow were plotted to examine the data at baseline (E) and the end (F) of the experiment. Each open circle
represents an individual value. (F) The linear regression equation for predicted levels of lipase outflow was as follows: predicted levels of lipase
outflow=0.341+ (0.209×levels of amylase outflow). TI: Soybean trypsin inhibitor. 



moderately high concentration. This concentration of TI may
not only suppress trypsin activity, but may also have an
enhancing effect on insulin secretion in such an experimental
system. Thus, application of nearly 3 μg/ml TI to the organ
bath is likely to be helpful in identifying substances for
inducing insulin secretion in the future studies.

We identified the marked change that was recorded in
insulin outflow, caused by TI treatment, was not observed
in amylase outflow. We previously confirmed the variation
in amylase outflow with and without 100 μg/ml TI at the
experimental end-point (data not shown) (7). Herein, we
focused more on insulin outflow than on amylase and
lipase outflow. Evaluation of the effect of TI on amylase
and lipase levels by long-term protocols using this
experimental system is likely to improve our understanding
of the system.  

In conclusion, the results of this study suggest that a small
amount of TI reinforces the stability and effectiveness of this
experimental system for studying insulin secretion. This
outcome supports the utilisation of an organ bath technique
for the evaluation of novel therapeutic approaches on insulin
secretion. This system will also be useful to know the
physiological activity and efficacy of other compounds.
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Figure 4. Stereomicroscopic features of the pancreas stained with red mercurochrome. The pancreas was incubated without red mercurochrome dye
for 1 h (A) and 3 h (B). The pancreas was incubated with red dye diluted 30-fold (low concentration) for 1 h (C) and 3 h (D). The pancreas was
incubated with red dye diluted 6-fold (high concentration) for 1 h (E) and 3 h (F). Scale bar: 5 mm.
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Figure 5. Haematoxylin–eosin (H&E) staining of the pancreas after the organ bath experiment. Representative H&E stained specimens of control
(A, B) and 10 μg/ml TI-treated pancreas (C, D). The degeneration of adipocyte (arrows) and acinar cells was observed. The total area of
degenerative cells was measured in three selected acinar fields per pancreas using image analysis. There was no significant difference in the area
with or without TI. Original magnification: 40×.
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