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Abstract

Pancreatitis is a condition characterized by parenchymal inflammation of the pancreas,
which is often associated with lung injury due to low level of oxygen and the condition
is termed as pancreatitis-associated lung injury (APALI). Clinical reports indicated that ~
20% to 50% of patients from low oxygen levels in blood to respiratory distress syndrome
(ARDS). ARDS is a severe form of acute respiratory failure (ALI), a pulmonary disease
with impaired airflow making patients difficult to breathe. ALI is frequently observed in
patients with severe acute pancreatitis. Approximately one third of severe pancreatitis
patients develop acute lung injury and acute respiratory distress syndrome that account
for 60% of all deaths within the first week. The major causes of ALI and ARDS are sepsis,
trauma, aspiration, multiple blood transfusion, and most importantly acute pancreatitis.
The molecular mechanisms of ALI and ARDS are still not well explored, but available
reports indicate the involvement of several pro-inflammatory mediators including cytokines
(TNF-0, IL-1, IL-6) and chemokines.like interleukin-8 (IL-8) and macrophage inhibitory
factor (MIF), as well as macrophage polarization regulating the migration and pulmonary
infiltration of neutrophils into the pulmonary interstitial tissue, in causing injury to the
pulmonary parenchyma. Acute lung injury and acute respiratory distress syndrome in acute
pancreatitis remains an unsolved issue and needs more research and resources to develop
effective treatments and therapies. However, recent efforts have tested several molecules
in an experimental model and showed promising results as a treatment option. The current
review is a summarized mechanism that is operational in pancreatitis-associated acute
respiratory failure and respiratory distress syndrome in patients and current treatment
options.
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Introduction

Acute respiratory failure (ALI) is a pulmonary disorder with
impaired airflow, and it is difficult to breathe primarily due to the
narrowing of the airways, termed airflow obstruction.!? The most
severe form of ALI, acute respiratory distress syndrome (ARDS).?
is frequently observed in patients with severe acute pancreatitis.**
ALI and ARDS can be distinguished on the basis of arterial oxygen
pressure and inspired oxygen concentration ratio (PaO2/Fi02); ALI is
defined as (PaO2/Fi02) < 300 mmHg, whereas ARDS is PaO2/Fi02)
<200 mmHg.>® Pancreatitis is inflammation of the parenchyma of the
pancreas in which acinar cell injury happens due to either poor dietary
habits or mutation in the trypsinogen gene, and subsequently an
accumulation of large numbers of inflammatory cells results such as
neutrophils, eosinophils, mast cells, monocytes, and macrophages.’ In
the initial phase of pancreatitis, the acute inflammatory responses that
take place in the pancreas also affect pulmonary organ systems. ALI
and ARDS frequently occur in severely affected acute pancreatitis
patients, although the exact incidence in acute pancreatitis is unknown
and there is a lack of complete understanding of the underlying
mechanisms of ALI and ARDS in acute pancreatitis. Acute lung
failure is the main contributing factor to early death in patients with

severe acute pancreatitis due to single or multiple organ failure.®®
Approximately one third of severe pancreatitis patients develops acute
lung injury (ALI) or acute respiratory distress syndrome (ARDS),
resulting in major health problems and accounting for approximately
60% of deaths from pancreatitis in the developed counties.'” The
annual occurrence of ALI in the US is 190,000, with 74,500 deaths
per year.!? Reports indicate that ALI is the consequence of systemic
inflammatory responses that control the magnitude of pulmonary
injury.%10

