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ABSTRACT

Background/Aims: The effectiveness of nafamostat for treating acute pancreatitis (AP) remains questionable. It was hypothesized that
the administration of lidocaine would increase the penetration of nafamostat into the pancreas and improve its efficacy. This study
evaluated the efficacy of combined management with nafamostat and lidocaine in the treatment of AP.

Materials and Methods: Mild edematous AP was induced with cerulein in Wistar rats, which were distributed among 3 interventional
cohorts: (1) a lidocaine cohort, with a regional intraarterial infusion of 1% lidocaine solution, (2) a lidocaine-nafamostat group, with a
regional intraarterial infusion of 1% lidocaine solution followed by the infusion of nafamostat mesylate, and (3) an NaCl group, with a
regional intraarterial infusion of 0.9% sodium chloride solution. Following 4, 8, and 12 hours after drug administration, serum amylase
and lipase levels were tested. Rats were euthanized, and the pancreas was removed for histopathological examination.

Results: A total of 16 rats were analyzed: 6 in the lidocaine group, 5 in the lidocaine-nafamostat group, and 5 in the NaCl group. Post-
treatment amylase and lipase levels were comparable between the groups. The NaCl group had more prevalent signs of chronic inflam-
mation in the pancreatic tissue and adipose tissue than both the lidocaine and lidocaine-nafamostat groups.

Conclusion: The addition of nafamostat mesylate did not show superiority over lidocaine alone in the treatment of AP. Considering the
prolonged observation period and self-healing tendency of mild edematous AP, both lidocaine and nafamostat do not impact treatment
outcomes. However, both drugs may reduce the inflammatory and necrotic processes triggered by AP.
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INTRODUCTION

Acute pancreatitis (AP) is the most prevalent gastrointes-
tinal disease. The incidence of AP is estimated at 34 cases
per 100000 person-years and is increasing constantly,
and significant efforts have been made to establish
effective treatments."? Nevertheless, there is currently
no effective treatment for AP apart from fluid therapy
and analgesic administration.® Microcirculatory distur-
bances play a crucial role in the pathogenesis of AP.* A
previous study induced vasodilation to specifically act on
pancreatic microcirculation.® It has been demonstrated
that the course of AP was effectively improved by using

1% lidocaine solution administered through continu-
ous regional arterial infusion (CRAI) into the celiac trunk.
This improvement was reflected by pancreatic enzyme
reduction and pathological examination of pancreatic
specimens.>¢

Lidocaine acts as a vasodilator via voltage-gated sodium-
channel blockage and cellular membrane stabilization.”
However, circulatory disturbances seem to result from
initial proenzyme autoactivation with further second-
ary vasoconstriction and thrombotic complications.
The continuous activation of proteases in AP leads to
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autodigestion of the pancreatic parenchyma, which
results in an inflammatory response. The edema caused
by the inflammatory process disturbs the pancreatic
microcirculation, leading to a decrease in blood flow,
which may result in the formation of microclots.®

Nafamostat is a synthetic low-molecular-weight protease
inhibitor with anti-inflammatory and anticoagulant
effects. It inhibits a wide range of proteases, including
trypsin, thrombin, and plasmin, and it influences
coagulation, the kallikrein—kinin system, and complement
systems. Moreover, it has been shown to inhibit the
production of pro-inflammatory cytokines.* A recently
published multicenter randomized controlled trial
showed a lack of influence of nafamostat administered
via the CRAI on preventing pancreatic necrosis.®
The administration of nafamostat should inhibit the
activation of pancreatic proteases, reduce pancreatic
and peripancreatic inflammation, and lead to a slight
improvement in pancreatic microcirculation as a result of
the anticoagulant properties of the drug.

It was hypothesized that the lack of therapeutic
effect of nafamostat might result from insufficient
drug penetration into the pancreatic microcirculation
and the pancreatic parenchyma. Lidocaine dilates
microcirculatory vessels in the pancreas, so it may
allow better penetration of subsequently administered
nafamostat into the pancreatic parenchyma. The targeted
effect of nafamostat on the pathological mechanism
underlying AP should then improve the course of the
disease. Therefore, this study evaluated the efficacy of
combined management with nafamostat and lidocaine
compared with lidocaine alone for treating AP.

