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Abstract: Acute pancreatitis (AP) is one of the common acute abdominal inflammatory
diseases in clinic with acute onset and rapid progress. About 20% of the patients will
eventually develop into severe acute pancreatitis (SAP) characterized by a large number of
inflammatory cells infiltration, gland flocculus flaky necrosis and hemorrhage, finally indu-
cing systemic inflammatory response syndrome (SIRS) and multiple organ dysfunction
syndrome (MODS). Pancreatic enzyme activation, intestinal endotoxemia (IETM), cytokine
activation, microcirculation disturbance, autonomic nerve dysfunction and autophagy dysre-
gulation all play an essential role in the occurrence and progression of SAP. Organ dysfunc-
tion is the main cause of early death in SAP. Acute kidney injury (AKI) and acute lung injury
(ALI) are common, while cardiac injury (CI) is not, but the case fatality risk is high. Many
basic studies have observed obvious ultrastructure change of heart in SAP, including
myocardial edema, cardiac hypertrophy, myocardial interstitial collagen deposition.
Moreover, in clinical practice, patients with SAP often presented various abnormal electro-
cardiogram (ECG) and cardiac function. Cases complicated with acute myocardial infarction
and pericardial tamponade have also been reported and even result in stress cardiomyopathy.
Due to the molecular mechanisms underlying SAP-associated cardiac injury (SACI) remain
poorly understood, and there is no complete, unified treatment and sovereign remedy at
present, this article reviews reports referring to the pathogenesis, potential markers and
treatment methods of SACI in recent years, in order to improve the understanding of cardiac
injury in severe pancreatitis.

Keywords: severe acute pancreatitis, cardiac injury, cardiac dysfunction, inflammatory
mediators, biomarkers, treatment

Introduction

AP is a rapid onset of abdominal inflammation, which is the most common
gastrointestinal cause of hospitalization or death in China and many other countries.
Most patients with mild AP recover completely after conservative treatment.
However, about 20% of patients may advance to SAP,' with rapid and persistent
progression to SIRS and MODS, poor prognosis and mortality as high as 30%
(Figure 1).2
inflammation.® Studies have shown that AP, regardless of its severity, is accom-

The heart is one of the target organs vulnerable to pancreatic

panied by cardiac injury, and the degree of injury is correlated with the clinical type
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Figure | Data related to acute pancreatitis. (A and B): proportion and mortality in acute pancreatitis of different severity. (C and D): proportion and mortality of acute

pancreatitis complicated with organ failure.

of AP. Mild acute pancreatitis (MAP) is accompanied by
slight myocardial injury, which is transient and can
recover by itself. SAP is usually complicated with severe
myocardial injury and dysfunction. At present, there is no
specific or uniform definition of acute pancreatitis-
associated cardiac injury. In 1971, Lovett* first reported
that acute pancreatitis could lead to myocardial dysfunc-
tion, characterized by impaired myocardial contractile
function, decreased ejection fraction, poor contraction
response to volume load, decreased peak systolic pres-
sure/end-systolic volume ratio and an enlarged heart.
Later, an increasing number of studies have shown that
patients with pancreatitis will suffer from cardiac injury.
For instance, in a prospective clinical research that
recruited 52 consecutive patients with AP, electrocardio-
graphic and echocardiographic changes were observed in
more than 50% of patients with AP, and prolonged QTc
interval, pericardial effusion and diastolic dysfunction
were associated with higher mortality.” Furthermore, in
a study investigating the incidence of organ failure in
SAP, it was found that 61.7% of the patients suffer multi-
ple organ failure (MOF), and 26.6% had single organ
failure, including the respiratory system (35.1%), the car-
diovascular system (22.3%), the gastrointestinal tract
(19.1%), the liver (15.9%), the kidney (14.9%), the neu-
rologic and hematological system (8.5%).° Likewise, in

another related study, the incidence of myocardial

infarction (MI) induced by SAP was as high as 60.5%.’
Other synchronized manifestations of myocardial dysfunc-
tion, such as altered cardiac input/output ratio, troponin
imbalance, arrhythmia, cardiogenic shock, myocarditis and
other types of MIs have also been reported in patients with
SAPH !0 In addition, Saulea et al'' observed obvious
pathological ultrastructure damage such as microcircula-
tion vessels destruction, interstitial edema, matrix collage-
nization, excessive contraction of myofibrils and
cardiomyocytes hypoxia, edema and hypertrophy in the
heart of experimental AP rats (Table 1).

Worldwide, despite advances in medical treatment,
imaging and interventional technology, the incidence of
AP continues to increase. The incidence of AP in the
United States has risen to approximately 45 per 100,000
people, while that in Britain has increased from 6.9 to
75 per 100,000 men and from 11.2 to 48 per 100,000
women.'? Cardiac injury in AP is challenging to treat,
death risk of AP

A comprehensive and systematic understanding of the

which greatly increases the
occurrence and development of SAP-associated cardiac
injury, as well as early and rapid diagnosis, are helpful
for effective targeted treatment to reduce mortality. Thus,
we summarize the main mechanism of myocardial dys-
function in SAP, evaluate the potential diagnostic markers,
and briefly outline the current treatment strategies and
potential future methods, to provide guidance of great

3146

Dove!

Journal of Inflammation Research 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove

Luo et al

Table | Characteristics of Severe Acute Pancreatitis-Associated Cardiac Injury

Characteristics Supplements

Check Type References

Cardiomyocytes: a rough
type, hypoxia, edema, calcium

hypertrophy and apoptosis

Over contracted myofibrils caused by supercharging with

Deficiencies in the sarcolemma structure.

Affection of the microcirculation vessels structure

Histopathological | [I1,30,38,45,47,67,82,88,116]

changes

Myocardium stroma: edema Deficiencies in the sarcoma structure

and collagenization

compensatory response of connective tissue to lesions

[11,39,46,47,82]

Electrocardiogram Arrhythmia: prolonged QTc interval

Biochemical examination CK-MB, LDH, cTnl

Echocardiography

enlarged heart and pericardial effusion

Myocardial contractile dysfunction: decreased ejection
fraction, poor contraction response to volume load,

decreased peak systolic pressure/end-systolic volume ratio,

Laboratory and [5,135,155]
imaging changes
ging g [I14,161]
[4,30]

Other complications

and thickening of alveolar septum

Increased blood flow and permeability of pulmonary

capillaries, increased adhesion and infiltration of leukocytes

Histopathological [14,52,106,119,122,165]

changes

Decreased renal blood flow and acute renal failure

[6,122,164]

significance for clinicians to conduct treatment work and
scientific research.

The pathogenesis of SACI is hugely complex, and it is
a process of inflammatory injury induced by multi-factors,
multi-links and multi-organs. We summarized the patho-
logical mechanism of SACI into the following three main
links (Figure 2): 1) The local inflammation of the pancreas
caused by the acinar cell injury and trypsin release in the
early stage of AP give rise to the release of many inflam-
mation-related mediators through cascade effects, leading
to SIRS, laying the groundwork for subsequent organ fail-
ure (including cardiac injury). 2) The intestinal barrier is
damaged, and endotoxin enters the blood, which causes
infectious pancreatic necrosis and aggravates the injury of
extra-pancreatic organs (including the heart) 3) The

mechanism of cardiac vascular and nerve injury in SAP.

Systemic Inflammatory Response in
SAP

Studies at home and abroad have shown that distant organ
failure caused by SAP is closely related to SIRS, in which
the homeostasis imbalance caused by excessive production of
trypsin, cytokines (TNF-a, IL-1p, IL-18 and IL-6) and inflam-
matory transmitters (NO, ROS and HMGB1) is the main factor
of myocardial injury in AP. These inflammation-related factors
regulate and induce each other and jointly cause abnormal

electrical activity of cardiomyocytes, mitochondrial damage,
energy metabolism disorder, systolic myocardial dysfunction,
myocardial hypertrophy, fibrosis and apoptosis by activating
complex signal pathway networks (Figure 3).

