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Abstract: Acute pancreatitis (AP) is the most common gastrointestinal disease leading to hospitalizations. The
development of AP leads to damage of the pancreatic microcirculation with a cascade of subsequent events
resulting, among others, in coagulopathy. Previous research showed that anticoagulants can be an important
therapeutic agent. Heparin and acenocoumarol can alleviate the course of AP, as well as accelerate healing and
post-inflammatory regeneration of the pancreas. The aim of this study was to check whether warfarin, a drug
with more stable effects than acenocoumarol, affects the healing and regeneration of the pancreas in the
cerulein-induced AP. AP was evoked in Wistar male rats by intraperitoneal administration of cerulein. The
first dose of warfarin (45, 90 or 180 ug/kg/dose) was administered 24 hours after the first dose of cerulein and
the doses of warfarin were repeated once a day in subsequent 10 days. The severity of acute pancreatitis was
assessed immediately after the last dose of cerulein, as well as 1, 2, 3, 5, and 10 days after AP induction.
Treatment with warfarin dose-dependently increased international normalized ratio (INR) and attenuated the
severity of pancreatitis in histological examination and accelerated pancreatic recovery. Those effects were
accompanied with a faster reduction in the pancreatitis-evoked increase in serum activity of amylase and
lipase, serum concentration of pro-inflammatory interleukin-1(3, and plasma level of D-Dimer. In addition,
treatment with warfarin decreased pancreatic weight and improved pancreatic blood flow in rats with AP. The
therapeutic effect was particularly pronounced after the administration of warfarin at a dose of 90 pg/kg/dose.
Conclusion: Administration of warfarin accelerates regeneration of the pancreas and recovery in the course of
cerulein-induced mild-edematous acute pancreatitis.
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1. Introduction

Acute pancreatitis (AP) a sudden-onset disease, can occur in two forms: interstitial edematous
pancreatitis and necrotizing pancreatitis. There are three degrees of AP severity: mild AP, moderately
severe AP and severe AP [1]. Among the diseases of gastrointestinal system, AP is the most common
cause of hospitalization. The increasing incidence of AP is still observed, and the mortality rate
remains at an almost unchanged level [2-4]. For these reasons, it is necessary to search for new
therapies, but the possibilities of clinical observations of AP mechanisms, as well as testing new
therapeutic options in patients are limited for ethical reasons. Therefore, many different experimental
models of acute pancreatitis have been developed, which are important and useful tool in the study
of this disease [5,6]. One of the most commonly used is the rat model of mild edematous AP induced
by cerulein administration. Morphological changes typical for this form of AP include: edema,
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inflammatory infiltration of leukocytes, and vacuolization of acinar cells [7]. In contrast,
administration of cerulein in mice leads to the development of necrotizing form of AP [8].

Previous studies have shown a close relationship between coagulation and inflammation. This
dependence is bidirectional and is based on mechanisms operating on the principle of positive
feedback [9,10]. The activation of inflammatory process stimulates clotting, and clotting activates
inflammatory process. The activation of coagulation by the inflammatory process is, among others,
the result of the action of pro-inflammatory cytokines, which stimulate the tissue factor (TF)
expression and led to the formation of thrombin [11]. TF is the initiator in extrinsic pathway of
coagulation cascade [12,13]. It binds and promotes the catalytic activity of factor Vlla [14,15]. The
TF/VIla complex activates factor X through limited proteolysis, leading to thrombin and fibrin
formation [16]. In addition, this complex binds to protease-activated receptors (PARs), causing a
series of effects mediated by a signaling cascade, and resulting in angiogenesis, cell migration and
proliferation, monocyte requirements [17,18] production of free radicals, induction in endothelial
cells of adhesion molecules for leukocytes, activation of component, and release of cytokines and
chemokines [10,19,20]. In platelets, stimulation of PARs leads to the release of soluble ligand for CD40
receptor (sCD40L) [21]. Subsequently, sCD40L activates TF production and the release of pro-
inflammatory cytokines [22]. CD40 modulates T-cell mediated effector function and general immune
response; it also promotes the expression of proinflammatory cytokines, adhesion molecules, and
matrix degrading activity [23,24]. Moreover, thrombin stimulates epithelial and mononuclear cells to
release pro-inflammatory interleukin-6 (IL-6) and monocyte chemotactic protein-1 (MCP-1) [25].

There is ample evidence that development of AP is associated with disturbance in the pancreatic
microcirculation. This causes a cascade of events leading to the development of local and/or systemic
inflammation and activation of coagulation. The formation of thrombi in capillaries, the activation of
leukocytes, the release of proteolytic enzymes and pro-inflammatory cytokines, and the formation of
oxygen-derived free radicals are observed [26-28]. In severe cases, these mechanisms may lead to
development of severe form of acute pancreatitis, disseminated intravascular coagulation (DIC) [29],
systemic inflammatory response syndrome (SIRS), multiple organ dysfunction syndrome (MODS)
[30]. In the most severe cases, this may lead to the patient’s death [31,32]. A number of markers of
coagulation, fibrinolysis and inflammatory have been reported to be useful in predicting the severity
and outcome of AP [32,33].

