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Pancreatitis, the inflammatory disorder of the pancreas, has no specific therapy. Genetic,
biochemical, and animal model studies revealed that trypsin plays a central role in the onset and
progression of pancreatitis. Here, we performed biochemical and preclinical mouse experiments to
offer proof of concept that orally administered dabigatran etexilate can inhibit pancreatic trypsins
and shows therapeutic efficacy in trypsin-dependent pancreatitis. We found that dabigatran
competitively inhibited all human and mouse trypsin isoforms (K, range 10-79 nM) and dabigatran
plasma concentrations in mice given oral dabigatran etexilate well exceeded the K; of trypsin
inhibition. In the T7K24R trypsinogen mutant mouse model, a single oral gavage of dabigatran
etexilate was effective against cerulein-induced progressive pancreatitis, with a high degree of
histological normalization. In contrast, spontaneous pancreatitis in T7D23A mice, which carry a
more aggressive trypsinogen mutation, was not ameliorated by dabigatran etexilate, given either
as daily gavages or by mixing it with solid chow. Taken together, our observations showed that
benzamidine derivatives such as dabigatran are potent trypsin inhibitors and show therapeutic
activity against trypsin-dependent pancreatitis in T7K24R mice. Lack of efficacy in T7D23A mice is
probably related to the more severe pathology and insufficient drug concentrations in the pancreas.

Introduction

There is no specific pharmacological therapy for the inflammatory disorders of the exocrine pancreas,
which include acute pancreatitis (AP), recurrent acute pancreatitis (RAP), and chronic pancreatitis (CP)
(1). Pancreatitis often presents as a progressive, relapsing-recurring disease, in which a sentinel episode of
AP progresses to RAP, and eventually to CP, driven by underlying genetic and environmental risk factors
(1, 2). Studies on genetic risk factors associated with the AP-RAP-CP sequence (denoted as CP from here
on out) revealed that ectopic, intrapancreatic activation of the digestive protease precursor trypsinogen to
its active form trypsin is responsible for disease onset and progression (3—5). Genetic alterations increase
intrapancreatic trypsin activity by accelerating trypsinogen autoactivation, and/or by diminishing protec-
tive mechanisms, such as trypsinogen degradation by chymotrypsin C and trypsin inhibition by the serine
protease inhibitor Kazal type 1. This disease model has been designated as the trypsin-dependent pathway
of genetic risk in CP, which not only formulates a mechanistic framework for CP development but also
identifies a clear therapeutic target, i.e., trypsin (4, 5).

Considering the long history of biochemical investigations into the function of trypsin, and the avail-
ability of a large number of natural and synthetic trypsin inhibitors, it seems surprising that no effective anti-
trypsin therapy has been developed so far to treat or prevent pancreatitis. Although bovine pancreatic trypsin
inhibitor (aprotinin) (6) and the p-guanidino-benzoate derivatives gabexate (FOY), camostat (FOY-305) (7),
and nafamostat (FUT-175) (8) seemed effective in rodent experiments (9—16), their clinical efficacy has been
either variable or disappointing (17-22 and references therein). This apparent contradiction can be largely
explained by the fact that early preclinical experiments did not use mouse models of trypsin-dependent pan-
creatitis. Similarly, clinical trials did not focus on trypsin-dependent disease, which could be verified by appro-
priate genetic testing. Finally, the compounds evaluated had inhibitory activity against a range of proteases
other than trypsin, which further confounds interpretation of the results from preclinical and clinical trials.
Despite their dubious efficacy, nafamostat and gabexate infusions are approved to treat AP, and oral camostat
is used for the management of pain associated with CP in Japan. More recently, the COVID-19 pandemic
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sparked revived awareness in these drugs, as camostat and nafamostat have been identified as strong inhibitors
of the transmembrane serine protease 2, which is required for cellular entry of the SARS-CoV-2 virus (23, 24).
Several clinical trials have been initiated to test efficacy against COVID-19, and the results may also inform
future clinical trials in pancreatitis with respect to dosing and side effects (25-28).

In addition to the renewed interest in small-molecular weight trypsin inhibitors, novel mouse models
of trypsin-dependent pancreatitis have been developed recently. Our laboratory generated several knockin
mouse lines carrying human pancreatitis-associated mutations in the native mouse cationic trypsinogen
(isoform T7) (29-32). Concurrently, the laboratory of Baoan Ji created transgenic models harboring wild-
type or mutated forms of the serine protease 1 and 2 (PRSSI and PRSS?2) genes that encode human cationic
and anionic trypsinogens, respectively (33-36). All published mouse models develop either spontaneous,
progressive pancreatitis driven by trypsinogen autoactivation or exhibit heightened sensitivity to ceru-
lein-induced experimental pancreatitis. Remarkably, in their 2020 publication (34), the Ji group reported
that the anticoagulant dabigatran etexilate markedly improved cerulein-induced pancreatitis in transgenic
mice carrying human PRSSI with the p.R122H mutation (named PRSS1}??! mice by the authors). Dabig-
atran etexilate (brand name Pradaxa) is routinely used worldwide as an orally active, reversible thrombin
inhibitor for the anticoagulation of patients with venous thromboembolism or increased risk of stroke due
to atrial fibrillation (37-39). It is a prodrug, which is absorbed from the gastrointestinal tract and becomes
converted in the blood by nonspecific esterases to its active form, dabigatran (Figure 1A) (40). Dabigatran
is a benzamidine derivative, and it has been reported to inhibit human thrombin reversibly with a K, of 4.5
nM and bovine trypsin with a K, of 50.3 nM (41). We hypothesized that the observed therapeutic effect
of dabigatran in the PRSS1®!??H transgenic mice was due to trypsin inhibition in the pancreas rather than
inhibition of thrombin in the circulation. To test this notion, here we compared the inhibitory activity of
dabigatran against a panel of human and mouse trypsin isoforms in vitro and performed preclinical drug
testing studies using 2 mouse models of trypsin-dependent pancreatitis. 77D234 and T7K24R mice carry
the p.D23A and p.K24R mutations in mouse T7 trypsinogen, which are analogous to the human pancreati-
tis-associated PRSSI mutations p.D22G and p.K23R, respectively (29, 30). The p.D23A and p.K24R muta-
tions increase autoactivation of mouse cationic trypsinogen by 50-fold and 5-fold, respectively. 77D23A
mice are born with a normal pancreas but develop spontaneous, progressive pancreatitis at an early age
(29). In contrast, T7K24R mice have no spontaneous phenotype, but they develop severe cerulein-induced
AP followed by a progressive, CP-like disease (30, 31). These 2 models allowed us to test the effect of dab-
igatran etexilate under various conditions, i.e., cerulein-induced pancreatitis (77K24R) versus spontaneous
disease (77D234). Furthermore, we measured the plasma concentration of dabigatran after oral adminis-
tration of dabigatran etexilate, in an attempt to correlate drug levels with trypsin-inhibitory activity and
therapeutic efficacy. The results support and extend the potential utility of dabigatran and other benzami-
dine derivatives in pancreatitis therapy and highlight specific challenges the drug development process must
overcome before advancement to clinical practice.

Results

Inhibition of trypsin by dabigatran. We hypothesized that the reported efficacy of dabigatran etexilate in pan-
creatitis (34) is related to the trypsin-inhibitory activity of dabigatran. As a benzamidine derivative (Figure
1A), dabigatran is expected to inhibit trypsin-like enzymes competitively; however, this inhibitory activity
against human and mouse trypsin isoforms has not been demonstrated before to our knowledge.

First, we used homology-based docking to demonstrate that dabigatran can bind to the specificity pock-
et of trypsin. In our model, showing dabigatran docked to human mesotrypsin (Protein Data Bank [PDB]
1H4W) (42), the amidine moiety of dabigatran interacts with the side chain of Asp194 at the bottom
of the specificity pocket, and the N-methyl-benzimidazole scaffold that bridges the benzamidine and the
distal pyridine ring and propanoic acid end is positioned above the catalytic triad (Figure 1B). The benz-
amidine moiety of dabigatran overlaps with the bound benzamidine of the 1H4W mesotrypsin structure
(Figure 1C). The docked conformation of dabigatran is also similar to that of the benzamidine-derivative
dual-specificity thrombin and factor Xa inhibitor R11 (PubChem SID 820345) cocrystallized with bovine
trypsin (PDB structure 1G36) (43). The latter compound and dabigatran both have the benzamidine group
deep in the specificity pocket, connected to an N-methyl-benzimidazole moiety. Dabigatran and R11 differ
in the groups at the distal end. R11 has a second methyl-benzimidazole group that lies flat on the protein
surface. In contrast, in the docked structure of dabigatran, the carboxyl group of the distal propanoic acid
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Figure 1. Modeling dabigatran binding to trypsin. (A) Chemical structure of dabigatran and its prodrug dabigatran
etexilate. Differences are encircled. The benzamidine moiety of dabigatran is indicated. (B) Dabigatran (shown as
green sticks) docked to human mesotrypsin (PDB structure TH4W, shown as gray cartoon). Also indicated are the
side chains of the catalytic triad His63, Asp107, and Ser200 (corresponding to His57, Asp102, and Ser195 in conven-
tional crystallographic numbering) and Asp194 (Asp189) at the bottom of the specificity pocket (yellow and orange
sticks, respectively). (C) Superimposition of trypsin-bound dabigatran, with benzamidine (from PDB structure
1H4W, magenta) and the benzamidine-derivative, dual-specificity thrombin and factor Xa inhibitor R11 cocrys-
tallized with bovine trypsin (from PDB structure 1G36, cyan). The figures were created with the PyMOL Molecular
Graphics System (https://pymol.org/2/).
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is partially solvent exposed, and the pyridine ring is perpendicular to the plain of the methyl-benzimidazole
in R11. Most atoms of dabigatran, including the benzamidine group, are shifted by 0.6-0.8 A toward the
catalytic triad relative to the same atoms in R11 (Figure 1C).