Pancreatin

Pancreatin is one of the earliest mediators considered to
trigger SIRS by SAP. As early as the 1950s, some scholars
put forward that pancreatin could move along the tissue plane
to bring about pseudocyst and tissue damage at distal organs.
Such movement of pancreatin may cause direct myocardial
injury,'? resulting in the increasing of cardiomyocyte perme-
ability, secondary electrical interference and cell necrosis to
destroy the structure and function of the normal myocardium.
Dan et al'* measured trypsin levels in serum, jejunum, lung
and heart of septic model rats, rats with a protease inhibitor
(ulinastatin) and control rats. They found that trypsin levels
in serum, jejunum, lung and heart of model rats were sig-
nificantly higher than those in the control group and
decreased significantly after administration of ulinastatin.
The level of serum trypsin was negatively correlated with
the expression of two intestinal barrier function-associated
proteins (mucin-2 and E-cadherin) but positively correlated
with inflammation indices such as TNF «, IL-6 and neutro-
phil elastase. These data suggest that trypsin is closely related
to intestinal barrier dysfunction, lung injury and heart injury
during systemic inflammation. In addition, trypsin has been
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Figure 2 Pathophysiological mechanisms influencing the development of cardiac injury in SAP. Various risk factors (gallstones, alcohol, diet and drugs) cause acinar cell
damage and the release of pancreatic hydrolase, leading to excessive activation and autocrine of macrophages and neutrophils, resulting in the accumulation of a large
number of pro-inflammatory factors. Then the local inflammation at the lesion is amplified through the inflammatory cascade effect, which eventually results in necrosis and
hemorrhage of most pancreatic tissue, releasing more and more cytokines, and induces hypercytokinemia (a cytokine storm). As the disease progresses and pancreatic
inflammation involves the intestine, it causes dysfunction of intestinal barrier, which leads to the migration of intestinal flora to the pancreas and blood, followed by
pancreatic infection and sepsis. These high levels of risk factors (including trypsin, endotoxin and cytokines) in the blood can damage vascular endothelial cells, trigger
systemic inflammatory response, lead to myocardial microcirculatory disturbance, autonomic nerve dysfunction and abnormal autophagy, and eventually result in myocardial

injury and cardiac dysfunction.

reported to alter platelet adhesion and affect the coagulation
system, leading to coronary thrombosis and myocardial
ischemia.'*"'> Masuda et al'® also found that utilizing urinary
trypsin inhibitor (UTI) may contribute to the recovery of
cardiac function after ischemia/reperfusion (I/R) by reducing
the severity of mitochondrial dysfunction and maintaining
energy production during a state of shock. Similarly, Mauro

et al'’

proved that plasma-derived a-1 anti-trypsin offers
cardioprotective effects by inhibiting inflammasome activa-
tion. Besides trypsin, pancreatic lipase may also be a factor

that cannot be ignored in SAP-associated cardiac injury. The

presence of mature adipocytes in the myocardium is
a sufficient substrate for pancreatic lipase-induced steatone-
crosis. Roncati et al'® observed steatonecrosis in areas of
lipomatous infiltration of the heart following acute exacerba-
tion of latent chronic pancreatitis, but the specific injury

mechanism still needs much research to support.

TNF-a

Relevant research found that TNF-a increased obviously
in serum of patients with AP, reaching the peak on the
first day of MAP while on the fourth day in patients with
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Figure 3 The specific pathways of myocardial injury and cardiac dysfunction caused by inflammation-related factors. DAMPs and PAMPs such as HMGBI, ATP and endotoxin
from the pancreas and intestine act on membrane receptors such as TLR and P2X7R to recruit inflammatory cells (macrophages, neutrophils and dendritic cells) in serum,
activate classical inflammatory pathways such as NF-kB and NLRP3 inflammasome in inflammatory cells, release a large number of pro-inflammatory cytokines, and form
a cascade reaction (upper). These inflammatory factors eventually act on cardiomyocytes, causing myocardial energy metabolism disorder, systolic myocardial dysfunction,
myocardial hypertrophy, apoptosis and fibrosis through a complex network of signaling pathways (lower).

SAP." Therefore, dynamic monitoring of TNF-a is sup-
posed to evaluate the severity of AP. Many experimental

studies have revealed that TNF-a has a negative inotropic

0

effect on the heart in vivo,”° and this decreased

contractility may be related to abnormal energy metabo-
lism of the myocardium. Hofmann et al*' found that TNF-
o not only showed immediate negative inotropic effects
but also increased oxygen demand in the myocardium of
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human right atrial. They suggest that TNF-a impairs myo-
cardial contraction by affecting the chemico-mechanical
energy transduction of cardiomyocytes. On the one hand,
TNF-a
mechanical energy transduction through the sphingosine-
mediated pathway.”> On the other hand, Gellerich and
Trumbeckaite™ also showed that TNF-a could cause mito-

could immediately suppress the chemico-

chondrial dysfunction and energy metabolic disorder in
cardiomyocytes by inhibiting complex I and complex II
activity in the mitochondrial intima. Jude et al** further
verified that TNF-a has a negative inotropic effect on
isolated rat hearts and can induce PKC activation, result-
ing in impaired cardiac contractility. More importantly,
some studies'® have shown that TNF-a could lead to
abnormal myocardial electrical activity through NO-
dependent pathway.

Interleukin (IL) Family

IL-1P belongs to IL-1 family (IL-1F), mainly produced by
activated monocytes-macrophages and endothelial cells,
and is involved in many systemic and acute injury reac-
tions. Serum IL-1B levels in patients with AP were sig-
nificantly increased and continued to elevate with the
aggravation of AP.*> The high level of IL-1f in serum of
patients with AP in the later stage may be the main cause
of various cardiac injuries. Studies of Chamberlain®® and
Kirii*” have demonstrated the atherogenic property of IL-
1B, leading to ischemic myocardial injury. Lack of IL-1B
can reduce the severity of atherosclerosis in model mice,
possibly achieved by decreasing the expression of vascu-
lar cell adhesion molecule 1 (VCAM-1) and monocyte
(MCP-1)
Khoury et al*® have shown that IL-1f can also down-

chemoattractant protein 1 in the aorta.”®
regulate L-type calcium channels on myocardial cell
membranes, which is a determinant of action potential
duration and is related to the excitation-contraction cou-
pling of cardiac myocytes. Therefore, IL-1p can influence
systolic cardiac function through calcium channels.
Another study indicated that IL-1f activates caspase-3 to
promote cardiomyocyte apoptosis by releasing cyto-
chrome C (Cyt C) into the cytoplasm.30 In addition,
a growing number of studies have observed a significant
IL-1B IL-18 in
myocardium.®’ This phenomenon is probably due to the

up-regulation of and infarcted
release of endogenous danger signals (such as ATP)
derived from injured and necrotic cardiomyocytes, which
activates a strong inflammatory reaction that exacerbates

and prolongs cardiac damage while removing necrotic

cells and matrix debris. This intense inflammatory reac-
tion is mediated by a protein complex called NLRP3
inflammasome.>®  Nucleotide-binding  oligomerization
domain-like receptor protein 3 (NLRP3) inflammasome
is composed of NLRP3 protein, apoptosis-associated
speck-like protein containing CARD (ASC) and pro-
caspase-1. When NLRP3 inflammasome is activated in
response to extracellular signals, pro-caspase-1 can be
cleaved and activated. Activated caspase-1 can induce
cell pyroptosis and release inflammatory factors by cleav-
ing GSDMD protein, pro-IL-1p and pro-IL-18.*

The animal study by Toldo et al** showed that IL-1pB
caused a remarkable increase in IL-18, and the myocardial
contractile dysfunction induced by IL-1p was attenuated
after applicating IL-18 receptor blockers, suggesting that
the effect of IL-1B on myocardial contractile function may
be realized by up-regulating the level of IL-18. IL-18 is
also a member of IL-1F, which mainly comes from mono-
cyte-macrophages. According to the research of Janiak
et al,*> the level of IL-18 in serum of patients with AP
on the 1st, 3rd and Sth day after admission was signifi-
cantly higher than that in the healthy control group, and
the concentration of IL-18 was positively correlated with
C-reaction protein (CRP). IL-18 is therefore considered to
be an early indicator of the severity of AP. Mallat et al*°
observed an increase in plasma IL-18 concentrations of
patients with acute coronary syndromes related to the
severity of myocardial dysfunction. The pathological role
of IL-18 in unstable coronary artery disease and ischemic
myocardial dysfunction mainly refers to the following
reasons: (1) promotes atherosclerotic plaque instability
and systemic inflammatory responses by activating mono-
cytes/macrophages, lymphocytes and endothelial cells. (2)
IL-18 up-regulates expression of endothelial cell adhesion
molecules and generation of pro-inflammatory mediators
such as IL-1B, IL-8, TNF-a and inducible nitric oxide
synthase (iNOS), enlarging the scope of myocardial
inflammatory injury.>’ (3) enhances the exogenous apop-
tosis pathway by inducing the expression of death receptor
Fas on cardiomyocyte membrane. Yoshida et al*® further
verified that IL-18 could lead to myocardial necrosis and
myocardial vascular endothelial injury by enhancing the
effect of TNF-a. Furthermore, the activated IL-18 com-
bines with its receptors (o and P subunits) to form
a ligand-receptor complex which could activate the PI3K-
Akt-GATA4 pathway, which leads to hypertrophy and

increases osteopontin (OPN), which leads to fibrosis,*”
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playing a crucial role in triggering myocardial inflamma-
tion and remodeling.