MATERIALS AND METHODS

Ethical Approval

The study protocol was approved by the second Local
Institutional Animal Care and Use Committee (IACUC)
of the Institute of Pharmacology, Polish Academy of
Sciences in Krakow (Approval no: 296/2019; Date:

Main Points

Nafamostat mesylate did not show superiority over
lidocaine alone in treating mild edematous acute
pancreatitis (AP).

Nafamostat and lidocaine do not seem to influence the
outcomes of mild edematous AP.

Nafamostat and lidocaine may reduce the inflammatory
and necrotic processes triggered by AP.

December 5, 2019) and in accordance with the Act of
January 15, 2015 for the protection of animals used for
scientific or educational purposes. The paper was prepared
in compliance with the “"Animal Research: Reporting of In
Vivo Experiments” (ARRIVE) guidelines.™

Study Cohort

This study was conducted on male albino Wistar rats at
the Experimental and Innovative Medicine Center at the
University of Agriculture in Krakow. Following ethical
approval, the rats were collected from the Animal House
of the Faculty of Pharmaceutics, Jagiellonian University
Medical College in Krakow. The details of the animal
care were described in detail in the previous study.® The
rats were distributed among 3 consecutive cohorts: (1) a
control cohort (NaCl group), with a regional intraarterial
infusion of 0.9% sodium chloride solution; (2) a lidocaine
cohort, with a regional intraarterial infusion of 1%
lidocaine solution (Lidocainum Hydrochloricum WZF 1%,
Polfa Warszawa, Warsaw, Poland); and (3) a lidocaine—
nafamostat cohort, with a regional intraarterial infusion of
1% lidocaine solution and then an infusion of nafamostat
mesylate solution (Nafamostat mesylate, MCE, New
Jersey, USA).

Study Design

Initially, all animals had their blood tested for amylase
and lipase levels using blood from the greater saphenous
vein or caudal vein (measurement MO). In order to evoke
mild edematous AP under experimental conditions, each
animal was subcutaneously injected every hour with
cerulein (Ceruletide, MCE, New lJersey, USA) at 20 pg/
kg body weight in 4 doses (total dose of 80 pg/kg body
weight). At 6 hours after the final injection of the cerulein
solution (10 hours following the first cerulein injection),
blood tests were performed again (measurement M1)
to determine the serum amylase and lipase levels at the
time of active AP. Shortly after, a surgical procedure was
performed.

A detailed description of the surgical technique and celiac
trunk approach is provided in a previous paper.® In order
to achieve intraarterial drug infusion, abdominal aorta
was punctured at the point where celiac trunk branches
off, directly with a 26G venous cannula. All intraarterial
infusions were performed slowly. In the NaCl group, 5 mg/
kg body weight of 0.9% NaCl solution was administered in
a bolus. Rats from the lidocaine group, received a 5 mg/kg
body weight bolus of lidocaine. In lidocaine-nafamostat
group, a 5 mg/kg body weight bolus of lidocaine was
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administered, followed 1 minute by a 6 mg/kg body weight
bolus of nafamostat mesylate.

After hemostasis was achieved, the surgical procedure
was terminated. Finally, blood tests were performed
at 4 hours (measurement M2), 8 hours (measurement
M3), and 12 hours (measurement M4) after the surgery.
Following the last blood test, the euthanasia of each
animal was performed using pentobarbital at 300 mg/kg
body weight (Morbital, Biowet Pulawy, Pulawy, Poland).
Pancreatic tissue and surrounding adipose tissue were
collected for postmortem histopathological examination.