Next, we performed enzymatic measurements to compare the effect of benzamidine and dabigatran
against human trypsin isoforms PRSS1 (serine protease 1, cationic trypsin), PRSS2 (serine protease 2,
anionic trypsin), and PRSS3 (serine protease 3, mesotrypsin) and mouse trypsin isoforms T7 (cationic tryp-
sin), T8, T9, and T20 (anionic trypsins). The trypsin isoforms were produced recombinantly, but human
PRSS1 and PRSS2 were also purified from pancreatic juice in their native form, which contains a sulfate
group on Tyr154. As a universal reference molecule, commercial bovine cationic trypsin was also assayed.
Figure 2A demonstrates a representative experiment for the determination of the competitive inhibitory
constant (K). As described in Methods, we calculated the K, values by either individually (Figure 2B) or
globally (Figure 2C) fitting the substrate saturation curves and obtained comparable results. Table 1 and
Table 2 indicate the K and k_, values determined in the absence and presence of increasing benzamidine
and dabigatran concentrations. We show these data to demonstrate that the & , values remained constant
within experimental error across all inhibitor concentrations tested, supporting the competitive nature of
the inhibition. Table 3 lists the K, values for benzamidine and dabigatran. Benzamidine inhibited trypsin
with micromolar K, values (range 3.3-20.6 uM and 4.2-22.6 pM by individual and global fit analysis,
respectively), while dabigatran was an about 200- to 400-fold stronger inhibitor, exhibiting nanomolar K,
values (range 10-65 nM and 10.3-78.9 nM by individual and global fit analysis, respectively). Anionic tryp-
sin isoforms were inhibited slightly stronger by benzamidine than cationic trypsins; however, this trend was
less conspicuous with dabigatran. Reassuringly, the K, values reported for dabigatran against bovine trypsin
(41) and measured in our experiments were essentially identical. Dabigatran inhibited human trypsins as
well as or slightly better than mouse trypsins, suggesting that results from preclinical mouse experiments
should be relevant to human clinical trials. The experiments demonstrate that derivatives of benzamidine,
such as dabigatran, can have highly improved inhibitory activity against trypsin and are universally effec-
tive against various trypsin paralogs.

Plasma levels of dabigatran after oral administration of dabigatran etexilate. Before embarking on experi-
ments with trypsin-dependent pancreatitis models, we measured plasma concentrations of dabigatran in
C57BL/6N mice after oral administration of the prodrug dabigatran etexilate. First, we performed intra-
gastric gavage of a single dose (100 mg/kg) and followed plasma levels up to 8 hours. As shown in Figure
3A, dabigatran levels sharply rose to micromolar values within 30 minutes of oral gavage and peaked
around 1 hour, after which time levels steadily decreased, with very little dabigatran measurable at the
4- and 8-hour time points. Importantly, peak concentrations of dabigatran were more than 2 orders of mag-
nitude above the K values measured for trypsin inhibition. Second, we fed mice with solid chow containing
dabigatran etexilate (10 mg/g) for 1 week and measured their plasma dabigatran concentration. Compared
with acute administration of the prodrug by gavage, chronic feeding resulted in lower but steadier plasma
concentrations (Figure 3B), with most values falling in the 600-800 nM range. This drug level is still more
than 10-fold higher than K, values of dabigatran against mouse trypsins.

Effect of dabigatran etexilate on cerulein-induced pancreatitis in T7K24R mice. The T7K24R mouse strain
carries the p.K24R mutation in mouse cationic trypsinogen (isoform T7), which is analogous to the
p-K23R pancreatitis-associated human PRSSI mutation (30). The mutation increases autoactivation of
trypsinogen about 5-fold and thereby sensitizes the pancreas to experimental pancreatitis. We recent-
ly demonstrated that cerulein-induced pancreatitis in 77K24R mice is progressive; and after the acute
episode, marked acinar atrophy develops with fibrosis and macrophage infiltration (31). The acinar cell
dropout is most prominent on days 4-6 and involves essentially the entire pancreas. This trypsin-depen-
dent outcome is convenient to monitor and quantify. Before testing the effect of dabigatran etexilate, we
characterized intrapancreatic trypsin and chymotrypsin activity in 77K24R mice after 8 hourly injections
of saline or cerulein (Figure 4A). Protease activities were measured at 1 hour, 1 day, 2 days, and 3 days
after the cerulein injections. Relative to cerulein-treated C57BL/6N mice, pancreatic trypsin activity in
T7K24R mice was at least 10-fold elevated (Figure 4B), and this high value persisted on days 1 and 2,
finally diminishing on day 3, as acinar atrophy develops (31). Pancreatic chymotrypsin activity was also
significantly higher in 77K24R mice, with peak activity (20-fold higher than in C57BL/6N mice) seen on
day 1, which sharply declined by days 2 and 3 (Figure 4C). The different temporal kinetics of intrapan-
creatic trypsin and chymotrypsin activities are intriguing, although an explanation is not readily apparent.
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Figure 2. Inhibition of trypsin

by dabigatran. Representative
graphs of the kinetic assays using
mouse anionic trypsin (isoform
T8) are shown. Three experiments
were performed. For clarity and
convenience, the mean of the data
points was plotted with standard
deviation error bars, even though
each experiment was analyzed
separately. (A) Initial rate of
trypsin activity as a function

of substrate concentration in

the absence and presence of
increasing dabigatran concentra-
tions. Rates were measured with
1nM trypsin and the indicated
concentrations of the N-CBZ-Gly-
Pro-Arg-p-nitroanilide (GPR-pNA)
trypsin substrate. Data sets for
given dabigatran concentrations
were individually fitted to the
Michaelis-Menten equation. (B)
Calculation of the competitive
inhibitory constant (K;) of dabiga-
tran (mean + standard deviation,
n =3). The K_values derived

from the saturation curves in A
were plotted as a function of the
dabigatran concentration. The K;
was then determined by dividing
the y axis intercept with the
slope of the linear fit. This value
corresponds to the negative of the
x axis intercept. (C) Calculation of
the K, of dabigatran by global fit-
ting (mean * standard deviation, n
= 3). The data points from A were
globally fitted to the competitive
inhibition equation, as described
in Methods.

As expected, no intrapancreatic protease activation was observed in saline-treated control mice. The high
trypsin activity in the pancreas of cerulein-treated 77K24R mice suggests that trypsin-inhibitory therapy
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Table 1. Effect of benzamidine on the enzyme kinetics of human trypsin isoforms PRSS1, PRSS2, and PRSS3; mouse trypsin isoforms
T7, T8, T9, and T20; and bovine trypsin

PRSS1
k., (per second)
K. (uM)
PRSS1-50,

k . (per second)
K., (uM)
PRSS2
k... (per second)
K. (uM)
PRSS2-S0,
k... (per second)
K. (uM)
PRSS3
k., (per second)
K (uM)

T7
k.. (per second)
K., (uM)

T8
k., (per second)
K. (uM)

T9
k_,, (per second)
K., (uM)
T20
k... (per second)
K. (uM)
Bovine trypsin
k... (per second)

K., (uM)

opM 25 pM 50 uM 75 pM 100 pM
128.3+10.4 134.8 +1.7 121+£3.3 136.3+9.2 143.2 £ 8.1
18.3+1.6 391+£0.9 59.6+2.5 92+4.4 15.3+£9.3
0o pM 12.5 pM 25 utM 37.5 M 50 pM
1064 £ 2.1 104128 121+4.9 108.4+5.3 1M3.6+£7.2
10.5+0.5 223 %12 41.8+2.8 495 +17 69.7+7.2
opM 25 uM 50 pM 75 pM 100 pM
825+23 78.7+1.7 784 +£1.8 821+24 783 %45
7501 15.5+15 23.8+0.9 37.5+2 445+29
0pM 12.5 M 25 uM 37.5 M 50 pM
67.5+0.7 64.8 +1.6 64.3+14 64.5+15 69.3+0.3
45+0.3 15.2+0.5 264 +0.8 38.2+14 541+2.8
opuM 25 uM 50 pM 75 pM 100 pM
206.1+5 211.9+ 8.6 214.2+4.7 201.3+8 205.7+£6.3
22224 644 +4.8 1M4.2+2.6 1514 +6.7 182.9+78
opM 12.5 ptM 25 pM 37.5 yM 50 M
118.6 £ 2.1 1254 +£2.7 125.5+3.5 135+3.9 1279 £7.5
37+3.2 749 +2 110.6 7.6 165.5+ 6 200.5+6.3
opM 12.5 pM 25 uM 37.5 uM 50 pM
106.5 £ 0.5 103.9+79 105.6 +4.9 100.2+0.8 105.5+7
8104 20.9+3.5 37724 45+ 0.6 66.7£3.2
0opM 12.5 pM 25 uM 37.5 pM 50 pM
12.6+04 1M0+34 M4 +2.8 14.8£2.8 M2.3+45
8.8+04 23.7 1.5 4014 59.9+2.7 73.6+2.2
0opM 12.5 pM 25 uM 37.5 uM 50 pM
61.3+3.8 65+1 621+1.8 64.7 2.1 65.6 £ 2.1
14 +£0.2 42+0.7 7+0.7 8.7+04 124 +£0.1
0opM 25 uM 50 pM 75 pM 100 pM
114 £16.2 109 +9.5 115.8 +.9 1084 +£5.3 1M3.6+72
22212 48.9+25 87.9 £14.5 121.8 +13.9 151.7 £ 6.3

Michaelis-Menten parameters (mean + standard deviation, n = 3) were determined in the presence of the indicated inhibitor concentrations with the
N-CBZ-Gly-Pro-Arg-p-nitroanilide (GPR-pNA) trypsin substrate at 24°C. See Methods for details. Sulfated human trypsins (PRS51-50, and PRS52-50,)
were purified from pancreatic juice. k_,, catalytic rate constant (turnover number).