Sternby et al**

analyzed 232 patients with AP, showing
that the serum IL-6 concentration of SAP patients was
significantly higher than that of MAP patients. Another
study indicated that plasma IL-6 is implicated in the inci-
dence of cardiovascular events in AP patients complicated
with peritonitis treated by peritoneal dialysis,*' which
further confirms that IL-6 may play a certain role in AP-
associated cardiac injury. The bulk of the evidence sug-
gested that IL-6 is continuously up-regulated in various
experimental models of cardiac injury and heart failure.**"
44 IL-6 binds to the IL-6R on the surface of cardiomyo-
cytes and subsequently associates with gpl130, which
dimerizing and activating Janus kinases and triggering
STAT3 phosphorylation. Continuous gpl130/STAT3 signal-
ing enhanced the inflammation and myocardial hypertro-
phy of remodeling infarcted hearts, characterized by
increased myocardial stiffness and decreased contractile
force.*> Wang et al*® uncovered that IL-6 might induce
cardiac fibroblast proliferation, differentiation and fibrosis
by activating MMP2/MMP3 signal mediated by TGF-1.
Also, IL-6 has a vital role in myocardial hypertrophy,
fibrosis and apoptosis induced by angiotensin II (AngII).*’

IL-10 is a natural anti-cytokine and the most important
known anti-inflammatory cytokine, which can inhibit the
production of TNF-a, IL-1, IL-8, IL-12 and other cyto-
kines, and the release of oxygen-free radicals.*® Zhang®’
found that compared with normal control rats, the pro-
inflammatory factor TNF-a increased significantly, and
the anti-inflammatory factor IL-10 decreased significantly
in rats with SAP. After heme treatment, the oxidative
stress and TNF-a levels in plasma and tissues were sig-
IL-10 was
increased, suggesting that induction of heme oxygenase

nificantly reduced, while significantly
—1 (HO-1) in the early stage of SAP can regulate systemic
inflammatory response by inhibiting TNF-a and increasing
IL-10, and prevent pancreatic and distant organs from
injury. Van Laethem JL and MarchantA>® also verified
the potential protective effect of IL-10 in rats with acute
necrotizing pancreatitis (ANP). They found that recombi-
nant IL-10 can reduce the severity of experimental acute
pancreatitis by reducing acinar cell necrosis and TNF-a
gene expression, suggesting potential treatment strategies.
TGF-B1 has both pro-inflammatory and anti-inflammatory
effects and exerts immune enhancement activity in some
tissues while showing immune suppression in systemic

51 152

circulation.”” Kulkarni et a have demonstrated that

TGF-B1 plays an important role in homeostatic regulation
of immune cell proliferation and extravasation into tissues.
They observed excessive inflammatory response in TGF-
B1 null mice, and a large number of lymphocytes and
macrophages infiltrated many organs, especially in the
heart and lungs.

NO and NOS
TNF-a and IL-1B exert enormous function on SAP-
associated cardiac injury, while nitric oxide (NO) and
nitric oxide synthase (NOS) are secondary agents of car-
diac inhibition in SAP.>*** Andican et al®® found NO
increased in both pancreas and circulation in AP, and NO
contributed to the pathogenesis of AP under oxidative
stress. Extensive experimental studies have revealed the
specific mechanism of NO-induced myocardial injury.
According to the study of Ichinose & Buys,’® NO could
induce the generation of a large number of cytotoxic sub-
stances (eg, peroxynitrite) in vivo, leading to myocardial
dysfunction. Besides, DavidL>’ discovered that high NO
could also promote the release of inflammatory factors and
the accumulation of intracellular Na*/Ca*" in cardiomyo-
cytes through cyclic guanosine monophosphate (cGMP)
signaling pathway, thus inhibiting myocardial contrac-
tion/relaxation function. It is worth noting that experimen-
tal studies on NO’ role in cardiac injury also produced
conflicting findings. NO can also restrict cardiac remodel-
ing after an infarction, thus promoting cardiac protection
under post-ischemic conditions. This dual effect of NO on
the heart may be due to the dose-dependent effect and the
regulatory effect of different NOS subtypes of NO. A low
concentration of NO and a small amount of cGMP inhib-
ited phosphodiesterase III to prevent the hydrolysis of
cAMP.>® Subsequently, the activation of protein kinase
A (PKA) followed by accumulated cAMP leads to the
opening of Ca”?" channel in the sarcoplasmic reticulum
and depolarization of myocyte membrane potential,
thereby enhancing myocardial contractility. However,
high NO concentration caused a corresponding increase
in cGMP, activating protein kinase G (PKG) and leading to
cardiac depression by blocking calcium channels in the
myocardium.”® NO is mainly produced by three kinds of
NOS, including inducible NOS (iNOS), neuronal NOS
(nNOS) and endothelial NOS (eNOS).%° iNOS is generally
believed to take part in myocardial injury under various
pathological conditions such as ischemia-reperfusion
injury, sepsis, aging, myocardial infarction and heart fail-
c¢GMP-dependent and/or

ure through independent
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nNOS s
cardiomyocytes,®' which is involved in modulating B adre-

pathways. constitutively — expressed in
nergic receptor pathway.®” Myocardial nNOS expression
and activity increased in failing hearts, raising the possi-
bility of left ventricular (LV) remodeling progression and
functional deterioration after myocardial infarction (MI).®®
eNOS plays a potential role in regulating cardiomyocytes
homeostasis, especially in the early stage of myocardial
suppression. eNOS in the myocardium produces NO,
which modifies calcium channel to inhibit calcium entry
and induce myofibril relaxation, which has great effects on
preventing myocardial dysfunction induced by sepsis.®*
Likewise, alprostadil relieved myocardial ischemia/reper-
fusion injury by promoting antioxidant activity and eNOS

activation in rats.®

All above research supported the
notion that NO have different regulatory and dose-
dependent effects, and there is a physiological balance
among NO, superoxide and peroxynitrite in subcellular
compartments. Possibly, a holistic understanding of the
biological complexity and properties of NO and its derived
active nitrogen species could provide a more specific and

effective treatment targets for myocardial injury.

ROS and Mitochondria Dysfunction

Overproduction of reactive oxygen species (ROS) is also
one of the critical causes of cardiac injury in SAP.
Braganza et al°® found that oxidative stress has pervaded
the vascular compartment by the time of admission in
patients with acute pancreatitis by analyzing admission

blood samples. Wen et al®’

found that the protein level
and protein activity of Nox2 and Nox4 in myocardial
tissue of SAP rats were significantly higher than sham-
operated rats, suggesting that Nox2 and Nox4 were abnor-
mally activated in myocardial injury induced by SAP. This
elevation of these enzymes directly mediates ROS produc-
tion, increases oxidative stress, promotes apoptosis and
finally leads to myocardial injury. 1-oxyl-2,2,6,6-tetra-
methyl-4-hydroxypiperidine  (tempol), a membrane-
permeable radical scavenger, could significantly reduce
the intensity of inflammation and oxidative stress and
improve the morphological damage and exhibits anti-
inflammatory and cardioprotective effects in the cerulein-
induced pancreatitis rats.®® Excessive oxidation of lipid by
ROS leads to serious membrane damage of cardiomyo-
cytes. The main mechanism is that ROS attacks the unsa-
turated double bonds of polyunsaturated fatty acids in
phospholipid of cell membrane, arouses the chain and

proliferation reaction of free radicals to form a series of

lipid-free radicals and the degradation products malondial-
dehyde, which will further reduce the fluidity and increase

membrane.®’

the permeability of cardiomyocytes
Meanwhile, ROS-mediated lipooxidative damage is also
one of the crucial mechanisms causing Ca®" channel dys-
function. ROS can selectively act on L-type calcium chan-
nels, preventing the flow of extracellular Ca®" into cells.”
The IP3 receptor, Ryanodine receptor and Na'-Ca®"
exchanger in endoplasmic reticulum, proteins associated
with Ca*' channel, are also regulated by redox.”' 7’
Studies have shown that the calcium sensitivity of myo-
cardial fibers decreases during sepsis, which may be
related to the activation of ROS-related apoptosis signal-
(ASK-1)

T phosphorylation.”*”> In addition, ROS initiates the tran-

regulating kinase-1 and troponin
scription of many inflammatory factors by participating in
the regulation of NF-kB signaling pathway, which aggra-
vates the local inflammatory reaction of myocardium.’®”’®