These observations suggest that coagulation may be one of the therapeutic targets in AP. It has
been proved, that heparin can prevent the development and improve the course of AP in animal
models [34-37]. There are also clinical observations indicating the usefulness of treatment with
unfractionated heparin or low-molecular weight heparin in the prevention and course of AP resulting
from hypertriglyceridemia or endoscopic retrograde cholangiopancreatography (ERPC) [38-41]. It
should be noticed. however, that need for parenteral administration may limit the patient’s
cooperation [42] and other therapeutic options should be sought, effective but more comfortable for
the patient.

The protective and therapeutic effects of acenocoumarol in rat models of AP have been described
in detail [43-45]. Acenocoumarol is a vitamin K antagonist and is one of derivatives of coumarin, as
warfarin or phenprocoumon. These three coumarin derivatives with well-known pharmacokinetics
are the most frequently prescribed oral anticoagulants to treat and prevent thromboembolism [46—
48]. Their monitoring can be easily achieved by measuring the International Normalized Ratio (INR)
[49]. Warfarin has longer half-lime time, its administration results in more stable anticoagulant effect
[48] and requires fewer controls comparing to acenocoumarol [50]. Previous studies have shown that
administration of warfarin exhibits protective and therapeutic effect in ischemia-reperfusion-induced
AP [51,52]. However, there are no reports on the effects of this drug on the course of mild-edematous
AP.

Therefore, the aim of our current study was to determine whether administration of warfarin,
one of the coumarin derivatives, affects the course of cerulein-induced acute pancreatitis.
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2. Materials and methods

2.1. Animals and treatment

All studies were carried out in accordance with the experimental protocols approved by the First
Local Committee of Ethics for the Care and Use of Laboratory Animals in Cracow (Permits Number
25/2016 released on 20 July 2016, 95/2017 released on 20 December 2017 and 536/2021 released on 16
December 2021).

Studies were carried out on 184 male Wistar rats weighing 220-250 g, the animals were kept in
cages in a windowless colony room. Temperature in the colony room was adjusted at 22 + 1 °C with
relative humidity of 50% + 10%, and 12 h:12 h light: dark photoperiod and free access to food and
water throughout the experiment.

After a one-week period of acclimation to their new environment, rats were randomly divided
into 5 experimental groups:

(1) saline-treated control rats without induction of AP (Control — C);

(2) rats with cerulein-induced AP pretreated with saline (CIAP + Saline);

(3) rats with cerulein-induced AP treated with warfarin given at the dose of 45 ug/kg/day (CIAP
+ WAR 45);

(4) rats with cerulein-induced AP treated with warfarin given at the dose of 90 ug/kg/day (CIAP
+ WAR 90);

(5) rats with cerulein-induced AP treated with warfarin given at the dose of 180 pg/kg/day (CIAP
+ WAR 180).

In the case of control group, histological evaluation of the pancreas and blood sampling were
performed on the following days of the study (1-2 rats on each observation day), so that the total
number of observations in this group was 8.

In the case of animals from the second group (CIAP + Saline), the severity of acute pancreatitis
was assessed immediately after the last dose of cerulein (0), as well as 1, 2, 3, 5 and 7 days after
administration of the last dose of cerulein.

In the case of rats from the 319, 4, and 5" group (CIAP + WAR 45; CIAP + WAR 90 and CIAP +
WAR 90), the severity of acute pancreatitis was evaluated 2, 3, 5 and 7 days after administration of
the last dose of cerulein. Each experimental group consisted of 8 rats at each observation time.

Acute pancreatitis was induced by intraperitoneal administration of cerulein (Sigma-Aldrich,
GmbH, Steinheim, Germany) given 6 times with 1-h intervals at a dose of 50 pg/kg per injection
(groups 2-5) At the same time, animals from control group were treated intraperitoneally with saline
(group 1).

Saline (control group and CIAP + Saline) or warfarin (Warfin. Orion Corporation, Espoo,
Finland) (groups 3-5) were given once a day intragastrically, starting from day 1 after cerulein
administration. Warfarin was given at the dose of 45, 90 or 180 pg/kg/dose.

2.2. Determination of the pancreatic blood flow

Rats were anesthetized with ketamine (50 mg/kg i.p., Bioketan, Vetoquinol Biowet, Gorzow
Wielkopolski, Poland) at each time of observation. The abdominal cavity was opened to visualize the
pancreas and pancreas, pancreatic blood flow was assessed using laser Doppler flowmeter (PeriFlux
4001 Master Monitor, Perimed AB, Jarfélla, Sweden) according to the technique described previously
in details [53-55]. The results were expressed as precent change from value obtained in saline-treated
rats without induction of AP.