Therefore, in our experiments, we induced pancreatitis in 77K24R mice by 8 hourly injections of
cerulein and euthanized the mice 96 hours (i.e., 4 days) later. To test the effect of dabigatran etexilate,
a single dose of the prodrug was administered 30 minutes after the last injection (Figure 5A). Negative
control mice without pancreatitis and vehicle-treated positive control mice with pancreatitis served for
comparison. When the body weight of mice at the beginning and at the end of the experiment was com-
pared, vehicle-treated mice with pancreatitis showed a slight decrease (Figure 5B). This phenomenon is
due to a transient digestive dysfunction associated with the rapid development of acinar atrophy (31). In
contrast, dabigatran etexilate—treated 77K24R mice with pancreatitis showed no change in body weight
by the end of the experiment, suggesting a protective effect of the drug. The pancreas weight of vehi-
cle-treated T7K24R mice with pancreatitis was significantly reduced, to almost half the normal pancreas
size (Figure 5C). The atrophic weight loss of the pancreas remained prominent even after the pancreas
weight was normalized to body weight (Figure 5D). Remarkably, however, the pancreas weight of the
dabigatran etexilate—treated mice with pancreatitis was significantly higher, in some cases approaching
the values of control mice with no pancreatitis, suggesting that the drug prevented and/or reversed
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Table 2. Effect of dabigatran on the enzyme kinetics of human trypsin isoforms PRSS1, PRSS2, and PRSS3; mouse trypsin isoforms
T7, T8, T9, and T20; and bovine trypsin

PRSS1
k., (per second)
K. (uM)
PRSS1-50,

k . (per second)
K., (uM)
PRSS2
k... (per second)
K. (uM)
PRSS2-S0,
k... (per second)
K. (uM)
PRSS3
k., (per second)
K (uM)

T7
k.. (per second)
K., (uM)

T8
k., (per second)
K. (uM)

T9
k_,, (per second)
K., (uM)
T20
k... (per second)
K. (uM)
Bovine trypsin
k... (per second)

K., (uM)

0nM 25nM 50 nM 75 nM 100 nM
92134 90.8+2.8 91.6 +4.8 95+2.3 99.8 £3.3
174 £1.3 31.3+3.6 50.2+25 711+£4.2 88.7+3.1
0nM 25 nM 50 nM 75 nM 100 nM
103.2+04 101+ 2.3 105.5+51 103.2+4.2 104.7 + 21
10.1+£0.6 214 +£1.5 32.7+3 42.8+78 57 +21
0nM 25 nM 50 nM 75 nM 100 nM
91.7+0.9 90.6 + 2.6 89117 90.2+2.3 875+4.4
8+0.5 23+13 376+ 0.6 46.8+1.5 61.1+6.1
0nM 25 nM 50 nM 75 nM 100 nM
65.8+0.7 634+04 66.8+1.6 63.8+0.9 672 +1.9
3.9+0.2 13+£0.5 23.5+13 31.5+04 424 +3.5
0nM 50 nM 100 nM 150 nM 200 nM
202.8+4.2 214.6 £4.9 215.5+4.6 2175 +10.8 220.5+41
7501 15515 23.8+0.9 37.5+2 445+29
0nM 50 nM 100 nM 150 nM 200 nM
118.6 +21 481+0.9 475+ 2 501+1.5 49317
37+3.2 63.5+17 87.2+11 130.7 + 8,9 144.3 £10.2
0nM 50 nM 100 nM 150 nM 200 nM
90.9+3.5 904 £1 92.3+16 88.9+1.3 85.1+72
8.8+1.6 20.6£15 342+41 46.3+3 60.8+4
0nM 50 nM 100 nM 150 nM 200 nM
74 +0.7 75.8+2 725+2.6 784+ 0.1 776+ 2.5
7904 19.8+2.7 283+2.8 461+24 56.7+73
0nM 50 nM 100 nM 150 nM 200 nM
521+21 52+4 51117 48.7+3.3 50+6.3
3703 9.5+13 19.5+0.5 22.5+25 28.5+2.2
0nM 50 nM 100 nM 150 nM 200 nM
122.8 £21 1277 £ 0.8 126.6 £3.5 123.8+2.9 130.1+£14
248+23 495+3.3 71.6 £3.5 91.9+4.9 125.8+7

Michaelis-Menten parameters (mean + standard deviation, n = 3) were determined in the presence of the indicated inhibitor concentrations with the GPR-
pNA trypsin substrate at 24°C. See Methods for details. Sulfated human trypsins (PRS51-50, and PRS52-50,) were purified from pancreatic juice.

acinar atrophy to a large extent. 77K24R mice exhibited low plasma amylase activity 4 days after the
induction of cerulein-induced pancreatitis, close to the levels seen in control mice without pancreatitis
(Figure 5E). Interestingly, in a subset of dabigatran etexilate—treated mice with pancreatitis (4 of 15),
we observed more than 3-fold higher plasma amylase activity values, suggesting ongoing acinar cell
injury. Histological analysis of pancreata from 10 vehicle-treated and 15 dabigatran etexilate—treated
mice with hematoxylin-eosin staining demonstrated widespread loss of intact acini in vehicle-treated
mice (for higher magnification of pathological details, see ref. 31). A dramatic, complete protective
effect of dabigatran etexilate was observed in almost 50% of the drug-treated mice (Figure 6A). A sig-
nificant yet incomplete (30%-50% normal histology) effect was seen in about 20% of the mice, whereas
in the remaining 30% of mice dabigatran showed limited efficacy, with less than 25% of normal acini
preserved (Figure 6B). This group included 2 cases with no detectable effect. Notably, the 4 drug-treated
mice with the elevated plasma amylase activity all had partial histological responses, with 13%, 15%,
35%, and 45% intact acini visible on pancreas sections. Overall, the proportion of intact acini in the
dabigatran etexilate—treated group was significantly higher than in the vehicle-treated group, indicating
that dabigatran is effective in this model of trypsin-dependent pancreatitis.
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Table 3. K, values (mean * standard deviation, n = 3) of benzamidine and dabigatran against human trypsin isoforms PRSS1, PRSS2,
and PRSS3; mouse trypsin isoforms T7, T8, T9, and T20; and bovine trypsin

Enzyme

PRSS1
PRSS1-S0,
PRSS2
PRSS2-S0,
PRSS3
17
T8
T9
T20
Bovine trypsin

K, benzamidine (uM) K. dabigatran (nM) K. ratio
Individual fit Global fit Individual fit Global fit Individual fit Global fit

15.7+4.7 225+4 21+2.3 28.2+45 748 798
8322 10.5+0.9 21.2+0.9 233+2 392 451
8.6+2.2 8.9+0.7 179+3.3 14111 480 631
33+0.5 42+0.7 10+3.2 10.3+0.5 330 408
15.5+2.3 13.3+0.8 351+24 51.6 £2.1 442 258
20.6 3 14.9+0.3 65+ 0.6 78.9+9.5 317 189
6.7+13 6.7+0.5 31.6+2.6 304+25 212 220

6.8+1 6.8+ 0.1 284 +71 35.8+3.5 239 190
6.9 +1.1 76+0.5 33.6+4.38 226+07 205 336
15.2 £3.6 17.8 £ 0.6 48.7+1.7 56.7+3.6 312 314

Kinetic measurements with the GPR-pNA trypsin substrate in the presence of increasing inhibitor concentrations were analyzed by individually or globally
fitting the substrate saturation curves, as indicated. See Methods for details. Sulfated human trypsins (PRS51-S0, and PRSS2-S0,) were purified from

pancreatic juice.

Effect of orally gavaged dabigatran etexilate on spontaneous pancreatitis in T7D23A mice. Next, we tested the
effect of dabigatran etexilate in a more aggressive, spontaneous pancreatitis model. The 77D234 mouse strain
carries the p.D23A mutation in mouse cationic trypsinogen (isoform T7), which is analogous to the p.D22G
pancreatitis-associated human PRSS! mutation (29). The mutation increases autoactivation of trypsinogen
about 50-fold and elicits spontaneous, early-onset (3—5 weeks of age), and progressive pancreatitis. In the
first experiment, we treated 3-week-old 77D234 mice with various doses of dabigatran etexilate via intra-
gastric gavage for 2 weeks (Figure 7A). The dosages used were once daily 100 mg/kg, twice daily 100 mg/
kg, and once daily 200 mg/kg. As controls, untreated 77D23A4 and C57BL/6N mice were used. Mice were
euthanized at 5 weeks of age. Based on prior experience, at the beginning of the experiment, the pancreas
of 3-week-old 77D234 mice was either normal or may have had incipient AP (29). Conversely, by 5 weeks
of age, all 77D234 mice were expected to have developed early CP. The body weight of mice was measured
at the beginning (3 weeks) and at the end (5 weeks) of the experiment (Figure 7B). As expected, during this
period, the mice gained weight, and this was unaffected by gavage treatment. The weight gain of 77D234
mice was slightly lower relative to the C57BL/6N parent strain. Compared with untreated C57BL/6N mice,
the pancreas weight of untreated 77D234 mice was markedly lower, due to the massive pancreas atrophy
associated with their early CP (Figure 7C) (29). This large difference persisted even after normalization of the
pancreas weight to the body weight of the mice (Figure 7D). In stark contrast to the effect seen with 77K24R
mice, dabigatran etexilate treatment did not improve the pancreas weight of 77D234 mice. Curiously, a clear
trend of worsening atrophy emerged with increasing dabigatran dosages, even though the differences did not
reach statistical significance. As expected, plasma amylase activity was reduced in untreated 77D234 mice
relative to C57BL/6N mice, though the difference did not reach statistical significance (Figure 7E). In agree-
ment with their smaller pancreas weights, drug-treated 77D234 mice had significantly lower amylase levels
relative to the untreated 77D234 controls. Histological analysis of pancreata revealed comparable CP-like
disease in all groups of 77D234 mice whereas C57BL/6N controls showed normal pancreas morphology
(Figure 8A). For details of the histological phenotype of pancreatitis in 77D234 mice, the reader is referred
to the original publication (29). Quantitative analysis of intact acini per visual field showed the expected dra-
matic cell loss in the pancreata of 77D234 mice, but no appreciable difference was seen between the untreated
and treated groups (Figure 8B). Taken together, the results from this experiment indicated that dabigatran
etexilate introduced by intragastric gavage did not ameliorate the spontaneous pancreatitis of 77D234 mice.
Furthermore, under certain dosing protocols, the drug seemed to worsen the disease slightly.