Myocardial mitochondrial membranes contain more
unsaturated fatty acids than other plasma membranes and
are the most sensitive to lipid peroxidation.””*° When the
isolated heart tissue was exposed to the solution that
produces ROS, it was observed that mitochondria ser-
iously swelled and even disintegrated. Mitochondria dys-
function leads to impaired ATP synthesis, and this energy
disorder of cardiomyocytes induces decreased contractile
function.®*'  Furthermore, mitochondrial ~ dysfunction
resulted in long-term accumulation of oxygen-derived-
free radicals, which eventually caused catastrophic
destruction and functional loss of mitochondrial DNA
(mtDNA), and subsequently induce cell hypertrophy,
apoptosis and interstitial fibrosis by activating matrix
metalloproteinases.®? Yao et al has found that a specific
antioxidant targeting mitochondrion, mitochondria-
targeted vitamin E (Mito-Vit-E), could significantly main-
tain the integrity of mtDNA, reduced the damage of
mtDNA, inhibited the leakage of mtDNA into the cyto-
plasm, and suppressed the up-regulation of TLR9 pathway
factors, MyD88 and RAGE, thus alleviating cardiac
inflammation, which is a potential cardioprotective
agent.®® Moreover, in myocardial injury and dysfunction,
regardless of the underlying etiology, the mitochondrium
will undergo significant structural and functional changes,
including the opening of mitochondrial membrane perme-
ability transition hole,**®> the loss of membrane
potential,*® the imbalance of Ca®" homeostasis, the gen-
eration of ATP and oxygen-derived-free radicals and the

release of wvarious pro-apoptotic proteins. All the
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associated pro-inflammatory mediators, including mito-
chondrial reactive oxygen species (mtROS), mtDNA frag-
ments, ATP and cytochrome C, enter the circulatory
system to mediate inflammatory cascade reaction through
different signal pathways,®’ resulting in myocardial cell
injury even apoptosis®® and necrosis.®

HMGBI

High mobility group box-1 (HMGBI) is a highly con-
served non-histone protein that widely exists in the nuclei
of eukaryotic cells.”® As a pro-inflammatory factor,
HMGBI has been proved to play an important role in
various diseases.”’”> Under certain conditions, HMGBI
is released outside the cell to recruit and initiate innate
immune cell through TLR2, TLR4 and RAGE,” and
induce TNF-a, IL-1B, IL-6 and other pro-inflammatory
factors to promote inflammatory cell aggregation, thus
amplifying local inflammation.’* In a research investigat-
ing the spatial and temporal differential expression of
HMGBI and inflammatory cytokines (TNF-o, IL-1 and
IL-6) in experimental SAP rats, it was found that the
expression of HMGBI, as a late inflammatory factor,
was later than the early inflammatory factors IL-1, TNF-
o and IL-6. Serum level of IL-1, TNF-o and IL-6 increased
rapidly at 3 h after model induction, peaked at 6 h, then
decreased at 12 h, and was lower at 24 h than those at 12
h. However, the level of HMGBI in pancreatic tissue did
not change significantly at 3 h and 6 h, but increased
remarkably at 12 h and maintained up to 24 h, indicating
that HMGB1 may play a key role in maintaining the
development of SAP.”> Many studies have demonstrated
a close relationship between HMGBI1 and cardiac injury in
the late stage of AP. The experimental results of Xue et al’®
indicate that HMGB1/TLR4 signaling pathway can induce
the maturation and activation of dendritic cells (DCs),
regulate the migration, adhesion and aggregation of DCs
to the myocardium, stimulate the expression of surface
costimulatory molecules, thus participating in myocardial
ischemia/reperfusion (I/R) injury. The utilization of
HMGBI specific neutralizing antibody significantly inhib-
ited these responses. Wang et al’” concluded through gene
knockout experiment that HMGB1 changes the spleen’s
immune microenvironment through TLR4, up-regulates
CD4" T cell ratio, CD4"/CD8" T cell ratio and Thl7
cells in the spleen, and induces myocardial inflammatory

injury. Ren et al’® proposed that miR-29a-3p transferred
by mesenchymal stem cells-derived extracellular vesicles

plays a cardioprotective role in myocardial injury induced

by SAP via down-regulating HMGBI1/TLR4/Akt axis.
Tzeng et al”® also discussed the effects of HMGBI1 on
cardiac myocytes. They found that HMGBI1 had a direct
negative inotropic effect on isolated cardiomyocytes,
which showed that after HMGB1 (100ng/mL) treatment,
the sarcomere shortening of contractile cardiomyocytes
decreased by 70%, and the height of the peak Ca®"
decreased by 50% within 5 minutes (P < 0.01). The nega-
tive effects of HMGBI1 on cell contractility and calcium
homeostasis were partially reversible. In addition,
HMGBI induced PKC-epsilon translocation, which leads
to significant inhibition of inward I-type calcium currents,
indicating that HMGBI1 impairs sarcomere shortening by
regulating PKC-epsilon translocation to reduce membrane
calcium influx and thus reduce calcium availability in
cardiomyocytes. These studies suggest that HMGB1 may
be a new myocardial inhibitory factor in the process of
cardiac injury.

Other Factors

In addition to the above common inflammatory mediators,
platelet-activating factor (PAF), triglyceride, and free fatty
acids (FFA) also play important roles in SIRS and MOF
induced by SAP. PAF is a cell surface secretion of bioac-
tive lipid, combined with a cell surface receptor called
PAF-R to produce physiological and pathological effects.
Studies have shown that AP causes the release of PAF,
which leads to systemic damage such as circulatory system
disorders and MOF. PAF is involved in the occurrence and
development of AP and is considered the key mediator of
SAP, giving rise to various serious complications and high
mortality. The use of platelet-activating factor receptor
antagonist (PAF-RAs) can signally reduce local and sys-
temic events after AP,'%%10!

Hypertriglyceridemia-associated —acute pancreatitis
(HTGAP) gradually increased and showed a younger,
more serious trend. As early as the 1980s, it was reported
that patients with HTGAP died of ischemic heart
disease.'®” A retrospective study also noted a significant
increase in the incidence of cardiovascular events one year
later in AP patients with TG level > 1000mg/dL), com-
pared with control patients (TG < 200mg/dL).'”* In addi-
tion, it has been observed that the significant increase of
serum FFA in patients with acute hyperlipidemic pancrea-
titis is positively correlated with the severity of the dis-
ease, which is an independent risk factor for the disease to
progress to SAP.'® Under aerobic conditions, long-chain
FFA is

the preferred metabolic substrate of the
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myocardium. It has been proven to be harmful both experi-
mentally and clinically under the condition of ischemia/
hypoxia, and the serum FFA level of patients with myo-
cardial ischemia is significantly high. The possible harmful
mechanisms include (1) accumulation of toxic intermedi-
ates of fatty acid metabolism, such as long-chain acyl-
coenzyme, a thioester, and long-chain acylcarnitine; (2)
inhibition of glucose utilization, especially glycolytic
ischemia and/or reperfusion; (3) inhibition of oxidative
metabolism and decoupling of electron transfer. Although
the relative importance of these mechanisms is still con-
troversial, experiments have proven that FFA metabolism
inhibitors can indeed reduce the size of myocardial infarc-
tion and relieve post-ischemic cardiac dysfunction in ani-
mal models of local and systemic ischemia.'®

Calcineurin is a central calcium responsive signal
molecule, which can mediate the occurrence of AP.
Recently, researchers have revealed its new role in AP.
Wen et al'®® found that calcineurin derived from hemato-
poiesis and neutrophils could activate immune cells to
localize to the lungs and cause SIRS in AP mice. In
addition, Calcineurin is also in the pancreas and promotes
local inflammation of the pancreas during AP. These find-
ings suggest a potential strategy for preventing pancreatitis
and extra-pancreatic inflammation by blocking or deleting
calcineurin.

Intestinal Endotoxemia in SAP

The intestinal tract is one of the earliest damaged extra-
pancreatic organs by SAP. Increasing evidence has high-
lighted the relevance of increased intestinal permeability
and consequent bacterial translocation in SAP develop-
ment, which leads to intestinal endotoxemia.'”” Animal
studies showed that compared with negative control rats,
SAP rats suffered intestinal flora disorder, intestinal muco-
sal barrier damage, and increased plasma endotoxin
concentration.'%®!'% In clinical trials, J Martinez, '’
M A von der Mohlen'"" and Anne J van der Meer''?
observed that serum endotoxin level in SAP patients was
significantly higher than that in MAP patients, and its level
was correlated with the peak of inflammatory factors such
as TNF-a, IL-1pB, IL-6 and IL-10. Excessive production of
pro-inflammatory factors may be an important factor of
myocardial injury caused by endotoxin during SAP. In
addition, endotoxin can also directly damage cardiomyo-
cytes. Through injecting endotoxin into male C57BL/6
wild-type (WT) mice, Shang et al''® showed that myocar-
dial injury induced by endotoxin might be related to the