Histopathological Examination

Postmortem specimens of pancreatic tissue and peripan-
creatic adipose tissue were preserved in 10% formalde-
hyde. Preprepared paraffin blocks were cut and dyed in
hematoxylin and eosin. The histopathological examination
was conducted by a pathologist (B.D.) unaware of sub-
jects' distribution into cohorts. The presence and severity
of necrosis, edema, hemorrhagic foci, acute inflammatory
response, and chronic inflammatory response was evalu-
ated in the pancreatic tissue. Moreover, the presence and
severity of necrosis, hemorrhagic foci, acute inflamma-
tory response, and chronic inflammatory response was
assessed in the adipose tissue. Each pancreas was addi-
tionally assessed for the quantity of veins, arteries, and
capillaries. The severity of abovementioned features was
evaluated using the previously published scale: 0—feature
not observed; 1—mild changes; 2—moderate changes; and
3—severe changes.""3

Statistical Analysis

Intergroup differences in amylase and lipase levels, the
number of arteries and veins, and the number of capil-
laries were evaluated with the Mann-Whitney U test. The
Pearson chi-squared test was used to test the correlation

between treatment type and histopathological findings.
Values of P < .05 were considered statistically signifi-
cant. All analyses were performed using Statistica 13.3
(StatSoft Polska; Krakow, Poland).

RESULTS

Pancreatic Enzymes

A total of 16 rats met the inclusion criteria and were fur-
ther analyzed. There were 5 rats in the NaCl group, 6 rats
in the lidocaine group, and 5 rats in the lidocaine-nafa-
mostat group. The baseline amylase levels (M0) were
comparable between all groups. In contrast, significantly
higher lipase levels were noted in the lidocaine group than
in the lidocaine-nafamostat group (mean values of 37
U/l and 15 U/, respectively; P = .018). Lipase and amy-
lase levels measured after induction of AP (M1) and those
demonstrating disease dynamics after treatment admin-
istration (M2-M4) were comparable between all 3 groups
(Tables 1 and 2). The time-dependent changes in amylase
and lipase levels are illustrated in Figures 1 and 2.

Histopathology

Histopathological specimens were available for 5 of the
6 rats (83%) in the lidocaine group and all rats in the
NaCl group (100%) and lidocaine-nafamostat group
(100%). The exclusion of 1 specimen in the lidocaine
group resulted from a technical issue that precluded reli-
able histopathological analysis. According to the analysis,
the NaCl group had a significantly higher rate of chronic
inflammation of the pancreatic tissue compared to both
the lidocaine group (P = .038) and the lidocaine-nafa-
mostat group (P = .010). No intergroup differences were
observed in terms of necrosis, edema, and acute inflam-
mation of the pancreatic tissue, as well as the presence
of hemorrhagic foci in both the pancreatic tissue and
adipose tissue. There were no signs of necrosis or acute
inflammation of the adipose tissue. All evaluated features

Table 1. Comparison of Amylase Levels Between the NaCl, Lidocaine, and Lidocaine-Nafamostat Groups over the Whole Course of the

Study

Measurement NaCl Group, (U/I) Lidocaine Group, (U/l)  Lidocaine-Nafamostat Group, (U/I) P

MO 662 626 587 *201; **.095; ***.315
M1 42023 35229 45848 *235; **.210; ***171
M2 12820 12272 15282.5 *.411,**.296; ***.623
M3 8145 7613 9287 *.648, **.676; ***.411
M4 4642 3405 4632 *.315, **.835; ***.315

*Values for comparison of amylase levels between NaCl and lidocaine group.

**Values for comparison of amylase levels between NaCl and lidocaine-nafamostat group.
***Values for comparison of amylase levels between Lidocaine and lidocaine-nafamostat group.
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Table 2. Comparison of Lipase Levels Between the NaCl Group, Lidocaine, and Lidocaine-Nafamostat Groups over the Whole Course of

the Study

Measurement NaCl Group, [U] Lidocaine Group, [U] Lidocaine-Nafamostat Group, [U] P

MO 30 37 15 *411; **296; ***.018
M1 1741 1324 1595 *121;**1.000; ***.315
M2 426 323 385 *.927;**.676; ***.171
M3 175 119 171 *171;**531; ***235
M4 65 34 54 *.083; **.210; ***.784

*Values for comparison of lipase levels between NaCl and lidocaine group.

**Values for comparison of lipase levels between NaCl and lidocaine-nafamostat group.
***Values for comparison of lipase levels between lidocaine and lidocaine-nafamostat group.

present were considered mild (grade 1) except for 1
pancreatic tissue specimen from the NaCl group, which
showed a moderate level of edema (grade 2).