Effect of feeding with dabigatran etexilate—containing chow on spontaneous pancreatitis in T7D23A mice.
Based on the results of the gavage experiments described above, we speculated that the 77D234 mouse
model may require sustained drug levels in the blood to achieve full inhibition of pancreatic trypsins
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Figure 3. Dabigatran plasma concentrations in C57BL/6N mice following oral administration of dabigatran etexilate. Dabigatran levels were measured
as described in Methods. (A) Mice (6-8 weeks of age) were given a single dose of 100 mg/kg dabigatran etexilate by oral gavage. Mice were euthanized at
the indicated times. Data represent mean + standard deviation (n = 4-6, as indicated). (B) Mice (12 weeks of age) were fed regular chow containing dabig-
atran etexilate at 10 mg/g concentration for 7 days. Mice were euthanized on day 8 either in the morning (3 am) or in the evening (5 pm). Mean dabigatran
concentrations (+ standard deviation, n = 4) measured at these time points were 787 + 79 and 614 + 91 nM, respectively.

and prevention/reversal of disease. Therefore, we tested whether feeding the mice with solid chow
containing dabigatran etexilate would be efficacious. We fed 3 week-old-mice for 1 week and euth-
anized the mice at the age of 4 weeks (Figure 9A). There were 4 experimental groups, treated and
untreated C57BL/6N controls, and treated and untreated 77D234 mice. Each group gained weight
similarly during the 1-week treatment, indicating that mice readily consumed the dabigatran etexilate—
containing chow (Figure 9B). When comparing the pancreas weight of treated and untreated mice,
we observed a small increase in the drug-treated groups of both strains, indicating that this change
is likely unrelated to a drug effect on pancreatitis (Figure 9C). The difference in pancreas weights
reached statistical significance when normalized to body weight (Figure 9D). Long-term feeding of
mice with trypsin inhibitors causes the pancreas weight to increase, due to luminal trypsin inhibition
and a feedback mechanism that increases plasma cholecystokinin levels (44-48). Presumably, in our
experiments, some of the unabsorbed dabigatran etexilate was converted to active dabigatran in the
gut lumen and inhibited intestinal trypsins. Plasma amylase activities were comparable in all 4 groups
of mice (Figure 9E). Finally, histological analysis showed normal pancreata in C57BL/6N mice and
early CP in T7D23A4 mice (Figure 10A). Quantitative assessment of intact acini demonstrated no effect
of dabigatran etexilate treatment on pancreatitis severity (Figure 10B). Taken together, the results
indicate that feeding 77D234 mice with solid chow containing dabigatran etexilate did not prevent or
improve their spontaneous pancreatitis.

Discussion

In the present study, we tested the hypothesis that the recently reported therapeutic effect of dabigatran
etexilate in experimental pancreatitis of transgenic PRSS1®??H mice was due to the trypsin-inhibitory
activity of dabigatran (34). To this end, first we modeled binding of dabigatran to trypsin by homolo-
gy-based docking, then performed inhibition assays with dabigatran against a panel of human, mouse,
and bovine trypsin paralogs, followed by preclinical studies with dabigatran etexilate on mouse models of
trypsin-dependent pancreatitis. We found that dabigatran was readily docked into the substrate binding
pocket of trypsin, and it potently inhibited all trypsin isoforms tested with similar efficacy. Compared
with its parent compound, benzamidine, dabigatran showed several hundred-fold improved inhibitory
activity. The inhibition was competitive, confirming that dabigatran blocks substrate binding to trypsin.
Before the preclinical mouse studies, we confirmed that oral administration of dabigatran etexilate in
mice can produce high enough dabigatran levels in the blood to achieve trypsin inhibition. A single gavage
of dabigatran etexilate (100 mg/kg dose) resulted in peak dabigatran concentrations (~2.5 pg/mL) more
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Figure 4. Intrapancreatic trypsin and chymotrypsin activity in T7K24R mice given saline or cerulein. (A) Experimental design. C57BL/6N and T7K24R mice
(8-9 weeks of age) were treated with 8 hourly injections of saline or cerulein (arrowheads). Animals were euthanized at the indicated times (arrows), and the
pancreas was freshly homogenized and assayed, as described in Methods. (B) Trypsin activity. (C) Chymotrypsin activity. Individual data points with mean
and standard deviation are shown. The difference of means between the groups was analyzed by 1-way ANOVA with Tukey-Kramer post hoc test.

than 100-fold higher than the K, values against trypsin isoforms. However, dabigatran levels fell rapidly
under these conditions, and the inhibitory activity was almost completely lost within a few hours. When
dabigatran etexilate was introduced to mice by chronic feeding of solid chow containing the prodrug (10
mg/g dose), relatively steady plasma concentrations were achieved (~300-400 ng/mL), which were about
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Figure 5. Effect of dabigatran etexilate on cerulein-induced pancreatitis in T7K24R mice. (A) Experimental
design. Mice were given 8 hourly injections of cerulein (arrowheads), followed by a single oral gavage of 200 mg/kg
dabigatran etexilate or vehicle administered 30 minutes after the last cerulein injection. Mice were euthanized 96
hours from the first cerulein injection. (B) Body weight at the start and end of the experiment. (C) Pancreas weight
in milligrams. (D) Pancreas weight as percentage of body weight. (E) Plasma amylase activity (4 pL assayed).
Control mice represent age-matched T7K24R mice without pancreatitis. Individual data points with mean and
standard deviation are shown. The difference of means between the groups was analyzed by 1-way ANOVA with
Tukey-Kramer post hoc test. mOD, milli-optical density.
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Figure 6. Effect of dabigatran
etexilate on pancreas histology
in cerulein-induced pancreatitis
of T7K24R mice. Mice were given
8 hourly injections of cerulein,
followed by a single oral gavage of
200 mg/kg dabigatran etexi-
late or vehicle administered 30
minutes after the last cerulein
injection. Mice were euthanized
96 hours from the first cerulein
injection. (A) Representative
pancreas sections stained with
hematoxylin-eosin from T7K24R
mice given vehicle or dabiga-
tran etexilate after the cerulein
injections. For comparison, the
normal pancreas histology of a
control T7K24R mouse is shown.
Scale bar corresponds to 100 pm.
Higher magnification pictures of
cerulein-induced pancreas pathol-
ogy in T7K24R mice are shown in
ref. 31. (B) Histological evalua-
tion of acinar cell loss. Pancreas
sections from mice given vehicle
or dabigatran were visually scored
for the presence of intact acinar
cells. Individual data points with
mean and standard deviation are
shown. The difference of means
between 2 groups was analyzed
by 2-tailed unpaired t test.

10-fold higher than the K, values against trypsins. We add, as a caveat, that we do not know how well
dabigatran penetrates the pancreas, which is the site of trypsin inhibition to prevent pancreatitis. We were

unable to measure dabigatran levels in the pancreas due to interference of pancreatic proteases with the
HEMOCLOT functional assay. It is important to note that 3 times daily administration of 100 or 200 mg
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Figure 7. Effect of orally gavaged dabigatran etexilate on spontaneous pancreatitis in T7D23A mice. (A) Experimental design. Mice (3 weeks of age)
were given 1x 100 mg/kg, 2 x 100 mg/kg, or 1 x 200 mg/kg daily dose of dabigatran etexilate by intragastric gavage for 2 weeks. Untreated 77D23A and
C57BL/6N mice served as controls. Mice were euthanized at 5 weeks of age. (B) Body weight of mice at the beginning (3 weeks) and end (5 weeks) of
the experiment. (C) Pancreas weight in milligrams. (D) Pancreas weight as percentage of body weight. (E) Plasma amylase activity at 5 weeks of age (4
uL assayed). Individual data points with mean and standard deviation are shown. The difference of means between the groups was analyzed by 1-way

ANOVA with Tukey-Kramer post hoc test.
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A C57BL/6N 0 mg/kg Figure 8. Effect of orally
gavaged dabigatran etexilate
on spontaneous pancreatitis
in T7D23A mice. Mice (3 weeks
of age) were given 1x 100 mg/
kg, 2 x 100 mg/kg, or 1 x 200
mg/kg daily dose of dabigatran
etexilate by intragastric gavage
for 2 weeks. Untreated T7023A
and C57BL/6N mice served as
controls. Mice were euthanized
at 5 weeks of age. (A) Repre-
sentative pancreas sections
2x10 mg/I‘(g stained with hematoxylin-eo-
sin from untreated C57BL/6N
and T7D23A control mice and
T7D23A mice given dabigatran
etexilate. Scale bar corresponds
to 100 um. Histological details
of the spontaneous pancre-
atitis in T7D23A mice are also
shown in ref. 29. (B) Histo-
logical evaluation of acinar
cell loss. Pancreas sections
were visually scored for the
presence of intact acinar cells.
Individual data points with
mean and standard deviation
are shown. The difference of
means between the groups was
analyzed by 1-way ANOVA with
Tukey-Kramer post hoc test.
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dabigatran etexilate to human volunteers resulted in steady-state plasma levels of dabigatran of around
50 and 100 ng/mL, respectively (40). Since the common dosing of Pradaxa in clinical practice is two 150
mg capsules daily (39), the resultant dabigatran plasma concentrations are unlikely to exert significant
trypsin-inhibitory activity in the pancreas.
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Figure 9. Effect of dabigatran etexilate feeding on spontaneous pancreatitis in T7D23A mice. (A) Experimental design. C57BL/6N and T7D23A mice were
given solid chow with or without 10 mg/g dabigatran etexilate from 21 to 28 days of age. Mice were euthanized at 28 days of age. (B) Body weight at the
beginning (3 weeks) and end (4 weeks) of the experiment. (C) Pancreas weight in milligrams. (D) Pancreas weight as percentage of body weight. (E) Plasma
amylase activity (4 uL assayed). Individual data points with mean and standard deviation are shown. The difference of means between 2 groups was ana-
lyzed by 1-way ANOVA with Tukey-Kramer post hoc test. The outlier data point was excluded from the statistical calculations.

JCl Insight 2022;7(21):e161145 https://doi.org/10.1172/jci.insight.161145 15


https://doi.org/10.1172/jci.insight.161145

. RESEARCH ARTICLE

A T7D23A

Control

Dabigatran etexilate

B
n=8 n=8
100 A% BEHH
9 75 =
K% n=10
8 o
& 50—
£ n=10
- o
B
S
£ 25—
0 —
| | 1 |
Control Dabigatran Control Dabigatran
etexilate etexilate
C57BL/EN T7D23A

Figure 10. Effect of dabigatran etexilate feeding on spontaneous pancreatitis in 77D23A mice. C57BL/6N and T7D23A
mice were given solid chow with or without 10 mg/g dabigatran etexilate from 21 to 28 days of age. Mice were eutha-
nized at 28 days of age. (A) Representative pancreas sections stained with hematoxylin-eosin. Scale bar corresponds to
100 pum. Histological details of the spontaneous pancreatitis in T7023A mice are also shown in ref. 29. (B) Histological
evaluation of acinar cell loss. Pancreas sections were visually scored for the presence of intact acinar cells. Individual
data points with mean and standard deviation are shown. The difference of means between the groups was analyzed
by 1-way ANOVA with Tukey-Kramer post hoc test.