2.3. Biochemical analysis

After assessing pancreatic blood flow, blood samples were taken from the abdominal aorta for
biochemical analysis.
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The prothrombin time expressed as the International Normalized Ratio (INR) was assessed
using Alere INRatio® 2 PT/INR Monitoring Systems and Alere INRatio® PT/INR Monitoring System
Test Strips purchased from Alere San Diego, Inc., San Diego, CA, USA

Plasma D-dimer concentration was measured using an immunoturbidimetric assay (Innovance
D-Dimer Assay, Siemens Healthcare GmbH, Marburg, Germany) on automatic coagulation analyzer
BCS XP System (Siemens Healthcare Diagnostics, Erlangen, Germany).

Serum lipase and amylase activity were determined with a Kodak Ectachem DT II System
analyzer (Eastman Kodak Company, Rochester, NY, USA) using Lipa and Amyl DT Slides (Vitros
DT Chemistry System, Johnson & Johnson Clinical Diagnostic, Inc., Rochester, NY, USA).

Serum level of interleukin-13 (IL-18) was measured using the Rat IL-1p Platinum Elisa (Bender
MedSystem GmbH, Vienna, Austria).

2.4. Measurement of the pancreatic weight and pancreatic histology

After blood collection, the pancreas was cut out from the body and weighed. Samples of
pancreatic tissue were collected for histological examination. Samples were fixed in 10% buffered
formaldehyde, embedded in paraffin. Sections were sliced and stained with hematoxylin and eosin,
and assessed by two pathologists without knowledge of treatment given. Histological grading of
pancreatic damage were evaluated as was described [44]:

e Pancreatic edema: 0 = no edema, 1 = interlobular edema, 2 = interlobular and moderate
intralobular edema and 3 = severe interlobular and intralobular edema.

e  Leukocyte infiltration: 0 = absent 1 = scarce perivascular infiltration, 2 = moderate perivascular
and scarce diffuse infiltration, 3 = abundant diffuse infiltration.

e Vacuolization of acinar cells: 0 = absent, 1 = less than 25%, 2 = 25 — 50% and 3 = more than 50%.

e  Acinar necrosis: 0 = absent, 1 = less than 15% of cells involved, 2 = from 15% to 35% of cells
involved, 3 = more than 35% of cells involved.

e  Hemorrhages: 0 = absent, 1 = from one to two foci per slide, 2 = from three to five foci per slide,
3 =more than five foci per slide.

Results of the histological examination were exhibit as a predominant histological score of each
sign of pancreatic damage in each experimental group.

2.5. Statistical analysis

Statistical analysis was made by analysis of variance followed by Tukey’s multiple comparison
test using GraphPadPrism (GraphPad Software, San Diego, CA, USA). Statistical analysis for each
observation period was calculated separately. Results were presented as means + SEM. Each
experimental group consisted of 8 animals. A difference with a P value of less than 0.05 was
considered significant.

3. Results

3.1. International normalized ratio (INR)

In control rats treated with saline without administration of cerulein, the prothrombin time
measured as INR reached the value of 1.1 + 0.1 (Figure 1). Induction of AP by cerulein led to an
increase in INR and this effect was statistically significant between day 0 and day 5 after cerulein
administration. On day 7 after cerulein administration, INR reached the control value in rats with
cerulein-induced AP.

Treatment with warfarin given after the induction of AP led to an additional increase in INR
value in comparison to saline-treated AP rats. This effect was statistically significant between days 2
and 10 of observation in rats treated with warfarin given at doses of 90 and 180 pg/kg/dose. In the
case of rats treated with warfarin given at doses of 45 ug/kg/dose, this effect was statistically
significant between the day 3 and day 10 day after administration of cerulein. On day 10 after
induction of AP, the INR in rats treated with warfarin given at doses of 45, 90 and 180 pg/kg/dose
was 2.8 +0.2,3.1+0.2 and 4.3 + 0.2, respectively (Figure 1).
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Figure 1. Effect of intragastric treatment with warfarin (WAR) on the prothrombin time expressed as
the international normalized ratio (INR) in the course of cerulein-induced acute pancreatitis (CIAP).
Warfarin was given at the dose of 45, 90 or 180 pg/kg/dose (WAR 45, WAR 90 or WAR 180). Mean +
SEM. N=8 rats in each experimental group and time of observation. *P<0.05 compared with control
rats without induction of acute pancreatitis (C), ®P<0.05 compared with saline-treated rats with CIAP
at the same time of observation.

3.2. Pancreatic histology

Administration of cerulein led to the induction of acute edematous pancreatitis. Maximal
severity of histological symptoms of pancreatic damage was observed on the day of AP induction
(Table 1). Histological images showed moderate or severe interlobular and intralobular edema,
moderate perivascular and scare diffuse leukocyte infiltration or abundant diffuse inflammatory
infiltrations of the pancreas, vacuolization involving 25 to 50% of acinar cells. There was no necrosis
or hemorrhagic foci (Table 1). In the following days, the histological symptoms of pancreatic damage
resolved spontaneously, except for the appearance of 1-2 hemorrhagic foci on the slide on the second
and third day in some cases. On day 7 after induction of AP, the histological features of the pancreas
were almost normal, with exception of a slight interlobar edema in same cases. On day 10 after
induction of AP, no abnormalities in pancreatic morphology were observed on microscopic
examination of animals with AP (Table 1).