Mechanism of ALI and ARDS in pancreatitis

The major causes of ALI and ARDS include sepsis, trauma,
aspiration, multiple blood transfusions, and most importantly acute
pancreatitis.! There are two major phases known in the induction of
ALI and ARDS. Phase (I) is an exudative phase, in which several
events take place such as diffuse alveolar damage, type I pneumocyte
necrosis, and an influx of inflammatory cells and fluid into the
pulmonary interstitium. Phase (II) is a fibro-proliferative phase
that is mainly characterized by repair of lung, type II pneumocyte
hyperplasia, and proliferation of lung fibroblasts.>!"'> The molecular
mechanisms of ALI and ARDS is still not well explored, but available
reports indicate the involvement of several pro-inflammatory
mediators including cytokines (TNF-a, IL-1B, IL-6).>'3* and
chemokines.like interleukin-8 (IL-8) and macrophage inhibitory
factor (MIF).>"Sas well as macrophage polarization regulating the
migration and pulmonary infiltration of neutrophils into the pulmonary
interstitial tissue, causing injury to the pulmonary parenchyma.'® A
summarized mechanistic possible pathway involved in ALI is shown
as a diagrammatic representation in Figure 1.
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Figure | Mechanistic pathway involved in the induction of pancreatitis associated acute respiratory syndrome.

Neutrophils are the main immune cells primarily recruited to the
sites of pancreatic inflammation. Neutrophils are also considered to
play a key role in the progression of lung inflammation.> Several
experimental models of pancreatitis have been used to study the role
of neutrophils in lung inflammation. Improved survival rates and
significantly decreased histological changes in rats were observed
when antibody-depletion of peripheral neutrophils and blockage
of neutrophil adherence functions using anti-CD18 antibodies
were conducted.!” Further reports indicate administration of anti-
neutrophil serum significantly reduces microvascular permeability
and myeloperoxidase increase in the lungs of both experimental diet-
induced as well as cerulein-induced pancreatitis model.'*!* A very
recent report indicates that during AP, neutrophils that are recruited
to the pancreas may reverse migrate back into the circulation and
further contribute to ALIL. These reverse migrated neutrophils during
ALI are regulated by Junctional adhesion molecule-C (JAM-C),
and this process is termed reverse trans-endothelial migration
(rTEM) of neutrophils.*® Another interesting report examined the
process that neutrophils use to eliminate invading microorganisms
by expelling nuclear DNA and histones to form extracellular web-
like structures called neutrophil extracellular traps (NETs). These
NETs were depleted by administration of DNase I enzyme to mice
and revealed decreased neutrophil infiltration, reduced tissue damage
and inflammation in the pancreas and lung, and decreased levels of
blood amylase, macrophage inflammatory protein-2, interleukin 6,
and high-mobility groups protein-1.2! Further, downregulation of high
mobility group box 1 (HMGBI) protects against the development
of acute lung injury after severe acute pancreatitis via regulation of
nuclear translocation of NF-kB.?

Macrophages

Migration of neutrophils into the lungs is a characteristic feature
of ALI; however, native macrophages that reside in the pulmonary
alveoli and interstitium are also thought to play a crucial role in
the pathogenesis of ALI during severe acute pancreatitis.”*> The
cross talk of neutrophils and macrophages results in the release of