We tested the effect of dabigatran etexilate on trypsin-dependent pancreatitis in 2 mouse models we
recently developed. First, homozygous 77K24R mice were used (30), which are phenotypically similar to
the PRSS1??2H model (34) in that they develop progressive, CP-like pancreatitis after an acute episode of
cerulein-induced pancreatitis (31). We observed high intrapancreatic trypsin activity in cerulein-treated
T7K24R mice, suggesting that trypsin-inhibitory therapy would be beneficial. Our experiments supported
the published efficacy of dabigatran etexilate against cerulein-induced progressive CP, with the following
observations. We found that a single gavage of the prodrug given within an hour after the last cerulein
injection was sufficient for therapeutic activity. Furthermore, we observed variability with respect to the
therapeutic effect. We speculate that cerulein-induced pathological trypsin activity in the pancreas has
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to be inhibited within a short time frame before disease progression is inevitable. Efficient inhibition
depends on high enough plasma concentrations of dabigatran, which, in turn, are determined by the
technical success of the gavage and the rate of prodrug absorption. The 1-hour peak concentration of
plasma dabigatran after a single gavage of the prodrug showed significant variability (see Figure 3A),
supporting our notion that this may be the critical factor in therapeutic variability. Due to limitations
in solubility and gavage volume, we were unable to test higher dabigatran etexilate doses in this experi-
mental setting. Taken together, the observations verify the proposed therapeutic potential of dabigatran
etexilate in trypsin-dependent pancreatitis. Finally, we note that it was not feasible to pretreat mice with
dabigatran etexilate before induction of pancreatitis, because subsequent cerulein injections would cause
fatal bleeding due to the anticoagulant activity of dabigatran.

Next, we used heterozygous T7D234 mice, which is a relatively aggressive, trypsin-dependent CP mod-
el with rapid, spontaneous disease development and severe end-stage disease (29). We tested the effect of
dabigatran etexilate early in the disease course, utilizing 1-2 week treatment protocols. The prodrug was
either introduced by daily gavages or mixed with solid chow. Unexpectedly, we found no therapeutic effect
whatsoever with either method. Based on our observations with the 77K24R mice discussed above, we
believe that dabigatran concentrations we achieved in 77D234 mice were insufficient to exert a meaningful
trypsin-inhibitory effect in the pancreas. With once or twice daily gavage treatment, only the short-lived
peak levels might have been sufficiently high, while feeding solid chow mixed with the prodrug resulted
in relatively steady but much lower blood concentrations of dabigatran. We also note that 77K24R and
T7D234 mice carry trypsinogen mutants that exhibit 5-fold and 50-fold increased autoactivation, respec-
tively. Thus, due to the stronger biochemical and pathological phenotype, 77D234 mice may require higher
dabigatran levels than 77K24R mice for successful treatment of pancreatitis.

We observed potentially problematic effects of dabigatran etexilate treatment in 77D234 mice that will
require further investigation in the future. In the gavage experiments, there was a clear trend for the pancreas
atrophy to show worse parameters relative to the untreated controls. A dose dependence was also appar-
ent, with the largest effect seen with twice daily doses. Plasma amylase activities were also lower in the
drug-treated groups, in agreement with the more pronounced pancreas atrophy. While an explanation to this
observation is not readily apparent, we believe that the relatively rapid fluctuations in dabigatran levels may
be responsible for the phenomenon. The transient trypsin inhibition in the pancreas may produce a rebound
effect once dabigatran levels fall. This may also explain why plasma amylase levels of dabigatran etexilate—
treated T7K24R mice with an incomplete response were elevated (see Figure 5E). In this case, a more local-
ized rebound effect may have occurred, resulting in acinar cell damage, as judged by the amylase release.

Chronic feeding of 77D234 mice with dabigatran etexilate mixed in with chow resulted in small but
measurable increases in their pancreas weight. The pancreas weight gain also occurred with C57BL/6N
mice, indicating that this side effect was unrelated to pancreatitis treatment. The growth-stimulating effect
of trypsin inhibitor feeding on the rodent pancreas has been extensively documented (44-48), and we
believe this was the case here too. Some of the dabigatran etexilate likely was converted to dabigatran in the
gut and inhibited luminal trypsins, which, in turn, increased plasma cholecystokinin levels that had a direct
trophic effect on the pancreas. This feedback regulation may confound preclinical experiments testing oral-
ly administered trypsin inhibitors in rodents, particularly if pancreas size, weight, and function are used as
treatment outcome measures. This concern is supported by a study showing that severity of experimental
pancreatitis increased after rats and mice were fed camostat for 2 weeks (49). A similar feedback mecha-
nism of functional adaptation seems to exist in humans; however, this may not be clinically relevant (50).

The premise of our studies was that dabigatran inhibits trypsin and thereby ameliorates pancreatitis.
Although the results are consistent with this hypothesis, we cannot formally rule out other mechanis-
tic pathways that may inhibit pancreatic inflammation and/or improve pancreas regeneration. In their
seminal paper, the Ji laboratory speculated that the anticoagulant activity of dabigatran may be partly
responsible for its therapeutic effectiveness in pancreatitis (34). They presented intriguing data showing
that the factor Xa inhibitor apixaban (100 mg/kg), which is devoid of trypsin-inhibitory activity, had no
therapeutic activity whatsoever. However, when combined with camostat (200 mg/kg), it became highly
effective, while camostat alone showed only a partial effect. One possible interpretation of these results
is that anticoagulation alone has no therapeutic effect. However, it may improve tissue penetration of
the trypsin inhibitor camostat, thereby rendering it more effective. Previous studies demonstrated that
heparin improves outcomes of cerulein-induced pancreatitis in rodents, presumably by eliminating fibrin
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deposits and improving circulation and oxygenation (51, 52). Furthermore, a recently published retro-
spective clinical cohort analysis found that systemic anticoagulation is associated with decreased mor-
tality and morbidity in AP, suggesting at least some role for anticoagulation in pancreatitis therapy (53).
Finally, thrombin inhibition by dabigatran has been shown to reduce proinflammatory macrophages in
atherosclerotic lesions (54) and to improve organ fibrosis in various mouse models (55-57).

The goal of the present study was to offer proof of concept that pancreatic trypsin inhibition can have
a therapeutic effect in pancreatitis. We chose to focus on dabigatran etexilate, because this drug is already
in clinical use worldwide, is orally bioavailable, and, aside from the adverse effects related to anticoagu-
lation, has an excellent safety profile. Despite the mixed results, we view this study as strongly encourag-
ing because the observations demonstrated that benzamidine derivatives can be highly effective trypsin
inhibitors with demonstrable therapeutic efficacy. We note that future clinical trials of trypsin inhibitors in
pancreatitis should focus on PRSSI-related hereditary pancreatitis and other trypsin-mediated forms of the
disease. Furthermore, trial designs should consider that trypsin inhibition is expected to prevent or dampen
disease initiation but not severity outcomes, such as organ failure, caused by lipotoxicity (58). Finally, the
results warrant revisiting the potential therapeutic utility of other compounds with trypsin-inhibitory activ-
ity, such as gabexate, camostat, and nafamostat, in trypsin-dependent pancreatitis.

Methods

Materials. Bovine trypsin (catalog number LS003707) was purchased from Worthington Biochemical Cor-
poration and was active-site titrated with p-nitrophenyl p-guanidino-benzoate (catalog number N-8010,
MilliporeSigma) (59). Ecotin was produced and purified as reported previously (60). The concentration of
ecotin was determined by titration against active-site titrated bovine trypsin. Recombinant human pro-en-
terokinase (catalog number 1585-SE-010) was purchased from R&D Systems and was activated with
human cationic trypsin. The trypsin substrate GPR-pNA (catalog number 4000768.0100) was purchased
from Bachem Americas. Benzamidine hydrochloride (code number 401790050) was obtained from Acros
Organics (through Thermo Fisher Scientific) and dissolved in distilled water to prepare a 100 mM stock
solution, which was further diluted with distilled water to a 10 mM working solution. Dabigatran etexilate
mesylate (catalog number D100150) and dabigatran (catalog number D100090) were purchased from Toron-
to Research Chemicals. Dabigatran used for biochemical studies was dissolved in 0.1N HCI first to prepare
an 800 uM stock solution, which was further diluted with distilled water to a 10 uM working solution.

Modeling dabigatran binding to trypsin. The dabigatran chemical structure was downloaded from the Pub-
Chem database (https://pubchem.ncbi.nlm.nih.gov/) as canonical SMILES string. The human mesotryp-
sin structure 1H4W was downloaded from PDB (42). The docking was carried out by the docking server
ClusPro LigTBM (https://ligtbm.cluspro.org/) (61). The program performed a similarity search in the
PDB database to find all trypsin structures or homologs cocrystallized with ligands similar to dabigatran
as templates. An ensemble of 1,000 initial conformations was generated for the ligand. For each template,
all conformers were aligned to the template, and only 1 conformer with the lowest root mean square devi-
ation was retained. The resulting protein-ligand structures were subjected to restrained all-atom energy
minimization using a CHARMM-based energy function (62) with a GBSA-type solvation term (Analytical
Continuum Electrostatics) to remove possible clashes and “relax” the ligand.