degradation of F-actin. Their data indicated that Mstl
expression was up-regulated rapidly in lipopolysaccharide
(LPS)-treated heart and elevated expression of Mstl up-
regulated Drpl, which initiated mitochondrial fission.
Excessive mitochondrial fission leads to mitochondrial
oxidative injury, mitochondrial membrane potential reduc-
tion, mitochondrial proapoptotic elements translocation
into the cytoplasm/nucleus, dysfunction of mitochondrial
energy function and activation of mitochondrial apoptosis.
F-actin degradation acted as an apparent downstream
event of mitochondrial fission activation. Therefore, Mstl
expression, mitochondrial fission modification and F-actin
stabilization may be potential therapeutic targets for endo-
toxin-induced myocardial injury. Wang et al''* found in an
endotoxin-induced animal model that the expression of
uncoupling protein in myocardial tissue increased, while
myocardial energy metabolism and cardiac function
decreased significantly, showing a negative correlation,
suggesting that endotoxin may also accentuate myocardial
injury by affecting myocardial energy metabolism. The
research of Kawaguchi et al''> also supports this view.
They discussed the role of B;-adrenergic receptor (f;AR)
in endotoxin-induced myocardial dysfunction. B;AR is
closely related to energy metabolism and participates in
lipolysis, glucose transport and insulin secretion. They
observed cardiac dysfunction in mice within 6—12 hours
of endotoxin injection, and the expression of B3AR in
myocardial tissue increased obviously. After the adminis-
tration of B3AR antagonist SR59230A, the cardiac func-
tion of mice was significantly improved, the expression
levels of mitochondrial membrane protein complex and
ATP were preserved, the expression of genes related to
fatty acid oxidation and glucose metabolism increased
significantly, while the expression of inducible nitric
oxide synthase (iNOS) and nitric oxide content decreased
significantly. These results indicate that blocking B;AR
could improve impaired energy metabolism of myocardial
tissue by inhibiting iNOS expression and restore cardiac
function of endotoxin-induced heart failure. Nezié¢ et al''®
also found that impaired cardiomyocyte survival signaling
played a crucial role in endotoxin-induced cardiac injury.
They observed a significant decrease in survivin protein
and a significant increase in the expressions of cleaved
caspase-3 and Bcl-xL in endotoxin-induced rat myocardial
tissue and further speculated that myocardial apoptosis
might play a role in endotoxin-induced myocardial injury.
Therefore, endotoxin can damage myocardium by enhan-
cing the expression of inflammatory factors and leading to
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myocardial death via directly affecting myocardial meta-
bolism, interfering with apoptosis and other ways.

In addition, according to a study of Shanbhag et al,'"’
acute pancreatitis conditioned mesenteric lymph causes
cardiac dysfunction in rats independent of hypotension.
They put forward a hypothesis of “gut-lymph”, pointing
out that multiple organ dysfunction syndrome is due to
release of toxic factors from the intestine into the mesen-
teric lymph. Additionally, they established a normotensive
SAP rat model with lymphatic intervention or thoracic
duct ligation to prove that mesenteric lymph from normo-
tensive acute pancreatitis animals caused significant car-
diac dysfunction, which could be prevented by thoracic
duct ligation and external drainage of mesenteric lymph.

Cardiac Injury in SAP

Damage-associated molecular patterns (DAMPs) and
pathogen-associated molecular patterns (PAMPs), includ-
ing trypsin, inflammation-related factors and endotoxin,
derived from the pancreas and intestine damage vascular
endothelial cells, induce autonomic nervous dysfunction
and abnormal autophagy, directly or indirectly cause struc-
tural damage and cardiac dysfunction (through the blood
supply, nerves and cardiomyocytes themselves).

Coronary Vascular Dysfunction

Under various pathological conditions, myocardial micro-
vascular injury, abnormal vasomotor regulation mechan-
ism and increased blood viscosity will lead to changes in
cardiac microcirculation and then affect myocardial perfu-
sion, resulting in cardiomyocytes injury and cardiac
dysfunction.

In the early stage of SAP, NF-xB was over-activated,
which triggered mononuclear phagocyte and granulocyte
system, and released a large number of inflammatory fac-
tors, leading to vascular endothelial injury.*® Besides, acti-
vated neutrophils release microparticles-small plasma
membrane vesicles containing myeloperoxidase during
SAP, which could catalyze the generation of large amounts
of oxygen-derived-free radicals and damage vascular
endothelial cells widely.''®

Kahrau et al''® compared the pulmonary capillary
blood flow, permeability, leukocyte adhesion and alveolar
septum thickness in rats with mild/edematous pancreatitis
(EP) and severe/necrotizing (NP) by intravital micro-
scopic. Compared with EP, the capillary permeability of
NP was significantly increased while the blood flow was
significantly decreased. The results suggest that the

deterioration of AP to SAP, especially organ failure, is
accompanied by severe microcirculation disturbance.
Under physiological conditions, the vasomotor func-
tion is regulated by various humoral factors, among
which endothelin-1 (ET-1) secreted by vascular endothe-
lial cells has a strong vasoconstrictor effect, and coron-
ary artery may be more susceptible than peripheral
artery.120 Also, thromboxane A2 (TXA2) with vasocon-
strictive effect keeps dynamic balance with prostacyclin
with vasodilating effect and regulates vascular tension
together. Milnerowicz'?' and Foitzik'?* noticed that the
average concentration of plasma ET-1 in SAP patients
was higher than that in MAP patients, and therapy with
a new endothelin A receptor antagonist (ET-RA) signifi-
cantly reduced mortality rates in SAP, improved micro-
circulation and stabilized capillary permeability, reduced
intravascular fluid loss and extravascular fluid sequestra-
tion and improved distant organ function (including

heart, lung and kidney). Kiviniemi'?? 124

and Closa
showed that the ratio of thromboxane A2/prostacyclin
in serum of SAP experimental animals was significantly
higher than that of normal control animals. Taken
together, we can see that in SAP, the imbalance of
various vasomotor substances may lead to coronary
artery spasm and a decrease of myocardial blood flow.
In SAP, under the effects of inflammatory factors (such
as TNF-a), ischemia-reperfusion, and endothelin-1 men-
tioned above, capillary endothelium is damaged, perme-
leak

and a large amount of tissue fluid and

ability is increased,

125

resulting in capillary
syndrome,
inflammatory mucous exudates enter the third space, lead-
ing to a decrease in blood volume. Also, studies have
demonstrated that thromboxane A2 (TXA2) and serum
platelet-activating factor (PAF) obviously increased during
SAP, and the number of platelets adhered in capillaries and
venules is significantly increased, and the flow speed of
platelets in capillaries is remarkably decreased.'*® These
changes in blood volume, vascular endothelial injury and
hemodynamics contribute to microthrombus. Kellner and
Robertson'? discovered the formation of coronary throm-
bosis in acute pancreatitis in their research which could be
due to the increased levels of fibrinogen, coagulation fac-
tor VII, D- dimer'?” and platelets'*® in plasma. Also
possibly, following the release of trypsin into the blood,
kallikrein is converted into its activated form, triggering
the kinin system, resulting in the activation and supple-

mentation of the 12 factor.'?’
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Autonomic Nerve Dysfunction

Previous studies have confirmed that autonomic nervous
dysfunction in the early stage of SAP is mainly manifested
as increased sympathetic nerve activity.”*° Abdominal
pain is the most common symptom of pancreatitis.
Because of the stimulation of pain and the decrease of
blood volume, sympathetic nerve is excited. When sympa-
thetic nerve is excited, it releases many catecholamines
such as adrenaline and norepinephrine. Animal studies
showed that plasma adrenergic levels were 25 times higher
in rats with acute pancreatitis than those without acute

pancreatitis.'>!

A high concentration of catecholamine
could cause reversible damage to myocardial cells.
Wallner et al'*? have confirmed that acute catecholamine
exposure could cause reversible damage to 10% of mouse
cardiomyocytes. Moreover, it has been widely accepted
that high cyclic catecholamines will inevitably lead to
stress cardiomyopathy. In addition, the excitement of sym-
pathetic nerve causes the activity of renin-angiotensin
system to increase, and the produced Ang II plays an
important role in myocardial injury and remodeling.'**
Frolkis et al'** also authenticated that Ang II and TNF-a
may act synergistically and promote the occurrence of
myocardial injury.

Moreover, Vagal reflex, which is also common in acute
pancreatitis, can cause heart injury by directly acting on
myocardium, indirectly changing coronary blood flow, or
increasing secretion of pancreatic proteolytic enzyme. It is
well known that the heart is innervated by T2-8 spinal
nerve, while the gallbladder and common bile duct are
innervated by T4-9 spinal nerve, and both intersect at
T4-5 spinal nerve. Therefore, when there is pressure
increases in the bile duct and adjacent tissues due to
inflammation, it will cause coronary artery contraction
spasm, sinus node excitability decrease, slow down of
conduction velocity of specific systems, cardiac output
decrease, blood pressure decrease, cardiac arrest and

a series of severe consequences,m’136

Autophagy Dysregulation

Under normal physiological conditions, autophagy removes
aging cells and proteins in vivo, and it is a self-protection
mechanism of the body. Essandoh’s study'®’ found that
tumor susceptibility gene 101 plays a protective role in
endotoxin-induced myocardial injury by promoting autop-
hagy of damaged mitochondria induced by Parkin/PTEN-
induced kinase 1 (PINK1). However, excessive autophagy

can aggravate cardiac inflammation. When severe acute
pancreatitis appears systemic inflammatory syndrome, the
organism is in a stress state. Strong evidence indicated'*®
that autophagy could lead to the death of cardiomyocytes
under stress, which may be related to the over-
decomposition of proteins and organelles (such as mitochon-
dria), the degradation of survival factors and other forms of
autophagy cross-talk or the over-formation of autophagic
body. This dual effect of autophagy suggests that it may be
closely related to cardiac injury associated with severe acute

pancreatitis, but further study is needed.