The quantitative analysis revealed a significantly higher
number of veins and arteries in the NaCl group compared
to both the lidocaine group (P = .037) and the lidocaine—
nafamostat group (P =.022). Moreover, the mean number
of capillaries was significantly higher in the NaCl group
than in the lidocaine-nafamostat group (P = .047), while
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no significant differences were observed between the
NaCl group and the lidocaine group, as well as between
the lidocaine group and the lidocaine-nafamostat group.
The detailed results of the histopathological examination
are presented in Table 3.

DISCUSSION

Induction of an inflammatory cascade with inappropri-
ate and excessive activation of proteases in AP leads
to microcirculatory disturbances within the pancreatic

M2 M3 M4

Amylase measurements

==@=NaCl group

==@==Lidocaine group

==@==idocaine-Nafamostat group

Figure 1. Amylase levels in the NaCl group, lidocaine group, and lidocaine-nafamostat group over the entire preoperative (MO-M1) and
postoperative (M2-M4) course. MO—initial amylase levels, M1—amylase levels after the induction of pancreatitis just before the operation,
M2—amylase levels 4 hours after drug administration, M3—amylase levels 8 hours after drug administration, M4—amylase levels 12 hours

after drug administration.
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Figure 2. Lipase levels in the NaCl group, lidocaine group, and lidocaine-nafamostat group over the entire preoperative (MO-M1) and
postoperative (M2-M4) course. MO—initial lipase levels, M1—lipase levels after the induction of pancreatitis just before the operation, M2—
lipase levels 4 hours after drug administration, M3—lipase levels 8 hours after drug administration, M4—lipase levels 12 hours after drug
administration.

tissue." When an AP-triggering factor occurs, it converts  parenchyma. Subsequent autolysis of the pancreatic tis-
trypsinogen to trypsin in acinar cells, resulting in their sue and its vessels with concurrent activation of other
damage and the release of enzymes into the pancreatic pancreatic enzymes increases pancreatic vascular

Table 3. Comparison of Histopathological Findings Between the NaCl Group, Lidocaine, and the Lidocaine-Nafamostat Groups

Feature NaCl Group Lidocaine Group Lidocaine-Nafamostat Group P

Pancreatic tissue

Necrosis 1/5 (20%) 2/5 (40%) 0/5 (0%) *490; **.292; *** 114
Edema 2/5 (40%) 0/5 (0%) 0/5 (0%) *287,;**.287; ***-
Hemorrhagic foci 1/5 (20%) 0/5 (0%) 0/5 (0%) *292; **292; ***-
Acute inflammation 1/5 (20%) 0/5 (0%) 0/5 (0%) *292; **292; ***-
Chronic inflammation 5/5 (100%) 2/5 (40%) 1/5 (20%) *.038; **.010; ***0.490
Mean number of veins and arteries, SD 14.6 (3.21) 7.8 (3.83) 5.8 (3.9) *.037; **.022; *** 458
Mean number of capillaries, SD 30.0 (7.07) 20.6 (9.34) 16.6 (9.53) *.095; **.047; ***.463
Adipose tissue
Necrosis 0/5 (0%) 0/5 (0%) 0/5 (0%) oy FEL FREL
Hemorrhagic foci 1/5 (20%) 0/5 (0%) 0/5 (0%) *292; **292; ***-
Acute inflammation 0/5 (0%) 0/5 (0%) 0/5 (0%) Fop FEL FEEL
Chronic inflammation 4/5 (80%) 0/5 (0%) 0/5 (0%) *.010; **.010; ***-

*Values for comparison of features between NaCl and lidocaine group.
**Values for comparison of features between NaCl and Lidocaine-Nafamostat group.
***Values for comparison of features between Lidocaine and Lidocaine-Nafamostat group.
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permeability, leading to pancreatic tissue edema and
thus secondary microcirculatory disturbances. In AP,
vasoconstriction and enhanced intravascular coagula-
tion increase ischemia, which impairs the penetration of
drugs into the pancreatic tissue.''® Local vasoconstric-
tion makes it challenging to achieve high concentrations
of intravenously administered medications in pancreatic
tissue. Therefore, considering the AP cascade, it seems to
be a reasonable approach to treat AP through vasodilata-
tion to facilitate drug administration and prevent further
necrotic changes in pancreatic tissue.