Expression, purification, and activation of trypsinogens. Recombinant human and mouse trypsinogens were
expressed in Escherichia coli BL21(DE3) (Invitrogen), refolded in vitro, and purified by ecotin affinity chro-
matography (Pharmacia FPLC), according to published protocols (60, 63, 64). Sulfated human trypsino-
gens were purified from archived samples of human pancreatic juice, as described previously, with minor
modifications (65, 66). Briefly, 50 mg freeze-dried pancreatic juice was dissolved in 2 mL 10 mM HCI, clar-
ified by centrifugation (21,000g, 5 minutes, 4°C), and loaded onto a MonoQ 5/50 GL column equilibrated
with 20 mM Tris-HCI (pH 8.0). Proteins were eluted with a 0-0.5 M NaCl gradient at 1 mL/min flow rate
for 30 minutes. The fractions containing the cationic and anionic trypsinogens were further purified with
ecotin affinity chromatography. The concentration of trypsinogen preparations was estimated from their
UV absorbance at 280 nM using the extinction coefficients reported previously for mouse trypsinogens
(64) and 37,525, 38,890, and 41,535/M/cm for human cationic trypsinogen (PRSS1), anionic trypsinogen
(PRSS2), and mesotrypsinogen (PRSS3), respectively. To activate trypsinogen to trypsin, approximately 1
uM solution was incubated at 37°C with 28.2 ng/mL human enterokinase (final concentration) in 0.1 M
Tris-HCl (pH 8.0), 10 mM CaCl,, and 0.05% Tween 20 for 1 hour. The activation reaction was followed
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by measuring trypsin activity: 2 uL trypsin was diluted in 48 pL assay buffer [0.1 M Tris-HCI (pH 8.0), 1
mM CaCl,, and 0.05% Tween 20], and 150 pL of 200 uM GPR-pNA trypsin substrate (in assay buffer) was
added. Substrate cleavage resulting in the release of the yellow p-nitroaniline was monitored for 1 minute in
a Spectramax Plus 384 microplate reader at 405 nm.

Active-site titration of trypsin. The concentration of trypsin solutions was determined by titration with the
trypsin inhibitor ecotin. Briefly, a 2-fold serial dilution of ecotin was prepared in 100 pL assay buffer in a
microplate, 100 uL of trypsin solution was added, and the mixture was incubated at 24°C for 30 minutes.
The final ecotin concentrations in the 200 uL. volume were 0, 0.78, 1.56, 3.1, 6.25, 12.5, 25, and 50 nM,
and the final nominal trypsin concentration was 10 nM. Trypsin activity was measured after adding 5 uLL of
6 mM GPR-pNA substrate to each well, as described above. The trypsin activity was plotted as a function
of the ecotin concentration, and the true trypsin concentration was determined from the extrapolated x
intercept of the linear portion of the inhibition curve.

Enzyme kinetic measurements. Michaelis-Menten kinetic parameters of trypsin isoforms were determined
with the chromogenic substrate GPR-pNA at 24°C. The trypsin concentration was 1 nM and the substrate
concentration was varied typically between 1.56 and 200 pM in a final volume of 200 pL assay buffer. The
substrate concentration range was 3.1-400 uM for mouse trypsin isoform T7 and 0.4-50 uM for mouse
trypsin isoform T20. K and & , values were calculated from hyperbolic fits to plots of reaction velocity
versus substrate concentration.

Measuring competitive inhibition by benzamidine and dabigatran. Trypsin isoforms were preincubated
with increasing concentrations of benzamidine or dabigatran for 15 minutes at 24°C, in 100 pL assay
buffer. Michaelis-Menten kinetic parameters were then measured after adding 100 pL trypsin substrate,
as described above. The final trypsin concentration in the assay was 1 nM, the final benzamidine concen-
trations were from 12.5 to 100 pM, and the final dabigatran concentrations were from 25 to 200 nM, as
indicated in Tables 1 and 2. To determine the K, the K values were plotted as a function of the inhibitor
concentration, and the K, was calculated by dividing the y axis intercept with the slope of the linear fit.
This value corresponds to the negative of the x axis intercept. Alternatively, the substrate saturation curves
obtained in the absence and presence of the increasing inhibitor concentrations were globally fitted to
X (x/[K_q,. T X]), where y is the reaction velocity, v___is the
maximal velocity, x is the substrate concentration, and K, = KX (1 + [I]/K), where [I] is the inhibitor
concentration. Experiments were performed 3 times and each experiment was analyzed separately. The

the competitive inhibition equation 'y = v_

ax

reported K values thus represent the mean (+ standard deviation) of 3 determinations. Kinetic analysis was
performed with the Prism 8 program (GraphPad).

Experimental animals. The generation and properties of the 77D234 and T7K24R mice carrying tryp-
sinogen mutations were described recently (29, 30). Heterozygous 77D234 and homozygous 77K24R mice
were used. Protocols for genotyping have been reported earlier (29, 30). C57BL/6N mice were purchased
from Charles River Laboratories or produced in our breeding facility from the same stock. Both male and
female mice were studied. The number of mice used in the experiments is shown in the figures.

Cerulein-induced pancreatitis in T7K24R mice. Pancreatitis was induced in 77K24R mice with 8 hourly
intraperitoneal injections of the secretagogue peptide cerulein used in a dose of 50 pg/kg. Cerulein (catalog
number C9026, MilliporeSigma) was dissolved in sterile normal saline at 10 pg/mL concentration. Mice
were sacrificed 1, 24, 48, 72, or 96 hours from the first cerulein injection, as indicated, and the pancreas and
blood were harvested. Details of histological analysis and measurement of plasma amylase (4 pL assayed)
were reported previously (29-31).

Intrapancreatic protease activity in T7K24R mice. Trypsin and chymotrypsin activities were measured from
freshly prepared pancreas extracts of C57BL/6N and 77K24R mice using our recently published protocol
(67). Activity was expressed as the rate of substrate cleavage in relative fluorescent units per second, nor-
malized to the total protein concentration in milligrams.

Dabigatran etexilate treatment of T7D23A and T7K24R mice. Mice were administered dabigatran etexilate
orally either by intragastric gavage of a 20 mg/mL solution to a final dose of 100 or 200 mg/kg using a 24
gauge, 1 inch long feeding needle (catalog number FN7900, Roboz Surgical) or by feeding with solid chow
containing the prodrug in 10 mg/g concentration, as indicated in the experimental design. With these
treatment protocols, no bleeding, morbidity, or mortality were observed. We note, however, that after
administration of dabigatran etexilate, further injections or biopsies were not possible without the risk of
significant bleeding. We also inspected hematoxylin-eosin—stained sections of liver, intestine, and kidney
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from mice treated with dabigatran etexilate or vehicle but found no signs of organ damage. Control mice
were given gavage of the vehicle solution (Captisol; see below) or regular chow.

Preparation of gavage solution and solid chow containing dabigatran etexilate. Dabigatran etexilate solu-
tion was always freshly prepared before use by dispersing 20 mg prodrug in 1 mL of 35% Captisol
solution in a bath-type sonicator (5510 DTH Ultrasonic Cleaner, Branson) for 5-10 minutes at 24°C.
Captisol (B-cyclodextrin sulfobutyl ethers, sodium salts, lot number NC-04A-180185) was obtained
from Cydex Pharmaceuticals (through Thermo Fisher Scientific) and was dissolved in sterile normal
saline (3.5 g in 10 mL). Dabigatran etexilate—containing chow was prepared using regular chow (5053
PicoLab Rodent Diet 20, LabDiet), which was pulverized with a pestle in a ceramic mortar. Solid
dabigatran etexilate mesylate (1 g) was mixed with 100 g of powdered chow (10 mg/g final prodrug
concentration), and sterile distilled water was added until the chow became malleable. The mixture was
then compressed into pellets using the barrel of a 10 mL plastic syringe and a plunger. The prodrug-con-
taining pellets were allowed to dry at 24°C for 2 days and stored at 4°C until use.

Estimation of absorbed dabigatran etexilate. The oral bioavailability of dabigatran etexilate in humans is
around 6.5%, and it is independent of dose and not influenced by food (40). Accordingly, a 100 mg/kg dose
of intragastric gavage can provide a 0.13 mg single dose of systemically absorbed dabigatran etexilate in a
20 g mouse. When dabigatran etexilate is given mixed with solid chow (10 mg prodrug/g chow), mice can
consume approximately 4 g chow over a 24-hour period. This would yield a 2.6 mg daily dose of absorbed
dabigatran etexilate.

Determination of dabigatran plasma concentration. Dabigatran in the blood plasma was quantified
using the HEMOCLOT Thrombin Inhibitors (3 X 2.5 mL) kit (catalog number CK002L-RUO, Hyphen
BioMed, purchased from Aniara Diagnostica) (68, 69). Reagents were diluted according to the man-
ufacturer’s instructions. The BIOPHEN Dabigatran Plasma Calibrator set (catalog number 2222801-
RUO, Hyphen BioMed, purchased from Aniara Diagnostica) was used to establish a calibration curve
for the clotting time as a function of plasma dabigatran concentration. Mouse blood was collected
immediately after CO, euthanasia. To achieve rapid anticoagulation, 20 pL of a 3.2% solution of
sodium citrate was pipetted into the conus of a needle before attaching it to a 1 mL syringe and col-
lecting approximately 180 pL blood by cardiac puncture. Cellular blood elements were sedimented by
centrifugation (2,000¢, 15 minutes, 4°C); the plasma was saved and further diluted with normal saline
before use (20 pL plasma was mixed with 160 pL saline). A clean microscope slide was placed on the
surface of a block heater set at 37°C. Aliquots of reagents R1 and R2 (110 pL), and the calibrators or
plasma specimen (60 pL), were pipetted onto the glass surface and preheated for 2 minutes. Reagent
R1 (100 pL) was then mixed with 50 puL of the calibrator or plasma on the slide and incubated for
1 minute before addition of reagent R2 (100 uL). Time to the appearance of the first fibrin clot was
measured. Clotting was detected by manual probing of the incubation mixture for fibrin threads with
a small pipette tip.

Statistics. Results are given as mean values * standard deviation or shown as individual data points with
the mean + standard deviation indicated. Differences between means were analyzed by unpaired 2-tailed ¢
test for 2 groups and by 1-way ANOVA for multiple groups, with Tukey-Kramer post hoc analysis for pair-
wise comparison using Prism 8 (GraphPad). Statistical significance was defined as P < 0.05.

Study approval. Animal experiments were performed at the University of California Los Angeles
(UCLA) with the approval and oversight of the Animal Research Committee, including protocol review
and postapproval monitoring. The animal care program at UCLA is managed in full compliance with
the US Animal Welfare Act, the US Department of Agriculture Animal Welfare Regulations, the US
Public Health Service Policy on Humane Care and Use of Laboratory Animals, and the Guide for the
Care and Use of Laboratory Animals (National Academies Press, 2011). UCLA has an approved Animal
Welfare Assurance statement (A3196-01) on file with the US Public Health Service, NIH, Office of
Laboratory Animal Welfare. UCLA is accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care International.