Markers of Myocardial Injury in SAP
Traditional myocardial injury markers such as cardiac tro-
ponin I (cTnl), brain natriuretic peptide (BNP) and creatine
kinase (CK)-MB have good sensitivity in diagnosing myo-
cardial function. However, during the occurrence and devel-
opment of SAP, it may lead to multiple organ failure. The
above indexes are easily affected by other complications and
the diagnostic specificity of myocardial injury caused by
SAP decreases. Hence, it is necessary to combine other
biomarkers that can evaluate the severity of SAP to improve
the directivity of these markers to myocardial injury caused
by acute pancreatitis (Table 2).

Antiendotoxin Core Antibody
It has been mentioned that endotoxin contributes to multiple
organ failure (MOF) in acute pancreatitis. Endotoxemia is
transient and may not be detected by intermittent blood
sampling. On the contrary, changes of the patient’s endo-
genous antiendotoxin core antibody pool last for many days,
and the depletion of this pool may be a pivotal event to
determine the physiological significance of endotoxemia.
In a prospective clinical study, Buttenschoen et al'*’
observed that necrotising pancreatitis was accompanied by
persistent endotoxemia with an extended rise in antiendo-
toxin antibodies. Patients with oedematous pancreatitis
suffer from transient endotoxemia with a temporary
increase of Ig specific for endotoxin. And Windsor et al'*
measured daily the Acute Physiology Score (APS) and
levels of CRP, IL-6, endotoxin, immunoglobulin (Ig)
G and IgM antiendotoxin core antibodies in a series of
33 patients with acute pancreatitis and recorded the com-
plications prospectively to explore the role of serum endo-
toxin and antiendotoxin core antibody levels in predicting
the development of multiple organ failure in acute pan-
creatitis. Results showed that endotoxin was detected in
the serum of 13 patients, while a significant change in
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Table 2 Markers with Predictive or Prognostic Value for SAP-Associated Cardiac Injury
Symbols Sample Clinical Implication P value References
Size
Antiendotoxin core 45 Assess the severity of acute pancreatitis (edematous/necrotic) P < 0.05 [139]
antibody
33 Identify patients with SAP complicated with MOF P < 0.0l [140]
20 Predict poor outcome in patients with AP P < 0.0l [141]
HMGBI 80 Determine the intestinal barrier dysfunction and infection in SAP P < 0.0l [143]
sST2 295 Predict mortality in myocardial infarction patients P =0.048 | [145
PAP 98 To be an indicator of the course of AP P <0.001 | [147]
70 To be a prognostic marker for disease severity in heart failure P <0.001 | [148]
sTREM-| 48 Correlated with disease severity and early organ dysfunction in patients | P < 0.0l [149]
with AP
838 Associated with all-cause mortality and major adverse cardiovascular event | P < 0.001 | [150]
Heart rate variability 41 A good predictor of SAP complicated with IPN and multiple organ dysfunction | P < 0.01 [153]

levels of endogenous antiendotoxin core antibodies was
detected in all patients with severe acute pancreatitis and
in 28 overall. MOF developed in 7 patients, 5 of whom
died. The combination of a rising APS over the first 48
h of admission and a significant fall in endogenous IgG
antibody level was observed in all patients who developed
MOF (7 of 7), but in only one of 16 without MOF (P =
0.00003; overall predictive value 91%). This study indi-
cated that measuring the initial trend of APS and the
concentration of endogenous IgG antiendotoxin core anti-
body could provide a method to identify patients with
severe acute pancreatitis at high risk of developing MOF.
This group may benefit from passive immunotherapy with

antiendotoxin antibodies. In addition, Bose et al'*!

corre-
lated endotoxemia with the severity and complications of
acute pancreatitis as graded by contrast-enhanced com-
puted tomography and Blamey’s criteria. The results
showed that endotoxemia with a fall in antiendotoxin anti-
body titer predicted a poor prognosis of patients with acute

pancreatitis.

HMGBI

High Mobility Group Box 1 (HMGB1) was discovered as
a nuclear protein, but it has “second life” outside the cell,
where it is regarded as a damage-associated molecular
pattern. Extracellular HMGBI1 triggers and maintains
inflammatory response by inducing cytokine release and
recruiting leukocytes. These characteristics make extracel-
lular HMGBI1 a key molecular target in many diseases.

Noteworthy, high levels of serum HMGBI, especially the
hyper-acetylated and disulfide isoforms, are sensitive bio-
markers of diseases and are related to different disease
stages.142

Xu et al'* discussed the correlation of HMGB1 with
intestinal barrier injury and infection in patients with
severe acute pancreatitis (SAP). They measured the
serum levels of HMGBI, amylase, lipase and biochem-
ical indexes in 80 SAP patients at admission. Moreover,
the relationship between serum HMGBI1 level and
intestinal barrier injury and other clinical factors was
analyzed. The results showed that the average level of
serum HMGBI in SAP patients (6.02+£2.42 ng/mL) was
significantly higher than that in healthy volunteers (1.87
+0.63 ng/mL). Serum HMGBI level was positively cor-
related with the Ranson score. The HMGBI level in
patients with infection during the clinical course, the
HMGBI1 levels in non-survivors were higher than those
in survivors, and positively correlated with DAO activ-
ity, L/M ratio and endotoxin concentration (R = 0.484,
P <0.01). All these figures indicated that HMGBI1 level
in patients with SAP increased significantly, which can
be used as an important indicator to determine the
intestinal barrier dysfunction and infection, and may
have indirect implications for subsequent systemic
response syndrome and multiple-organ dysfunction
syndrome. Further explorations may prove the advan-
tage of this biomarker in predicting cardiovascular
complications.
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sST2

ST2, a member of IL-1 receptor superfamily, has two main
isoforms—transmembrane ST2 (ST2L) and soluble ST2
(sST2). It is mainly expressed in Th2 cells, mast cells
and fibroblasts, participating in multiple inflammatory pro-
cesses and playing an immunomodulatory role. In recent
years, sST2 has received extensive attention as a new
marker of heart failure.

144 the serum levels of

According to the study of Li,
traditional myocardial injury markers ¢Tnl, CK-MB and
lactate dehydrogenase (LDH1) in SAP-associated cardiac
injury model animals were markedly increased, serum
sST2 level was significantly reduced. The anomalies,
including serum amylase and cardiac-related enzymes,
were reversed following adenovirus overexpression of
sST2. Therefore, we speculate that combined measurement
of serum sST2, ¢cTnl, LDH and LDH1 could be used to
evaluate the severity of myocardial injury in SAP, and
overexpression of sST2 could reduce the severity of SAP
and related cardiac injury. However, in another prospective
clinical trial to evaluate the correlation between sST2 and
the prognosis of STEMI patients receiving primary percu-
taneous coronary intervention, an opposite result was
observed. Liu et al'* included 295 patients, and the data
showed that biomarkers of myocardial cell damage and
inflammation were positively correlated with sST2 levels.
Higher sST2 was continuously associated with a higher
risk of major adverse cardiovascular events in patients.
This paradox suggests that the role of sST2 in myocardial
injury is still controversial, and more clinical data are
needed further to analyze the sensitivity and specificity
of its diagnosis.

PAP

Pancreatitis-associated protein (PAP) was first found in
pancreatic juice of rats with AP by French Keim, and it
is related to the occurrence and development of AP war-
ranted the named PAP.'*® PAP plays a role in various
physiological or pathological processes such as cellular
immunity, cell proliferation and differentiation, anti-
apoptosis, inflammation, and tissue repair.

In the study of Tovanna et al,'*” 98 patients with acute
pancreatitis were classified into three groups according to
the severity of the disease, and the serum PAP was retro-
spectively monitored during hospitalization to discuss
whether serum PAP could be used as an indicator of the
course of acute pancreatitis. Results showed that patients

with mild pancreatitis had normal PAP values (<10 pg/L).
PAP level in necrotic pancreas was 8 times higher than
that in non-necrotic pancreas. The PAP level in serum
further increased when the disease worsened. It is indi-
cated that monitoring serum PAP in patients with AP
would provide a dynamic assessment of severity of the
disease and anticipate the patient’s recovery. Furthermore,
Fitzgibbons et al'** found that PAP concentrations also
correlate with the severity of heart failure (HF) in
a prospective clinical study. ROC curves revealed that
PAP had similar sensitivity and specificity for HF admis-
sion at 6 months as BNP and equivalent predictive value
for 12-month and 24-month all-cause mortality. Based on
the ROC curve analysis, patients were grouped into those
with a serum PAP <24 or >24 ng/L. Patients with PAP >24
pg/L had significantly greater BNP and CRP levels and
greater 6- and 24-month all-cause mortality (p <0.05). In
conclusion, PAP levels correlate with disease severity in
patients with SAP and HF and are a novel prognostic
marker for disease severity in the patients.

sTREM-|

Myeloid cell trigger receptor-1 (TREM-1) belongs to
a family-related natural killer cell receptor, which is basi-
cally expressed on the surface of neutrophils, monocytes
and macrophages of myeloid cells. Soluble TREM-1
(sTREM-1) is a soluble form of TREM-1. The level of
STREM-1 is increased in body fluids of patients with
various infections and diseases, and its increase is related
to the amplification of inflammatory reaction.