Microscopic evaluation of pancreatic histology showed that treatment with warfarin after
induction of AP reduced pancreatic damage accelerated pancreatic regeneration (Table 1). This effect
was particularly pronounced after administration of warfarin at a dose of 90 ug/kg/dose, especially
two days after AP induction. On the second day after AP induction, warfarin given at a dose 90
ug/kg/dose reduced pancreatic edema, leukocyte infiltration, acinar cell vacuolization and prevented
the appearance of hemorrhagic foci (Table 1, Figure 2). Similar effects were observed 3 days after AP
induction, apart from the lack of hemorrhage prevention effect. After 5 days from the induction of
AP, the therapeutic effect of this dose of warfarin was limited to the reduction of pancreatic edema
and vacuolization of acinar cells. On day 7 after induction of AP, warfarin given at a dose 90
ug/kg/dose was only able to reduce pancreatic edema (Table 1).
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Table 1. Influence of treatment with warfarin (WAR) on pancreatic morphological signs of pancreatic damage in
the course of cerulein-induced acute pancreatitis (CIAP). WAR was given at the dose of 45, 90 or
180ug/kg/day (WAR 45, WAR 90 or WAR 180).

EDEMA INFLAMMATORY VACUOLIZATION NECROSIS HEMORRAHGES
INFILTRATION
(0-3) (0-3) (0-3) (0-3) (0-3)
CONTROL 0 0 0 0 0
CIAP
(Oh) 2-3 2-3 2 0 0
CIAP
( day) 1-2 1-2 1-2 0 1
CIAP 1 1 12 0 0-1
CIAP WAR 45 1 1 1-2 0 0
(2 days)
WAR 90 0-1 0-1 1 0 0
WAR 180 0-1 1 1 0 1-2
CIAP 1 1 1 0 0-1
CIAP WAR 45 1 1 1 0 0-1
(3 days)
WAR 90 0-1 0-1 0-1 0 0-1
WAR 180 1 1 0-1 0 1-2
CIAP 1 0 1 0 0
CIAP WAR 45 1 0 1 0 0
(5 days)
WAR 90 0 0 0 0 0
WAR 180 0 0 0 0 1
CIAP 0-1 0 0 0 0
CIAP WAR 45 0 0 0 0 0
(7 days)
WAR 90 0 0 0 0 0
WAR 180 0 0 0 0 0-1
CIAP 0 0 0 0 0
CIAP WAR 45 0 0 0 0 0
(10 days)
WAR 90 0 0 0 0 0
WAR 180 0 0 0 0 0

Numbers represent the predominant histological grading in each experimental group.

Warfarin given at the highest dose of 180 ug/kg/day was less effective than warfarin given at a
dose of 90 ug/kg/dose (Table 1, Figure 2). In addition, warfarin given at a dose 180 pg/kg/dose
increased the likelihood of hemorrhagic foci, and this effect was observed 2, 3, 5 and 7 days after
induction of AP. (Table 1, Figure 2).
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Figure 2. Representative histological images of the pancreas in control rats without pancreatitis (A);
rats with cerulein-induced acute pancreatitis (CIAP) treated with saline (B); rats with CIAP treated
with warfarin given at a dose of 45ug/kg/dose (C); and rats with CIAP treated with warfarin given at
a dose of 180 pg/kg/dose. In rats with acute pancreatitis, samples of pancreatic tissues were taken on
day 2 after induction of CIAP. Hematoxylin-eosin stain, original magnification 200x.

Warfarin given at a dose of 45 ug/kg/dose had almost no effect on the morphology of the
pancreas in the course of cerulein-induced AP. This dose only slightly inhibited the formation of
hemorrhagic foci on the second day after AP induction, and slightly reduced pancreatic edema on
the seventh day after AP induction (Table 1).

3.3. Pancreatic weight

In control rats treated with intragastric and intraperitoneal saline without induction of AP, the
weight of the pancreas was 920 + 52 g (Figure 3). Induction of AP by cerulein administration led to
an increase in pancreatic weight as a result of the development of pancreatic edema, pancreases were
macroscopically grossly swollen. Directly after the end of cerulein administration, pancreatic weight
increased by 65% over that observed in control animals without AP induction, while 1 day after
cerulein administration, pancreatic weight partly decreased to 135% of the weight of the pancreas in
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the control group. Starting from the second day after cerulein administration, pancreatic weight
decreased below the value observed in control animals. On the third day after AP induction,
pancreatic weight in the group treated with warfarin at a dose of 90 pg/kg/dose reached the lowest
value, however differences between this group and other groups at this day, treated or not treated
with warfarin were not statistically significant. On the other hand, only in one period of the
observation, on the third day after AP induction, there was a statistically significant decrease in
pancreatic weight compared to the pancreatic weight in the control group, and this was observed in
the group treated with warfarin given at a dose of 90 pg/kg/dose. Thereafter, in following days,
starting from the 5t day after AP induction, pancreatic weight gradually increased. On day 10, the
pancreas in all groups with AP again reached a weight similar to that of control animals, and no
difference in pancreatic weight was observed between those groups.