Thus, previous experimental studies on cerulein-induced
AP in rats have also evaluated the vasodilatory effect
of CRAI of 1% lidocaine solution on pancreatic arterial
circulation.®® Lidocaine is widely used in microsurgery
as a safe and effective vasodilator,”"® but the exact
mechanism has not been fully elucidated. Notably, the
effect is concentration-dependent, with lower doses
causing vasoconstriction.” It has been shown that
lidocaine stabilizes the cell membrane and calcium inflow
and blocks voltage-gated sodium channels.” Considering
these effects, it has been hypothesized that 1% lidocaine
might dilate the arterial vascular system in pancreatic
tissue, which improves the course of AP.

Consequently, it has been found that lidocaine
meaningfully impacts the course of AP, which was
reflected by significantly lower pancreatic enzyme
levels in the lidocaine group than in the control group.®
Additionally, amylase and lipase levels were compared
between the treatment endpoint (M5) and shortly after AP
induction (M2). The lidocaine group exhibited significantly
greater decreases in amylase (79%) and lipase (87%)
levels than the control group, in which amylase and lipase
decreased by 60% and 70%, respectively.® Moreover, a
recently published experimental study revealed superior
efficacy of intraarterial infusion of 1% lidocaine solution
compared to low-molecular-weight heparin.®

Considering the cascade of pathological response in AP,
an aim of the present study was to determine whether
adding the protease inhibitor nafamostat to lidocaine
would improve the course of AP. Nafamostat affects
pancreatic enzyme activation and also inhibits phos-
pholipase A2, the complement, and fibrinolytic systems,
including thrombin, kallikrein, plasmin, and factors VIl and
IX. Moreover, it inhibits the production of pro-inflamma-
tory cytokines, reactive oxygen species, and proteolytic
enzymes.®2°2" Notably, in AP, thrombin stimulates the
production of endothelin, which is known to constrict the

pancreatic microcirculation, leading to the formation of
necrotic foci through intravascular coagulation.®2°

Therefore, it was hypothesized that pretreatment with
lidocaine would dilate the pancreatic microcirculation,
thus improving the penetration of nafamostat into
the pancreas. Additionally, it is believed that highly
concentrated nafamostat mesylate inhibits pancreatic
enzyme autoactivation and reduces endothelin-mediated
vasospasm and associated thrombotic events, eventually
enhancing the therapeutic effect of lidocaine alone.
However, the study showed that the CRAI of lidocaine
and subsequent infusion of nafamostat mesylate into the
celiac trunk was not superior to CRAI of lidocaine into the
celiac trunk alone. Furthermore, both lidocaine and the
combined treatment of lidocaine with nafamostat did not
show superior efficacy over control group.

The results of the present study are somewhat contradic-
tory to 2 previously published studies, which showed sig-
nificant efficacy of lidocaine in AP. However, both studies
that evaluated the course of mild edematous AP by assess-
ing the pancreatic enzyme levels after 1, 3, and 5 hours
following initiation of AP treatment, showed significant
impact of lidocaine on the course of AP.5¢ In the present
study, pancreatic enzyme levels were evaluated after 4, 8,
and 12 hours. All of these studies revealed that pancreatic
enzymes decreased naturally with time, even in the con-
trol groups. Considering the self-healing tendency of mild
edematous AP, the prolonged observation of pancreatic
enzyme dynamics might not have been sensitive enough
to pick up subtle changes in the course of AP, which is
influenced by lidocaine alone and by combined treatment
with lidocaine and nafamostat. Therefore, further studies
on severe AP model are warranted to define the influence
of either lidocaine or nafamostat on treatment outcomes.