a number of cytokines and chemokines that further progress to ALI.
In general, there are two known types of macrophages, M1 and M2.
M1 macrophages, also known as classically activated macrophages,
are crucial effector cells and eliminate micro-organisms.?® M2
macrophages, also known as alternatively activated macrophages,
are mainly involved in regulating the resolution of inflammatory
responses.”’ In the lung, these macrophages are further sub-grouped
into alveolar, pleural, interstitial and intravascular macrophages.”*
Krausgruber et al.?® have shown that Interferon regulatory factor
5 (IRF5) is a major factor in defining macrophage polarization
and is a main regulator of polarization of pro-inflammatory M1
macrophages, inducing the expression of pro-inflammatory cytokines
which downregulate transcription of anti-inflammatory cytokines.?
A recent study has indicated that downregulation of IRF5 can
reverse the pancreatitis-induced activation of lung macrophages
from M1 phenotype to M2 phenotype in SAP associated with ALI.
Therefore, IRF5 is an attractive target for therapy of severe acute
pancreatitis (SAP) associated with ALI. However, the molecular
mechanisms of IRF5 in macrophage polarization should be further
studied.”® The activated macrophage-derived cytokine Resistin-
Like Molecule-a (RELM-a) is an important cytokine that promotes
inflammation in respective tissues. RELM-a belongs to a family of
small cysteine-rich secreted proteins.*® that negatively regulate lung
inflammation via limiting the pathogenesis of Th2 cytokine-mediated
pulmonary inflammation, in part through the regulation of CD4-T
cell responses.’! We earlier showed that induced RELM-a. promotes
lung and esophageal remodeling including fibrosis.?>** It has been
shown that RELM-a promotes lung injury in a rodent model of acute
pancreatitis via activation of PI-3K/Akt-NF-kB pathway via inducing
inflammatory cytokines like interleukin (IL)-1p, IL-6, IL-8, tumor
necrosis factor-a, and serum C-reactive protein.®. In the absence of
RELMoa, there is improved expression of proliferative cellular nuclear
antigen, Bcl-2, zonal occludin-1 and Claudin-1 in lung tissue in the
rat model of severe acute pancreatitis.>> These reports indicate that
RELM-a has an important role in promoting lung injury severity in
SAP by enhancing inflammatory cytokines.
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Cytokines and chemokines

Several cytokines and chemokines such as TNF-q, IL-1B, IL-6,
IL-8, MIF, and MCP-1 play crucial roles in acute pancreatitis-induced
lung inflammation.' TNF-a is a pleiotropic cytokine that acts as a
key regulator of inflammation.***” and is secreted by pancreatic acinar
cells after an inflammatory trigger.***! Several reports have shown
TNF-a plays an essential role in the pathogenesis of acute pancreatitis
and contributes inflammatory responses to disease pathogenesis. 4042
TNF-o activates neutrophils that cause lung inflammation and
dysfunction to other distal organs.* Down-regulation of TNF-
associated factor 6 (TRAF-6) is associated with progression of
acute pancreatitis complicating lung injury in mice.” IL-1p is also
believed to play a role in the pathogenesis of pancreatitis associated
lung inflammation. Mice lacking IL-1f converting enzyme (ICE/
caspases 1) have impaired IL-1f secretion and failed to develop acute
pancreatitis and associated lung injury and have dramatic survival
benefits.*. Interestingly, IL-1 receptor knockout and TNF-a receptor
knockout mice failed to develop lung injury as compare to wild-
type animals." IL-6 is a very important pro-inflammatory cytokine
involved in inflammation and immune responses.* and is known to
be elevated in the serum during acute pancreatitis as compared to
normal individuals.**” CINC/IL-8 (Cytokine-induced neutrophil
chemoattractant CINC in mice and analogous to Interleukin-8 in
human) is a major chemoattractant of neutrophils in the lungs and
its increased levels have been found in the lungs of patients with
ARDS. The use of neutralizing anti-CINC antibody in a cerulein-
induced experimental model of acute pancreatitis revealed protective
effects in the lungs.* Macrophage migration inhibitory factor (MIF)
is released by T lymphocytes, monocytes, macrophages and epithelial
cells and is a pro-inflammatory cytokine and an important regulator
of innate immunity.” MIF mediates its pro-inflammatory activities
by Toll-like receptor 4 (TLR4), resulting in the production of many
pro-inflammatory cytokines, such as IL-6, IL-1p, IL-8, TNF-a.* MIF
is evolving as a critical key molecule in the pathogenesis of acute
pancreatitis and pre-treatment with anti-MIF antibodies improved
the survival of rats with AP.>! Serum MIF levels are also found to be
significantly higher in severe AP than inmild AP or in healthy controls.>!
The presence of MIF in the alveolar airspaces of patients with ARDS
suggests that MIF may act as a mediator sustaining the pulmonary
inflammatory response in ARDS, and that an anti-MIF strategy may
represent a novel therapeutic approach in inflammatory diseases such
as ARDS." IL-22, a member of the IL-10 cytokine family, showed
anti-inflammatory properties like IL-10 and protects mice from acute
pancreatitis induced by caerulein and by a choline-deficient diet
supplemented with DL-ethionine (CDE).* A similar protection by
IL-22 is also observed in severe acute pancreatitis (SAP)-associated
lung injury induced by L-arginine in an experimental model. IL-22
mediates its protective effect by increasing the expression level of
anti-apoptosis genes, such as Bcl-2 and Bcl-xL, through the STAT3
signaling pathway.**