18001

- control (C)

a [ ciAP -+ saline
[ ciap+ waR 45

14004 [ ciaP + waR 90
a Il ciAP + WAR 180

1600+

1200+

1000+

800+

600+

Pancreatic weight (mg)

400+

2004

C O0h 1day 2 days 3 days 5 days 7 days 10 days

<+———— TIME AFTER INDUCTION OF CERULEIN >

Figure 3. Effect of intragastric treatment with warfarin (WAR) on pancreatic weight in the course of
cerulein-induced acute pancreatitis (CIAP). Warfarin was given at the dose of 45, 90 or 180 pg/kg/day
(WAR 45, WAR 90 or WAR 180). Mean + SEM. N=8 rats in each experimental group and time of
observation. *P<0.05 compared with control rats without induction of acute pancreatitis (C), ?P<0.05
compared with saline-treated rats with CIAP at the same time of observation.

3.4. Serum activity of amylase

Induction of AP by intraperitoneal administration of cerulein led to the increase in serum activity
of amylase (Figure 4). Serum activity of amylase in control saline-treated rats without induction of
AP was 989 + 23 U/L; whereas in rats treated with saline after AP induction, the amylase activity
immediately after the last dose of cerulein was 17,562 + 223 U/L, while 1 day later it decreased to
13,256 + 258 U/L. During subsequent days a spontaneous decrease in serum amylase activity was
observed in saline-treated rats with AP. From the day 7 after AP induction, serum amylase activity
in saline-treated group decreased to a level similar to that observed in in control animals without AP.
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Figure 4. Effect of intragastric treatment with warfarin (WAR) on serum activity of amylase in the
course of cerulein-induced acute pancreatitis (CIAP). Warfarin was given at the dose of 45, 90 or 180
pg/kg/dose (WAR 45, WAR 90 or WAR 180). Mean + SEM. N=8 rats in each experimental group and
time of observation. 2P<0.05 compared with control rats without induction of acute pancreatitis (C),
PP<0.05 compared with saline-treated rats with CIAP at the same time of observation.

Treatment with warfarin after induction of AP led to additional acceleration of the decrease
serum amylase, but for the majority of warfarin doses used in subsequent observation periods this
effect was statistically insignificant. Only on day 3 and 5 after induction of AP, warfarin given at a

dose of 90 pg/kg/dose resulted in a statistically significant acceleration of the decrease in serum
amylase activity (Figure 4).

3.5. Serum activity of lipase

The development of cerulein-induced AP led to an increase in the serum activity of lipase (Figure
5). The maximum serum lipase activity was observed on day 1 after induction of AP, reaching a value
over thirty-two times greater than in the control group. Then, the serum activity of lipase
spontaneously and gradually decreased. Treatment with warfarin accelerated the normalization of
serum lipase activity in the course of cerulein-induced AP; however, this effect was statistically
significant only on the 3t day after induction of PA in the groups treated with warfarin given at a
dose 90 or 180 pg/kg/dose (Figure 5).
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Figure 5. Effect of intragastric treatment with warfarin (WAR) on serum activity of lipase in the course
of cerulein-induced acute pancreatitis (CIAP). Warfarin was given at the dose of 45, 90 or 180
pg/kg/dose (WAR 45, WAR 90 or WAR 180). Mean + SEM. N=8 rats in each experimental group and
time of observation. 2P<0.05 compared with control rats without induction of acute pancreatitis (C),
PP<0.05 compared with saline-treated rats with CIAP at the same time of observation.

3.6. Serum concentration of interleukin-15 (IL-15)

Serum level of pro-inflammatory interleukin-1p (IL-1p) in control saline-treated rats without
induction of AP was 63.0 + 4.5 pg/mL (Figure 6). The profile of changes in serum concentration of
pro-inflammatory IL-1f3 in the course of cerulein-induced AP was similar to alteration in serum
activity of lipase. Immediately after the last dose of cerulein, serum concentration of Il-1 reached a
value of 120 + 15 pg/mL. The maximum serum concentration of IL-3 was observed on day 1 after
induction of AP, reaching a value of 210 + 14 pg/mL. Then, the serum concentration of IL-3
spontaneously and gradually decreased throughout the subsequent days of the study. The treatment
with warfarin accelerated a decrease in the serum concentration of IL-13, but this effect was

statistically significant only for warfarin given at a dose of 90 ug/kg/dose and only on day 3 after
induction of AP (Figure 6).
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Figure 6. Effect of intragastric treatment with warfarin (WAR) on serum concentration of interleukin-
1B in the course of cerulein-induced acute pancreatitis (CIAP). Warfarin was given at the dose of 45,
90 or 180 pg/kg/dose (WAR 45, WAR 90 or WAR 180). Mean + SEM. N=8 rats in each experimental
group and time of observation. ?P<0.05 compared with control rats without induction of acute
pancreatitis (C), ®P<0.05 compared with saline-treated rats with CIAP at the same time of observation.