Nevertheless, the study showed that both lidocaine and
combined treatment with lidocaine and nafamostat
significantly reduced the inflammatory processes and
necrosis in pancreatic and adipose tissue. Therefore, it
was hypothesized that lidocaine and nafamostat may
influence the course of AP, while theirimpact on final out-
comes has yet to be determined. Mikami et al*> examined
arat model of severe AP induced by 5% sodium taurocho-
late. They reported that the CRAI of nafamostat mesylate
significantly reduced serum levels of interleukin 6 (IL-6)
and trypsinogen activation peptide compared to those
in untreated controls. Moreover, histological examination
revealed decreased pancreatic necrosis in rats receiving
nafamostat infusion. Similarly, Keck et al>® highlighted the
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anti-inflammatory effect of nafamostat in a rat model of
cerulein-induced severe necrotizing AP. Furthermore,
some authors have reported a positive impact of nafamo-
stat on the course of AP in a clinical setting. Horibe et al*'
performed a meta-analysis of 8 observational studies and
reported that CRAI with protease inhibitors resulted in a
lower mortality rate and lower risk for surgical interven-
tion. In contrast, in a multicenter study of 1097 patients,
Horibe et al?* observed no impact of CRAI with protease
inhibitors on the mortality rate and the need for surgical
intervention. Similarly, using nationwide data from 414
patients, Hamada et al?® found that nafamostat adminis-
tered via CRAI did not reduce the mortality rate, and this
approach significantly increased the risk of interventions
due to complications of infection.

The histopathological findings showed a significantly
lower number of capillaries in the lidocaine-nafamostat
group compared to the NaClgroup, as well as a significantly
lower number of veins and arteries in both study groups
compared to the NaCl group. While the number of veins
and arteries seems unrelated to drug administration, since
none of these drugs act on such vessels, it is surprising
that the NaCl group had a significantly higher number of
capillaries, which are the target vessels for vasodilatory
drugs such as lidocaine. However, the type of estimation
used is far from perfect, and researchers are encouraged
to investigate the impact of vasoactive drugs further via
Doppler ultrasonography.

Despite the potential benefits, prolonged intraopera-
tive bleeding from the mesentery was observed in all
rats receiving nafamostat mesylate infusion. In con-
trast, no spontaneous intraoperative bleeding episodes
were found in rats that received only the lidocaine infu-
sion. Similar to the findings, some authors have also
reported hemorrhagic complications following nafa-
mostat mesylate infusion.?"?® However, nafamostat
was infused at 6 mg/kg (420 mg for a standard 70-kg
patient) for 1-2 minutes. In a clinical setting, this drug
is infused at 120-336 mg over a much longer period of
3-7 days.?! Therefore, it is believed that the extremely
short period of nafamostat infusion together with the
high dosage might have led to the high rate of intra-
operative bleeding. Histopathologically, neither the
pancreatic nor the adipose tissues in the study showed
signs of hemorrhage.

Despite the novelty in the design of the experimental
study, there are some significant limitations that must be
highlighted. Firstly, the study was based on only 16 rats,

which could have significantly influenced the strength of
the conclusions. Moreover, the expanded blood-test time
points at 4, 8, and 12 hours after the AP treatment proce-
dure may have significantly influenced the results due to
fast changes being overlooked within the shorter obser-
vation time.

Considering this together with the induction of mild
edematous AP (instead of severe AP), as well as the nat-
ural healing tendency of all rats (reflected by a gradual
decrease of pancreatic enzymes in all groups over time,
including NaCl group), no solid conclusions on the impact
of tested drugs on outcomes can be made. Moreover,
nafamostat is typically administered via longer-lasting
infusion, so the short-lasting infusion might have influ-
enced the efficacy of the drug in the experimental model
of AP. Therefore, despite this study being the first to
determine the effects of combined treatment with lido-
caine and nafamostat in AP, researchers are encouraged
to perform larger experimental studies on the topic, pref-
erably with longer nafamostat infusion.

The addition of nafamostat mesylate did not show any
superiority over lidocaine alone in the treatment of AP.
Considering the prolonged observation period and self-
healing tendency of mild edematous AP in rats, both
lidocaine and nafamostat do not impact outcomes of
edematous AP. Both lidocaine and nafamostat may
reduce the inflammatory and necrotic processes trig-
gered by AP, thus improving the course of AP. Further
studies on severe AP are warranted to determine the
influences of lidocaine and nafamostat on treatment
outcomes.
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