Author contributions

MST conceived and directed the study. MST, ZGP, ZJ, AD, and SV designed the experiments. ZGP, ZJ,
AD, BCN, and SV performed the experiments. All authors analyzed the data. MST wrote the manuscript;
ZGP, ZJ, AD, and SV prepared the figures. All authors read and approved the manuscript.

JCl Insight 2022;7(21):e161145 https://doi.org/10.1172/jci.insight.161145 20


https://doi.org/10.1172/jci.insight.161145

RESEARCH ARTICLE

Acknowledgments

This work was supported by the NIH grants R01 DK117809, R01 DK082412, and R01 058088 to MST and
R35 GM118078 to SV; the Department of Defense grant W81XWH2010134 (PR192583) to ZJ and MST;
and a scholarship from the Rosztoczy Foundation to BCN.

Address correspondence to Miklos Sahin-To6th, 675 Charles E Young Drive South, MacDonald Research
Laboratories, Rm 2220, Los Angeles, California 90095, USA. Phone: 310.267.5905; E-mail: msahintoth@
mednet.ucla.edu.

N =

w

~

i

o

\]

(o]

©

1

1

—

2

—

2!

N

23.

24.

25.

26.

2
2

oo

2

Nel

30.

3

—_

o

~

. Yadav D, Lowenfels AB. The epidemiology of pancreatitis and pancreatic cancer. Gastroenterology. 2013;144(6):1252-1261.
. Whitcomb DC, et al. Chronic pancreatitis: an international draft consensus proposal for a new mechanistic definition.

Pancreatology. 2016;16(2):218-224.

. Whitcomb DC, et al. Hereditary pancreatitis is caused by a mutation in the cationic trypsinogen gene. Nat Genet.

1996;14(2):141-145.

Hegyi E, Sahin-Téth M. Genetic risk in chronic pancreatitis: the trypsin-dependent pathway. Dig Dis Sci. 2017;62(7):1692-1701.
Mayerle J, et al. Genetics, cell biology, and pathophysiology of pancreatitis. Gastroenterology. 2019;156(7):1951-1968.

Ascenzi P, et al. The bovine basic pancreatic trypsin inhibitor (Kunitz inhibitor): a milestone protein. Curr Protein Pept Sci.
2003;4(3):231-251.

. Tamura Y, et al. Synthetic inhibitors of trypsin, plasmin, kallikrein, thrombin, Clr-, and C1 esterase. Biochim Biophys Acta.

1977;484(2):417-422.

. Fujii S, Hitomi Y. New synthetic inhibitors of Clr, C1 esterase, thrombin, plasmin, kallikrein and trypsin. Biochim Biophys Acta.

1981;661(2):342-345.

Takasugi S, et al. Prevention of acute experimental pancreatitis in rats and dogs by intraduodenal infusion of a synthetic trypsin
inhibitor. Digestion. 1982;24(1):36-41.

Lankisch PG, et al. Effect of FOY-305 (camostate) on severe acute pancreatitis in two experimental animal models. Gastroenterology.
1989;96(1):193-199.

. Wisner JR Jr, et al. The effects of nafamostat mesilate (FUT-175) on caerulein-induced acute pancreatitis in the rat. Int J Pancreatol.

1989;4(4):383-390.

. Otsuki M, et al. Beneficial effects of the synthetic trypsin inhibitor camostate in cerulein-induced acute pancreatitis in rats. Dig

Dis Sci. 1990;35(2):242-250.

. Manabe T, et al. Protective effect of nafamostat mesilate on cellular and lysosomal fragility of acinar cells in rat cerulein pancre-

atitis. Int J Pancreatol. 1992;12(2):167-172.

. Kisfalvi K, et al. Beneficial effects of preventive oral administration of camostate on cerulein-induced pancreatitis in rats. Dig

Dis Sci. 1995;40(3):546-547.

.Keck T, et al. Regional effects of nafamostat, a novel potent protease and complement inhibitor, on severe necrotizing pancreati-

tis. Surgery. 2001;130(2):175-181.

. Lee JK, et al. Effects of nafamostat mesilate on the prevention of cerulein-induced acute pancreatitis. Pancreas. 2008;36(3):255-260.
. Motoo Y. Antiproteases in the treatment of chronic pancreatitis. JOP. 2007;8(suppl 4):533-537.

. Smith M, et al. Aprotinin in severe acute pancreatitis. Int J Clin Pract. 2010;64(1):84-92.

. Seta T, et al. Treatment of acute pancreatitis with protease inhibitors administered through intravenous infusion: an updated

systematic review and meta-analysis. BMC Gastroenterol. 2014;14:102.

. Yu G, et al. Nafamostat mesilate for prevention of post-ERCP pancreatitis: a meta-analysis of prospective, randomized, con-

trolled trials. Pancreas. 2015;44(4):561-569.

. Hirota M, et al. Continuous regional arterial infusion versus intravenous administration of the protease inhibitor nafamo-

stat mesilate for predicted severe acute pancreatitis: a multicenter, randomized, open-label, phase 2 trial. J Gastroenterol.
2020;55(3):342-352.

. Matsumoto T, et al. Nafamostat mesylate is not effective in preventing post-endoscopic retrograde cholangiopancreatography

pancreatitis. Dig Dis Sci. 2021;66(12):4475-4484.

Mahoney M, et al. A novel class of TMPRSS2 inhibitors potently block SARS-CoV-2 and MERS-CoV viral entry and protect
human epithelial lung cells. Proc Natl Acad Sci U S A. 2021;118(43):e2108728118.

Sun G, et al. Structural basis of covalent inhibitory mechanism of TMPRSS2-related serine proteases by camostat. J Virol.
2021;95(19):e0086121.

Ito K, et al. Major ongoing clinical trials for COVID-19 treatment and studies currently being conducted or scheduled in Japan.
Glob Health Med. 2020;2(2):96-101.

Gunst JD, et al. Efficacy of the TMPRSS2 inhibitor camostat mesilate in patients hospitalized with Covid-19-a double-blind
randomized controlled trial. EClinicalMedicine. 2021;35:100849.

Sakr Y, et al. Camostat mesylate therapy in critically ill patients with COVID-19 pneumonia. Intensive Care Med. 2021;47(6):707-709.

. Zhuravel SV, et al. Nafamostat in hospitalized patients with moderate to severe COVID-19 pneumonia: a randomised phase II

clinical trial. EClinicalMedicine. 2021;41:101169.

. Geisz A, Sahin-Té6th M. A preclinical model of chronic pancreatitis driven by trypsinogen autoactivation. Nat Commun.

2018;9(1):5033.
Jancso6 Z, Sahin-T6th M. Mutation that promotes activation of trypsinogen increases severity of secretagogue-induced pancre-
atitis in mice. Gastroenterology. 2020;158(4):1083-1094.

.Jancs6 Z, Sahin-Toth M. Chronic progression of cerulein-induced acute pancreatitis in trypsinogen mutant mice. Pancreatology.

JCl Insight 2022;7(21):e161145 https://doi.org/10.1172/jci.insight.161145 21


https://doi.org/10.1172/jci.insight.161145
mailto://msahintoth@mednet.ucla.edu
mailto://msahintoth@mednet.ucla.edu
https://doi.org/10.1053/j.gastro.2013.01.068
https://doi.org/10.1016/j.pan.2016.02.001
https://doi.org/10.1016/j.pan.2016.02.001
https://doi.org/10.1038/ng1096-141
https://doi.org/10.1038/ng1096-141
https://doi.org/10.1007/s10620-017-4601-3
https://doi.org/10.1053/j.gastro.2018.11.081
https://doi.org/10.2174/1389203033487180
https://doi.org/10.2174/1389203033487180
https://doi.org/10.1016/0005-2744(77)90097-3
https://doi.org/10.1016/0005-2744(77)90097-3
https://doi.org/10.1016/0005-2744(81)90023-1
https://doi.org/10.1016/0005-2744(81)90023-1
https://doi.org/10.1159/000198772
https://doi.org/10.1159/000198772
https://doi.org/10.1016/0016-5085(89)90780-4
https://doi.org/10.1016/0016-5085(89)90780-4
https://doi.org/10.1007/BF02938474
https://doi.org/10.1007/BF02938474
https://doi.org/10.1007/BF01536770
https://doi.org/10.1007/BF01536770
https://doi.org/10.1007/BF02924641
https://doi.org/10.1007/BF02924641
https://doi.org/10.1007/BF02064366
https://doi.org/10.1007/BF02064366
https://doi.org/10.1067/msy.2001.115827
https://doi.org/10.1067/msy.2001.115827
https://doi.org/10.1097/MPA.0b013e31815b6b10
https://doi.org/10.1111/j.1742-1241.2008.01899.x
https://doi.org/10.1186/1471-230X-14-102
https://doi.org/10.1186/1471-230X-14-102
https://doi.org/10.1097/MPA.0000000000000310
https://doi.org/10.1097/MPA.0000000000000310
https://doi.org/10.1007/s00535-019-01644-z
https://doi.org/10.1007/s00535-019-01644-z
https://doi.org/10.1007/s00535-019-01644-z
https://doi.org/10.1007/s10620-020-06782-6
https://doi.org/10.1007/s10620-020-06782-6
https://doi.org/10.1073/pnas.2108728118
https://doi.org/10.1073/pnas.2108728118
https://doi.org/10.1128/JVI.00861-21
https://doi.org/10.1128/JVI.00861-21
https://doi.org/10.35772/ghm.2020.01034
https://doi.org/10.35772/ghm.2020.01034
https://doi.org/10.1016/j.eclinm.2021.100849
https://doi.org/10.1016/j.eclinm.2021.100849
https://doi.org/10.1007/s00134-021-06395-1
https://doi.org/10.1016/j.eclinm.2021.101169
https://doi.org/10.1016/j.eclinm.2021.101169
https://doi.org/10.1038/s41467-018-07347-y
https://doi.org/10.1038/s41467-018-07347-y
https://doi.org/10.1053/j.gastro.2019.11.020
https://doi.org/10.1053/j.gastro.2019.11.020
https://doi.org/10.1016/j.pan.2022.01.007

3

N

33.
34.