3.7. Pancreatic blood flow

Induction of acute pancreatitis by cerulein administration led to a significant reduction in
pancreatic blood flow (Figure 7). Immediately after the last dose of cerulein, pancreatic blood flow
decreased by almost 42% in comparison to that observed in the control group. Thereafter, pancreatic
blood flow gradually improved. Three days after AP induction, pancreatic blood flow in saline-
treated animals exceeded by 21% the value observed in control animals without induction of AP. The
highest blood flow was observed on the fifth day after induction of AP. In animals receiving saline
after AP induction, it reached 135% of the value seen in control animals. In the following days,
pancreatic blood flow decreased and on day 10 after induction of AP, its value reached a level similar
to that observed in control animals.

Treatment with warfarin increased pancreatic blood flow in rats with cerulein-induced AP. In
the case of animals treated with warfarin at a dose of 90 pg/kg/dose, this effect was statistically
significant on day 3 and 5. In the case of warfarin given at doses of 180 pg/kg/dose, this effect was
statistically significant only on day 3 after induction of AP. Warfarin given at a dose of 45 pg/kg/dose
was without significant effect on pancreatic blood flow in the course of cerulein-induced AP (Figure
7).
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Figure 7. Effect of intragastric treatment with warfarin (WAR) on pancreatic blood flow in the course
of cerulein-induced acute pancreatitis (CIAP). Warfarin was given at the dose of 45, 90 or 180
pg/kg/dose (WAR 45, WAR 90 or WAR 180). Mean + SEM. N=8 rats in each experimental group and
time of observation. 2P<0.05 compared with control rats without induction of acute pancreatitis (C),
PP<0.05 compared with saline-treated rats with CIAP at the same time of observation.

3.8. Plasma D-Dimer concentration

Induction of AP by cerulein administration significantly increased plasma D-Dimer
concentration (Figure 8). This effect was statistically significant immediately after the end of cerulein
administration, and the highest plasma D-Dimer level was observed one day after AP induction,
reaching a value of 3.6 + 0.4 pug/mL. On the next days of observation, the D-Dimer concentration
spontaneously and gradually decreased, but still on day 10 it was significantly higher than in control
animals without AP induction. Treatment with warfarin reduced plasma D-Dimer levels, but this
effect was statistically significant only for warfarin given at a dose of 90 ug/kg/day and only on day
3 after induction of AP. In addition, on day 10 in the group treated with warfarin, the concentration
of D-Dimer did not show significant differences between the control group and groups treated with
warfarin after AP induction; whereas, in group treated with saline after AP induction this difference
was still statistically significant.

This observation is indirect evidence that warfarin administration reduces D-Dimer level in
cerulein-induced AP (Figure 8).
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Figure 8. Effect of intragastric treatment with warfarin (WAR) on plasma D-Dimer concentration in
the course of cerulein-induced acute pancreatitis (CIAP). Warfarin was given at the dose of 45, 90 or
180 pg/kg/dose (WAR 45, WAR 90 or WAR 180). Mean + SEM. N=8 rats in each experimental group
and time of observation. *P<0.05 compared with control rats without induction of acute pancreatitis
(C), ®P<0.05 compared with saline-treated rats with CIAP at the same time of observation.

4. Discussion

Our present study aimed to verify the impact of warfarin, one of the antagonists of vitamin K,
on the course of mild edematous acute pancreatitis (AP) caused by the primary non-vascular
mechanism [56]. On the basis of function, histological and laboratory finding, we showed
dependence between inflammation and coagulation in AP, as well as the therapeutic effect of
warfarin on the pancreas in the course of the disease.

After inducing AP, we observed development of inflammatory process, confirmed by the
morphological and biochemical evidence. Morphological examination showed pancreatic edema,
which was visible macroscopically and microscopically in histological assessment, as well as in the
form of an increase in pancreatic weight. In addition, AP induction led to pancreatic inflammatory
infiltration and vacuolization of acinar cells. These observations were in line with earlier studies
showing that onset of acute pancreatitis leads to development of the local inflammatory response,
leukocyte infiltration and accumulation of leukocytes in the pancreas, production of
proinflammatory cytokines and chemokines, as well as disturbances in pancreatic microcirculation
[28,30,57]. These alterations may lead to the development of severe pancreatitis, systemic
inflammatory response syndrome (SIRS), and multiple organ dysfunction syndrome (MODS), and
ultimately to the death of the patients [31,32].