Yasuda et al'*’

explored the role of STREM-1 in acute
pancreatitis by analyzing the clinical data of 48 patients
with AP and 7 healthy controls. The results showed that
serum sSTREM-1 levels increased significantly in AP (63 +
11 pg/mL) and correlated with Ranson score (R=0.628, p <
0.001) and Acute Physiology and Chronic Health
Evaluation II score (R =0.504, p <0.001). Serum
STREM-1 levels were higher in patients with early organ
dysfunction than those without early organ dysfunction
(101 £ 19 vs 25 + 4 pg/mL, p <0.001). Incidences of
early organ dysfunction in patients whose serum
STREM-1 levels were < or = 40 and >40 pg/mL were
17% and 83%, respectively (p <0.001). The usefulness of
serum STREM-1 in detecting early organ dysfunction was
superior to CRP, IL-6, IL-8, Ranson score, and Acute
Physiology and Chronic Health Evaluation II score. All
these studies suggested that serum sTREM-1 level may be
a useful marker and potential therapeutic target for early

3158

Dove!

Journal of Inflammation Research 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove

Luo et al

organ dysfunction in AP. In addition, by measuring
STREM-1 levels in blood samples of 838 patients with
acute myocardial infarction, Wang et al'>® found that
patients with high sSTREM-1 had an increased risk of all-
cause mortality and major adverse cardiovascular event
(MACE) compared with those with low sTREM-1
(P<0.001). High sTREM-1 was an independent predictor
of all-cause mortality (hazard ratio, 1.978; 95% CI, 1.462
to 2.675; P<0.001) and MACE (hazard ratio, 2.413; 95%
CI, 2.022 to 2.879; P<0.001). Therefore, we believe that
STREM-1 may have a certain predictive value in the
prognosis of severe acute pancreatitis and associated car-
diac injury.

Heart Rate Variability

Heart rate variability (HRV) is considered the pathological
changes of sinoatrial node reflected in cardiac cycle
changes and is an important index for non-invasive and
quantitative  evaluation = of  cardiac autonomic
neuropathy.’>' Studies have shown HRV analysis could
help early diagnosis and disease prognosis in critically ill
patients.'>?

Zhang et al'> investigated the value of admission HRV
as a marker of infected pancreatic necrosis (IPN) or
MODS in patients with SAP in a prospective observational
study. They found that levels of low frequency (LF), low-
frequency norm (nLF) and low frequency/high frequency
(LF/HF) were significantly lower in SAP patients with IPN
and MODS than those in patients without complications,
while high-frequency norm (nHF) levels were significantly
higher (P < 0.01). nHF is a good predictor of IPN and
MODS, and areas under ROC curves of nHF in prediction
of IPN and MODS were 0.927 and 0.821, superior to
procalcitonin (AUC=0.709 and 0.722) and APACHEII
(AUC=0.785 and 0.899). These results suggest that
patients with SAP have sympathetic inhibition in the
early stage, and HRV has been proved to be a good pre-
dictor of SAP infective pancreatic necrosis and multiple-

organ dysfunction.

Prevention and Treatment of
SAP-Associated Cardiac Injury

The treatment of SAP affects the prognosis of extra-
pancreatic organs, so the treatment of primary SAP and
the treatment of myocardial damage should be paid equal
attention to (summary of treatment strategies can be seen
in Table 3).

Inhibit the Activation and Release of

Pancreatin and Inflammatory Mediators

Drugs such as somatostatin, octreotide, prostaglandin El
(PGE1) and fentanyl could directly or indirectly inhibit the
secretion of pancreatin and reduce the toxic effect of
pancreatin on myocardium. Somatostatin can effectively
reduce the internal and external secretion of the pancreas

154 and somatosta-

and the pressure in the pancreatic duct,
tin pretreatment can improve the hemodynamic state of the
body by reducing the release of cytokines.'”> PGEI can
strongly inhibit pancreatic exocrine secretion, stabilize
lysosomal membrane in acinar cells, restrict intracellular
pancreatin activation, and prevent the dissolution and
destruction of pancreatic cells.'”® Zhang et al'®>’ discov-
ered the protective effect of octreotide on SAP rat heart by
comparing the concentration of inflammatory indexes in
blood, (Bax, Bcl-2 and
Caspase-3) in myocardium and the pathological changes
of the heart of SAP rats and octreotide treated rats. Wang
et al'® found that fentanyl could significantly improve the

and pro-apoptotic proteins

swollen and disordered cardiac fibers and congested ves-
sels in SAP rats by regulating NF-kB signaling pathway
and markedly inhibit the up-regulation of IL-1p/ IL-6
induced by SAP.

Although the concept of early non-surgical treatment
of SAP has been widely accepted, surgical interventions
and endoscopy required for the etiological treatment are
still fundamental measures to prevent the disease and its
progress. For example, obstructive biliary pancreatitis and
the abdominal compartment syndrome resulting from SAP
need timely endoscopic retrograde cholangiopancreatogra-
phy (ERCP) or surgical treatment.'>*'*° In addition, some
studies proposed that abdominal paracentesis drainage
(APD) therapy can play a protective role in SAP-induced
myocardial injury via inhibiting HMGB1-mediated oxida-
tive stress. Wen and his team'®' found that APD could
significantly improve the morphological changes of cardi-
omyocytes, alleviate cardiac dysfunction, reduce myocar-
dial enzymes and cardiomyocyte apoptosis, decrease the
expression of pro-apoptotic Bax and cleaved caspase-3
protein. Moreover, APD remarkably reduced the serum
level of HMGBI, inhibited Nox expression, and alleviated
cardiac oxidative injury.

Hypoperfusion induced by hypovolemia leads to vas-
cular endothelial cell injury and apoptosis, increasing
capillary permeability and releasing many inflammatory
mediators that organ damage.

aggravate systemic
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Table 3 Prevention and Treatment of SAP-Associated Cardiac Injury

Treatment Study Type Therapeutic Effect Validity Reference
Methods Parameter
Inhibit the activation and release of pancreatin and inflammatory mediators
Somatostatin Experimental study | Reduce the internal and external secretion of the pancreas and the [154]
pressure in the pancreatic duct
Prostaglandin El Clinical study Inhibit proinflammatory cytokines production during cardiac - [156]
surgery
Octreotide Experimental study | Inhibit the apoptosis of cardiomyocytes P <0.05 [157]
(Survival rate)
Fentanyl Experimental study | Improve the swollen and disordered cardiac fibers and congested | — [158]
vessels in SAP rats
ERCP Clinical study Identify the etiology of obstructive pancreatitis and implement - [159]
corresponding interventional therapy
Laparotomy Case report Decompression laparotomy at an appropriate time is useful for - [160]
abdominal compartment syndrome caused by SAP
APD Experimental study | Inhibit oxidative stress, reduce myocardial enzymes and - [l61]
cardiomyocyte apoptosis to improve the morphological changes of
cardiomyocytes and alleviate cardiac dysfunction
Fluid resuscitation | Clinical study Reasonable and timely fluid resuscitation is the basis for preventing | P <0.05 [162]
vascular endothelial cells from releasing inflammatory mediators (Survival rate)
Dextran Clinical study Improve pancreatic anoxia and prevent microthrombus generation | — [166]
on based on adequate fluid resuscitation
Salvia miltiorrhizae | Experimental study | Improve myocardial pathological changes and reduce the content | P>0.05 (Survival | [167]
of PLA2 in blood rate)
Blood purification Guide Reduce the level of pro-inflammatory cytokines in the blood of - [170]
therapy SAP patients and prevent subsequent MODS
Reduce endotoxin translocation and prevent infection
Rhubarb Experimental study | Reduce intestinal flora and endotoxin translocation as well as - [173]
maintain intestinal mucosal barrier function
Preventive Conference The third- and fourth-generation cephalosporins, and carbapenems | — Conference
antibiotics literature could cross blood-pancreas barrier to prevent infection, reduce literature
the production of endotoxin and avoid the expansion of systemic
inflammatory response
Drug treatment of myocardial injury
Ulinastatin Experimental study | Decrease the production of peroxide and superoxide - [175]
Experimental study | Reduce the release of inflammatory factors (TNF-a and IL-6) - [176]
Clinical study Decrease the secretion of inflammatory mediators by inhibiting P <0.05 [177]
trypsin, elastase, fibrinolytic enzyme and hyaluronidase (Survival rate)
Experimental study | Stabilize lysosomal membrane and scavenge oxygen free radicals P <0.05 [178]
(Survival rate)
(Continued)
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Table 3 (Continued).
Treatment Study Type Therapeutic Effect Validity Reference
Methods Parameter
Statins Review Regulate cellular immunity, improve endothelial cell function, and | — [179]
resist oxidative stress
Experimental study | Inhibit NLRP3 inflammasome activation and relief oxidative stress | — [180]
to against myocardial ischemia-reperfusion injury
Experimental study | Regulatory T cells contribute to rosuvastatin-induced protective - [181]
effect against myocardial ischemia-reperfusion injury
Positive inotropic Guide Norepinephrine/epinephrine to maintain blood pressure - [184]
drugs and
. Guide Dobutamine is recommended for recurring cardiac dysfunction - [184]
vasoactive drugs
Experimental study | Milrinone and levosimendan with special advantages - [185]
Traditional Chinese medicine
Qingyi decoction Experimental study | Confer cardio-protection against SAP-induced MI by regulating P <0.05 [187]
myocardial-associated protein expression (Survival rate)
Lai Fu Cheng Qi Experimental study | Decrease the rate of apoptosis of myocardial cells in SAP rats - [188]
decoction
Sheng-jiang powder | Experimental study | Alleviate multiple-organ inflammatory injury in AP in rats fed P <0.01 (cardiac | [189]
a high-fat diet pathological
damage)