35.
36.

37.
38.
39.

4

(=}

4

_

42.
43.

44.

45.

46.

47.

4

o]

4

hel

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

—

63.
64.

65.
66.
67.
68.

69.

RESEARCH ARTICLE

2022;22(2):248-257.

. Demcséak A, Sahin-T6th M. Rate of autoactivation determines pancreatitis phenotype in trypsinogen mutant mice. Gastroenterology.

2022;163(3):761-763.

Huang H, et al. Transgenic expression of PRSS1*!?2H sensitizes mice to pancreatitis. Gastroenterology. 2020;158(4):1072-1082.
GuiF, et al. Trypsin activity governs increased susceptibility to pancreatitis in mice expressing human PRSS1R122H. J Clin
Invest. 2020;130(1):189-202.

Wan J, et al. Transgenic expression of human PRSS2 exacerbates pancreatitis in mice. Gur. 2020;69(11):2051-2052.

‘Wang J, et al. Wild-type human PRSS2 and PRSS1}'2" cooperatively initiate spontaneous hereditary pancreatitis in transgenic
mice. Gastroenterology. 2022;163(1):313-315.

Hauel NH, et al. Structure-based design of novel potent nonpeptide thrombin inhibitors. J Med Chem. 2002;45(9):1757-1766.
Van Ryn J, et al. The discovery of dabigatran etexilate. Front Pharmacol. 2013;12(4):12.

Ageno W, et al. Dabigatran in clinical practice: contemporary overview of the evidence. Int J Cardiol. 2016;220:417-428.

. Stangier J, Clemens A. Pharmacology, pharmacokinetics, and pharmacodynamics of dabigatran etexilate, an oral direct throm-

bin inhibitor. Clin Appl Thromb Hemost. 2009;15(suppl 1):9S-16S.

. Wienen W, et al. In-vitro profile and ex-vivo anticoagulant activity of the direct thrombin inhibitor dabigatran and its orally

active prodrug, dabigatran etexilate. Thromb Haemost. 2007;98(1):155-162.

Katona G, et al. Crystal structure reveals basis for the inhibitor resistance of human brain trypsin. J Mol Biol. 2002;315(5):1209-1218.
Nar Het al. Structural basis for inhibition promiscuity of dual specific thrombin and factor Xa blood coagulation inhibitors.
Structure. 2001;9(1):29-37.

Melmed RN, Bouchier IA. A further physiological role for naturally occurring trypsin inhibitors: the evidence for a trophic
stimulant of the pancreatic acinar cell. Gut. 1969;10(12):973-979.

Goke B, et al. Endogenous CCK release and pancreatic growth in rats after feeding a proteinase inhibitor (camostate). Pancreas.
1986;1(6):509-515.

Niederau C, et al. Pancreatic growth: interaction of exogenous cholecystokinin, a protease inhibitor, and a cholecystokinin
receptor antagonist in mice. Gut. 1987;28(suppl):63-69.

Smith JC, et al. Hypertrophy and hyperplasia of the rat pancreas produced by short-term dietary administration of soya-derived
protein and soybean trypsin inhibitor. J App! Toxicol. 1989;9(3):175-179.

. Crozier SJ, et al. CCK-induced pancreatic growth is not limited by mitogenic capacity in mice. Am J Physiol Gastrointest Liver

Physiol. 2008;294(5):G1148-G1157.

. Leonhardt U, et al. Effect of camostate administration for two weeks on experimental pancreatitis in mice and rats. Pancreas.

1993;8(1):98-102.
Friess H, et al. Adaptation of the human pancreas to inhibition of luminal proteolytic activity. Gastroenterology. 1998;115(2):388-396.

. Hackert T, et al. Effects of heparin in experimental models of acute pancreatitis and post-ERCP pancreatitis. Surgery.

2004;135(2):131-138.

Park MJ, et al. HIF1-alpha regulates acinar cell function and response to injury in mouse pancreas. Gastroenterology.
2018;154(6):1630-1634.

Kroner PT, et al. Systemic anticoagulation is associated with decreased mortality and morbidity in acute pancreatitis. Pancreatology.
2021;21(8):1428-1433.

Feldmann K, et al. Decreased M1 macrophage polarization in dabigatran-treated Ldlr-deficient mice: implications for athero-
sclerosis and adipose tissue inflammation. Atherosclerosis. 2019;287:81-88.

Bogatkevich GS, et al. Antiinflammatory and antifibrotic effects of the oral direct thrombin inhibitor dabigatran etexilate in a
murine model of interstitial lung disease. Arthritis Rheum. 2011;63(5):1416-1425.

Dong A, et al. Direct thrombin inhibition with dabigatran attenuates pressure overload-induced cardiac fibrosis and dysfunction
in mice. Thromb Res. 2017;159:58-64.

Saifi MA, et al. A direct thrombin inhibitor, dabigatran etexilate protects from renal fibrosis by inhibiting protease activated
receptor-1. Eur J Pharmacol. 2021;893:173838.

Navina S, et al. Lipotoxicity causes multisystem organ failure and exacerbates acute pancreatitis in obesity. Sci Transl Med.
2011;3(107):107ra110.

Chase T Jr, Shaw E. p-Nitrophenyl-p’-guanidinobenzoate HCI: a new active site titrant for trypsin. Biochem Biophys Res Commun.
1967;29(4):508-514.

Kiraly O, et al. Expression of recombinant proteins with uniform N-termini. Methods Mol Biol. 2011;705:175-194.

. Alekseenko A, et al. ClusPro LigTBM: automated template-based small molecule docking. J Mol Biol. 2020;432(11):3404-3410.
62.

Brooks BR, et al. CHARMM: a program for macromolecular energy, minimization, and dynamics calculations. J Comp Chem.
1983;4(2):187-217.

Lengyel Z, et al. Affinity purification of recombinant trypsinogen using immobilized ecotin. Protein Expr Purif: 1998;12(2):291-294.
Németh BC, et al. Autoactivation of mouse trypsinogens is regulated by chymotrypsin C via cleavage of the autolysis loop.
J Biol Chem. 2013;288(33):24049-24062.

Nemoda Z, Sahin-T6th M. Chymotrypsin C (caldecrin) stimulates autoactivation of human cationic trypsinogen. J Biol Chem.
2006;281(17):11879-11886.

Sahin-Toth M, et al. Human cationic trypsinogen is sulfated on Tyr154. FEBS J. 2006;273(22):5044-5050.

Mosztbacher D, et al. Measuring digestive protease activation in the mouse pancreas. Pancreatology. 2020;20(2):288-292.

Samo$ M, et al. Monitoring of dabigatran therapy using Hemoclotthrombin inhibitor assay in patients with atrial fibrillation.
J Thromb Thrombolysis. 2015;39(1):95-100.

Cini M, et al. Comparison of five specific assays for determination of dabigatran plasma concentrations in patients enrolled in
the START-laboratory register. Int J Lab Hematol. 2018;40(2):229-236.

JCl Insight 2022;7(21):e161145 https://doi.org/10.1172/jci.insight.161145 22


https://doi.org/10.1172/jci.insight.161145
https://doi.org/10.1016/j.pan.2022.01.007
https://doi.org/10.1053/j.gastro.2022.06.001
https://doi.org/10.1053/j.gastro.2022.06.001
https://doi.org/10.1053/j.gastro.2019.08.016
https://doi.org/10.1136/gutjnl-2019-320399
https://doi.org/10.1053/j.gastro.2022.03.009
https://doi.org/10.1053/j.gastro.2022.03.009
https://doi.org/10.1021/jm0109513
https://doi.org/10.1016/j.ijcard.2016.06.078
https://doi.org/10.1006/jmbi.2001.5305
https://doi.org/10.1016/S0969-2126(00)00551-7
https://doi.org/10.1016/S0969-2126(00)00551-7
https://doi.org/10.1136/gut.10.12.973
https://doi.org/10.1136/gut.10.12.973
https://doi.org/10.1097/00006676-198611000-00008
https://doi.org/10.1097/00006676-198611000-00008
https://doi.org/10.1136/gut.28.Suppl.63
https://doi.org/10.1136/gut.28.Suppl.63
https://doi.org/10.1002/jat.2550090307
https://doi.org/10.1002/jat.2550090307
https://doi.org/10.1152/ajpgi.00426.2007
https://doi.org/10.1152/ajpgi.00426.2007
https://doi.org/10.1097/00006676-199301000-00017
https://doi.org/10.1097/00006676-199301000-00017
https://doi.org/10.1016/S0016-5085(98)70205-7
https://doi.org/10.1016/j.surg.2003.08.001
https://doi.org/10.1016/j.surg.2003.08.001
https://doi.org/10.1053/j.gastro.2018.01.037
https://doi.org/10.1053/j.gastro.2018.01.037
https://doi.org/10.1016/j.pan.2021.09.003
https://doi.org/10.1016/j.pan.2021.09.003
https://doi.org/10.1016/j.atherosclerosis.2019.06.897
https://doi.org/10.1016/j.atherosclerosis.2019.06.897
https://doi.org/10.1002/art.30255
https://doi.org/10.1002/art.30255
https://doi.org/10.1016/j.thromres.2017.09.016
https://doi.org/10.1016/j.thromres.2017.09.016
https://doi.org/10.1016/j.ejphar.2020.173838
https://doi.org/10.1016/j.ejphar.2020.173838
https://doi.org/10.1016/0006-291X(67)90513-X
https://doi.org/10.1016/0006-291X(67)90513-X
https://doi.org/10.1007/978-1-61737-967-3_10
https://doi.org/10.1016/j.jmb.2019.12.011
https://doi.org/10.1002/jcc.540040211
https://doi.org/10.1002/jcc.540040211
https://doi.org/10.1006/prep.1997.0837
https://doi.org/10.1074/jbc.M113.478800
https://doi.org/10.1074/jbc.M113.478800
https://doi.org/10.1074/jbc.M600124200
https://doi.org/10.1074/jbc.M600124200
https://doi.org/10.1111/j.1742-4658.2006.05501.x
https://doi.org/10.1016/j.pan.2019.12.020
https://doi.org/10.1007/s11239-014-1125-y
https://doi.org/10.1007/s11239-014-1125-y
https://doi.org/10.1111/ijlh.12772
https://doi.org/10.1111/ijlh.12772