Our present study showed that the administration of warfarin accelerates the resolution of
symptoms of pancreatic damage, as well as accelerates recovery of this organ. The best therapeutic
effects were observed after administration of warfarin at the dose of 90 ug/kg/dose The healing effects
of this dose of warfarin were especially evident on day 2 and 3 after AP induction, when pancreatic
damage was greatest. During these days, the administration of warfarin at the dose of 90 pg/kg/dose
resulted in a reduction in pancreatic edema, leukocyte infiltration and vacuolization of pancreatic
cells. After 5 days from the induction of AP, the therapeutic effect of this dose of warfarin was limited
to the reduction of pancreatic edema and vacuolization of acinar cells. On day 7 after induction of
AP, warfarin given at a dose 90 pg/kg/dose was only able to reduce pancreatic edema. The reason for
the decrease in the therapeutic effect of warfarin in the course of AP is the simultaneous spontaneous
healing process.
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Warfarin given at the highest dose of 180 pg/kg/dose was less effective than warfarin given at a
dose of 90 pg/kg/dose. In addition, warfarin given at this dose increased the likelihood of
hemorrhagic foci, and this effect was observed 2, 3, 5 and 7 days after induction of AP. On the other
hand, warfarin given at a dose of 45 ug/kg/dose had almost no effect on the morphology of the
pancreas in the course of cerulein-induced AP. The above observations on the effects of warfarin on
pancreatic morphology indicates that has a therapeutic effect in cerulein-induced AP, but the
therapeutic window for this medicine is quite narrow. This feature reduces the potential use of
warfarin in clinical AP.

The warfarin-related reduction in inflammatory leukocyte infiltration of pancreatic tissue was
in harmony with a decrease in serum level of interleukin-1(3 (IL-1pB). This cytokine involved in the
development and progression of inflammation, acting directly as well as stimulating the release of
other members of the pro-inflammatory cascade. IL-1p plays an essential role in the induction of
systemic acute phase response by stimulating the production of proinflammatory cytokines such as
interleukin-6 (IL-6), stimulating the synthesis of adhesion molecules in endothelial cells and
leukocytes, promoting thrombocytosis, pyrogen release, and production of acute phase proteins such
as C-reactive protein [58-60].

In AP, previous studies have shown that IL-1[3, tumor necrosis factor-a (TNF-at) and later also
IL-6, are first produced in the pancreas at mRNA and protein levels, and then in distant organs, such
as the lungs, liver, and spleen. AP severity is well correlated with the production of pro-inflammatory
cytokines [61]. Former observations indicate that the administration of the IL-1 receptor antagonist
prevents a serum rise in interleukin-6 and TNF-a levels, and decreases the severity of acute
pancreatitis [62,63]. In addition, similar effects were also observed after inhibition or genetic deletion
of caspase-1/IL-1 converting enzyme (ICE), converting pro IL1{ to active mature IL-1f3; these
procedures have been shown to inhibit AP-induced secretion of proinflammatory cytokines and
decrease AP severity and mortality [64,65]. The additional proof of the role of IL-1p in the
pathogenesis and course of AP are the observations that the application of effective therapy in AP is
associated with a decrease in the serum concentration of IL-1(3 [66,67].

Mentioned data, coupled with our current observation that warfarin given at a dose of 90
ug/kg/dose lowers serum IL-1f concentration, provide additional evidence for the curative effect of
warfarin in cerulein-induced AP.

Vitamin K in its active reduced hydroquinone form is necessary to hepatic synthesis of vitamin
K-dependent mature clotting factors II, VII, IX and X and proteins C and S [68,69]. Warfarin, as a
vitamin K antagonist, inhibits the vitamin K epoxide reductase, an enzyme that reduces oxidized
form of vitamin K back to its active reduced hydroquinone form [70]. This leads to the inhibition of
the synthesis of mature coagulation factors.

In our current study, we found that induction of AP by cerulein led to an increase in the
International Normalized Ratio (INR) and this effect was statistically significant between day 0 and
day 5 after cerulein administration. This effect was associated with significant increase in plasma D-
Dimer concentration. These observations taken together indicate the development of AP led to
activation of coagulation, creation of fibrin, and increases plasma concentration of D-Dimer
concentration, a product of fibrin degradation. This cycle of successive activation of coagulation and
fibrinolysis led to consumptive coagulopathy. Therefore, we observed an increase in the INR value.
This sequence of events is also observed in the clinical setting where both thrombosis and
disseminated intravascular coagulopathy can occur in the course of AP [31,71-73].

Administration of warfarin, according to its mechanism of action, led to reduction in a plasma
level of vitamin K-dependent mature clotting factors. As a result, we found a dose-dependent
increase in INR. On the other hand, we also found that treatment with warfarin reduced plasma
concentration of D-Dimer. This effect is most likely related to warfarin-evoked reduction in a plasma
level of vitamin K-dependent mature clotting factors. This likely led to the following chain of events:
decrease in plasma clotting factors led to decrease in clot formation, and this resulted in decrease in
fibrin degradation, and finally in decrease in plasma D-Dimer level.
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Possible complication of severe pancreatitis is portal or splenic vein thrombosis which can occur
in about half of the patients with pancreatic necrosis [74]. Anticoagulant therapy is safe [75] can be
beneficial for patients [76,77] however there are no detailed guidelines on this topic and further
research in this field are necessary. Coagulative markers are useful in prediction of the severity and
outcomes of patients with acute pancreatitis [71,78].