Current approaches for treatment of severe acute
pancreatitis (SAP) associated Acute respiratory
failure (ALI)

Acute lung injury and acute respiratory distress syndrome in acute
pancreatitis remains an unsolved issue and needs more research and
resources to develop effective treatment therapy. However, recent
efforts have tested several molecules in experimental models and
showed promising results as treatment options. The significance of
some of these molecules we present in this review.
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Kynurenine 3-monooxygenase inhibitors

Kynurenine 3-monooxygenase (KMO) is an enzyme of tryptophan
metabolismandcatalyzesthe conversionof L-Kynurenineto 3-hydroxy-
L-Kynurenine which causes oxidative stress.* and induces apoptosis.*®
KMO is an important branch point in the kynurenine pathway and
an attractive drug target for immunological, neurodegenerative,
and neuro-inflammatory diseases.’’” Kynurenine is reported to
contribute to acute lung injury in an acute pancreatitis model of rats
and increased levels of Kynurenine have been reported in the blood of
severe acute pancreatitis patients.” Interestingly, a very recent study
by Mole and coworkers has generated global KMO knockout mice
which are protected against extra pancreatic tissue injury to lung,
kidney, and liver in experimental acute pancreatitis-multiple organ
dysfunction syndrome (AP-MODS). Additionally, treatment with
GSK180, a specific and potent KMO inhibitor, resulted in regulation
of metabolites of the kynurenine pathway and showed promising
therapeutic protection against AP-MODS in a rat model of AP.*These
findings indicate KMO inhibition may serve as a novel therapeutic
strategy in the treatment of AP-MODS (including lung injury) and
provide a new avenue for drug discovery to cure the pathogenesis of
AP-induced multiple organ failure.

Caspase inhibitor

Pulmonary apoptosis is an important pathogenic mechanism
of acute lung injury during acute pancreatitis. Caspase-1/ICE is a
member of the family of cysteine proteases called caspases that play
major roles in regulating apoptosis. ICE generates active IL-1f from
its precursor and induces the activation of IL-6 and IL-18. Therefore,
activation of Caspase-1 and thus overproduction of IL-1f8 and IL-
18 in the lungs plays an important role during ALI and ARDS in
SAP. Interestingly, ICE inhibitors (such as Ac-Tyr-Val-Ala-Asp-2,6-
dimethyl benzoyl oxymethyl ketone) are effective for the treatment of
ALI in experimental SAP.® A recent report showed the caspase
inhibitor zZVAD-fimk to protect against acute pancreatitis-associated
lung injury via inhibiting the levels of MPO, TNF-a, IL-1f, and
caspase-3.9! These findings indicate that apoptosis plays a critical role
in acute pancreatitis-associated lung injury, and inhibition of caspase
activity may serve as a new therapeutic approach for the treatment
of acute pancreatitis-associated lung injury, however the detailed
mechanism need to be explored further.