Amylase is an enzyme that breaks down long-chain polysaccharides into shorter carbohydrates
such as maltotriose, maltose, glucose and limit dextrin. Lipase is an enzyme that hydrolyzes
triglycerides to diglycerides, monoglycerides and free fatty acids. Both are components of the
pancreatic juice and serum lipase or amylase activity at least three times greater than the upper limit
of normal is one of the criteria for diagnosis AP [1,79]. It also has been proved, that active pancreatic
digestive enzymes in the circulation leads to up-regulation the expression of adhesive molecules on
endothelial cells and leukocytes, what results in disturbance of pancreatic blood flow by leukocyte-
endothelial interaction [57]. Amylase and lipase can be used to predict the severity of AP [80,81]. In
addition, it has been found that measurement of pancreatic enzyme levels can be useful in monitoring
the risk and course of AP in patients with COVID-19 infection, especially in cases with preexisted
diabetes mellitus [82].

In our current study, immediately after the last dose of cerulein, serum amylase and lipase
activity increased more than 17 and 16-fold, respectively. Peak serum activity of amylase was
observed immediately after last dose of cerulein; whereas maximum lipase activity was observed 1
day later. Treatment with warfarin accelerated the normalization of serum amylase and lipase
activity in the course of AP. On this basis, it can be concluded that warfarin exhibits the therapeutic
effect in the course of cerulein-induced AP. The observed decrease in the activity of pancreatic
digestive enzymes in serum seems to be a result of improvement in pancreatic condition, but it may
also, at least in part, be responsible for improvement in this condition. As was mentioned in earlier
part of discussion, the presence of active pancreatic digestive enzymes in the circulation leads to
tissue damage, as well as expression of adhesive molecules on endothelial cells and leukocytes and
disturbance of pancreatic blood flow [57].

Appropriate blood supply to tissues is essential in maintaining organ homeostasis [83].
Adequate blood flow is necessary to provide and sustain the oxygenation and nutrition at the cellular
level. There is increasing number of evidence, that improvement of blood flow betters wound healing
[84]. Disturbances in pancreatic microcirculation is another, well described, important mechanism
which has its place in the pathophysiology of AP [26,28,53,85-87].

Our current research confirmed earlier observations [88] that immediately after the last dose of
cerulein, the development of cerulein-induced AP leads to a significant reduction in pancreatic
blood flow. Thereafter, pancreatic blood flow gradually improved reaching the highest level of blood
flow on the fifth day after induction of AP. In the following days, pancreatic blood flow decreased
and on day 10 was similar to that observed in control animals.

Our current study showed that treatment with warfarin improved pancreatic blood flow in rats
with cerulein-induced AP, and this effect was especially pronounced in animals treated with warfarin
at a dose of 90 ug/kg/dose. This dose of warfarin also produced the best therapeutic effects,
confirming the significant relationship between organ blood flow and organ integrity. Influence
warfarin on pancreatic microcirculation is probably secondary to its anticoagulant effect.

Recently, a new group of patients has emerged in whom AP develops in the course of COVID-
19 infection [82,89,90]. AP also appears in children in the course of COVID-19-Associated
Multisystem Inflammatory Syndrome in Children [91,92]. Most of these patients present coagulation
abnormalities [93-95] and anticoagulant therapy potentially can be doubly advantageous.

Our current study showed that warfarin exhibits the therapeutic effect in experimental AP. In
clinical settings, such therapy could be associated with an increased risk of bleeding, and would
require intensive monitoring of INR and continuous adjustment of the drug dose to the current
clinical condition [49]. The more so that INR level is affected by numerous factors, such diet [96] and
individual dynamics of warfarin metabolism related to the polymorphism of genes CYP2C9, which
encodes one of the crucial enzymes of cytochrome P450, the main enzyme responsible for warfarin
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clearance [97], and VKORC1, encoding a vitamin K epoxide reductase subunit, being the direct target
of warfarin, which is essential for the regeneration of reduced vitamin K. And this is essential for the
hepatic synthesis of mature coagulation factors [98,99]. Among the methods of determining patients-
specific warfarin doses, the use of gene-based warfarin dosing algorithms is useful [100]. The problem
with the use of warfarin in AP may also be the narrow therapeutic window of this drug, which we
found in our current study.

5. Conclusions

Our results indicate that administration of warfarin exhibits therapeutic effect in cerulein-
induced acute pancreatitis in rats. This finding confirms the concept that activation of coagulation
plays important role in the pathogenesis of acute pancreatitis. Nevertheless, it should be pointed out,
that warfarin brings possible risk and side effects, especially increased risk of bleeding. Another
important problem is the narrow therapeutic window of this drug.
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