Resolvins

Resolvins are new group anti-inflammatory derivatives of lipids
such as eicosapentaenoic acid and docosahexaenoic acid with two
chemically unique structural forms, the E-series and D-series of
resolvins. E-series member resolvin E1 reduces inflammation in vivo
and blocks human neutrophil transendothelial migration.®> Resolvin
D1 as an endogenous anti-inflammatory lipid mediator has been
confirmed to protect against many inflammatory diseases.® Resolvin
D1 protects against inflammation in experimental acute pancreatitis
and associated lung injury.® RvD1 can improve injury of the pancreas
and lung by exerting anti-inflammatory effects through the inhibition
of NF-«kB activation in experimental acute pancreatitis, with more
notable protective effects in severe acute pancreatitis. This recent
finding indicates that RvD1 may constitute a novel therapeutic
strategy in the management of severe acute pancreatitis.*

Phytocompounds used for treatment of SAP

associated lung inflammation

Severalphytochemicalshavebeenreported with various beneficial
effects and they have been utilized in a variety of complementary
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and alternative approaches or as natural remedies over the past
decades. The most beneficial aspect of these phytochemicals is the
lack of side effects. Therefore, in search of more treatment options for
SAP associated ALI, researchers have tested several phytochemicals
such as resveratrol.*> and apigenin.® in experimental models and these
phytochemicals have revealed promising protective potential for the
treatment of SAP associated ALI.

Resveratrol

Resveratrol (3,5,4'-trihydroxy-trans-stilbene) is a stilbenoid,
a type of natural phenol, and a phytoalexin and is mainly found in
grapes. Resveratrol has anti-inflammatory and anti-oxidant properties
and its beneficial effect on severe acute pancreatitis has been reported
in an experimental model.*”*® Resveratrol is converted to dihydro-
resveratrol by gut microbes when taken orally.* Interestingly, dihydro-
resveratrol reduces pancreatic oxidative damage during experimental
pancreatitis.” In addition to this, dihydro-resveratrol showed
protective effects against lung injury in rats with cerulein-induced
acute pancreatitis.®® These findings indicate that dihydro-resveratrol
may hold a promising therapeutic potential for the treatment of lung
injury during acute pancreatitis.

Apigenin

Apigenin (4',5,7-trihydroxyflavone), a natural product belonging
to the flavone class, is found in many plants. The role of apigenin in an
experimental model of acute pancreatitis has been tested and results
indicate oral apigenin administration in rats, following experimentally-
induced pancreatitis, seems to protect the pancreatic tissue. Thus,
apigenin administration to humans could potentially ameliorate damage
to the pancreas.” Apigenin is also effective in experimental chronic
pancreatitis where it inhibits the activity of pancreatic stellate cells.”
Furthermore, apigenin attenuates lung inflammation in experimentally
induced acute pancreatitis. Results indicate improvement of lung tissue
damage following apigenin administration. Apigenin reduces most
histopathological alterations of the pulmonary tissue and decreases
MPO and TNF-a activity.®

Omega -3 fatty acids (®-3FA)

®-3FA, which are major components of fish oil-supplemented
parenteral nutrition, offers a potential positive effect on the anti-
inflammatory response. Several animal studies have also shown that
®-3FA can have an anti-inflammatory role in pancreatitis.”>’* A recent
study indicates a protective effect of ®-3FA during the initial stage
of SAP; ©-3FA can efficiently lower the inflammatory response and
reduce lung injury by triggering the toll-like receptor 4 / nuclear factor
kB p56 (TLR4/NF-kBp56) signal pathway.”

Conclusion

Taken together, the current review provides a summarized
understanding of acute respiratory disorders such as ALI and ARDS
during acute pancreatitis and remains an unsolved problem that needs
more research and attention of investigators. Currently, there is lack
of complete understanding of the underlying pathophysiological
mechanisms of ALI/ARDS and vigorous effort is required to explore
better treatment options. We provided details of involvement of key
cells, pro-inflammatory cytokines and chemokines, and available
treatment options to protect against lung injury and acute pancreatitis.
The information provided in this review might be useful for
investigators to focus on as we describe the cells and their associated
mediators that might be helpful for future strategies for diagnostic and
therapeutic interventions in the treatment of pancreatitis associated
ALI/ARDS.
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