Reasonable and timely fluid resuscitation is the basis for
preventing vascular endothelial cells from releasing
inflammatory mediators. Studies have shown that combin-
ing different resuscitation fluids (saline, hydroxyethyl
starch and glutamine) is more efficient in SAP resuscitate
by reducing inflammation and sustaining the intestinal
barrier.'®? It is worth noting that the symptoms of AP are
complex. In the choice of fluid therapy, we need to imple-
ment targeted treatment according to the different condi-
tions of patients to prevent patients from MODS.
Excessive fluid therapy will aggravate the fluid retention
of patients, give rise to cardiac overload, resulting in acute
heart failure. Huang et al'®® discussed possible factors
causing abnormal heart failure after successful fluid resus-
citation on AP patients. They found that older patients
with AP had more severe organ failure or more organ
involvement and had more interstitial fluid accumulation
during fluid resuscitation. Furthermore, aggressive resus-
citation is associated with the development of acute kidney
injury in AP.'®* In recent years, it has been proposed that
fluid resuscitation via the rectum can effectively improve
hemodynamic disorders and organ dysfunction (jejunum,
liver and lung) in SAP compared with intravenous fluid

resuscitation, which may be a potential supplementary
fluid management in the early stage of SAP.'® In addition,
pancreatic hypoxia, microcirculation disorder and even
microthrombus formation can aggravate the release of
cytokines, so it is necessary to improve pancreatic anoxia
and prevent microthrombus generation based on adequate

16
7 and

fluid resuscitation. Dextran,lf’6 Salvia miltiorrhizae
PGEI1 can increase pancreatic blood flow, reduce hemor-
rhage and necrosis of the pancreas, decrease pancreatic
capillary permeability, alleviate endothelial cell injury
and inhibit cytokine release.'>® Pancreatitis complicated
with oxidative stress results in the rapid accumulation of
body,

important.'®® Drugs commonly clinically include reduced

cytokines in the so antioxidant therapy is
glutathione, high-dose of vitamin C, N- acetamide
cysteine, selenium, vitamin E and others.

Recently, blood purification therapy has been applied
clinically to treat cytokine-induced pathological effects,
but this must be done within 72 hours of onset to achieve
good curative efficacy. Early continuous blood purification
can reduce pro-inflammatory cytokines, prevent MODS and
significantly improve the prognosis of patients with severe
sepsis.'® In addition, high-flow short-time hemofiltration
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should be used for SAP because long-time hemofiltration
can cause excessive release of IL-10 to inhibit immune
function and increase the susceptibility of patients to infec-
tion. However, high-flow continuous hemofiltration is

recommended for fulminant pancreatitis.'”®

Reduce Endotoxin Translocation and

Prevent Infection

Pancreatitis, a retroperitoneal inflammation, damaged
intestinal mucosal barrier function, leading to migration
of bacteria and endotoxin into the liver, heart, lung and
other parts of the body, which exacerbate the release of

extra-pancreatic cytokines.'”!

Unclipping the intestinal
tract, removing toxins accumulated in the intestinal tract
and nourishing the intestinal tract after dredging can sig-
nificantly reduce infectious complications (IPN and sepsis)
and improve survival rate.'’? Rhubarb or decoction con-
taining rhubarb, such as Dachengqi decoction and Qingyi
decoction, has a certain effect on reducing intestinal flora
and endotoxin translocation.'”?

Although the early application of prophylactic antibio-
tics is still controversial, most studies report that preven-
tive antibiotics can effectively reduce infectious
complications and mortality. Because early infection with
pancreatitis is more likely to cause intestinal bacterial
translocation, it is suggested to choose antibiotics with
a high concentration in the pancreas that can cross the
blood-pancreas barrier to prevent infection and reduce
endotoxin production avoid the expansion of systemic
inflammatory response.'’* Such drugs include the third-

and fourth-generation cephalosporins, and carbapenems.

Drug Treatment of Myocardial Injury
Ulinastatin

With the development of critical care medicine, ulinastatin
has been widely recognized in preventing MOF. Wang et al
demonstrated in a rat model of myocardial infarction that
high-dose ulinastatin could reduce total cholesterol, cata-
lase, glutathione peroxidase and superoxide dismutase in
myocardial tissue, thereby relieving inflammation and pre-
venting rats from myocardial infarction.'”® Similarly, Tian
et al showed that ulinastatin combined with rhubarb could
reduce the release of inflammatory factors such as TNF-a
and IL-6, change the percentage of lymphocytes to reduce
organ damage induced by sepsis, improve the prognosis of
patients.'’® In addition, ulinastatin can decrease the secre-
tion of inflammatory mediators by inhibiting trypsin,

elastase, fibrinolytic enzyme and hyaluronidase,'’” and has
the functions of stabilizing lysosomal membrane and

. . 1
scavenging oxygen-free radicals.'”®

Statins

In acute pancreatitis, various direct and indirect factors
cause coronary artery contraction and spasm, resulting in
myocardial ischemia/reperfusion injury. Statins function as
an anti-inflammation and anti-coagulation. It also regulates
cellular immunity, improves endothelial cell function and

resists oxidative stress.'”” According to Yu et al,'®

rosu-
vastatin can ameliorate myocardial histopathological
changes and reduce MI area in isoproterenol-induced MI
model in rats. Compared with the model group, the anti-
oxidant level in the drug group was significantly increased,
and the activity of NLRP3 inflammasome was decreased.
These results indicate that rosuvastatin can alleviate myo-
cardial injury by inhibiting NLRP3 inflammasome and
relieving oxidative stress. In a related study, Ke et al'®!
showed that regulatory T cells contribute to the rosuvasta-
tin-induced protective effect against myocardial ischemia-

reperfusion injury.

Diuretics

Heart failure is the final stage of heart disease caused by
various factors (including pancreatitis), and volume over-
load is the core of its pathophysiology. Clinically, diuretics
(including loop diuretics, thiazide diuretics and glucocor-
ticoid receptor antagonists) are often used to promote the
excretion of water and sodium in the kidney to alleviate
symptoms. They play pharmacological effects by dilating
the renal artery, increasing the renal blood flow, inhibiting
the reabsorption of sodium and chlorine in the renal
tubules, and maintaining the balance of water and salt in
the body.'® Attention, it has been reported that diuretics
could induce acute pancreatitis (DAP), of which thiazides
are the most common. The direct toxic effects of furose-
mide and pentamidine on pancreatic acinar cells lead to
degeneration and necrosis of glandular cells and trypsin
activation.'® The common clinical inducing doses were
chlorothiazide 25~100mg/d, chlortalidone 50mg/d and fur-
osemide 40mg~80mg/d. The corresponding symptoms
usually occur within 3—5 weeks after medication. Most
people have typical AP manifestations, but a few people
only have a slight increase in amylase activity (1.5~2
times). Very few patients may have sudden shock or

death. Therefore, the clinical application of diuretics in
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heart failure caused by acute pancreatitis needs more stan-
dardized management and more evidence-based medicine.

Positive Inotropic Drugs and Vasoactive Drugs

The Surviving Sepsis Campaign recommended norepi-
nephrine as the first choice of vasopressor to correct septic
shock. If patients need more vasoconstrictors to maintain
adequate blood pressure, epinephrine can be added or
replaced. Dobutamine is recommended for recurring car-
diac dysfunction.'®* It has been reported that milrinone,'®’
a second-generation dipyridone cardiotonic drug with high
efficiency and low toxicity, can reduce the levels of TNF-a
and IL-1 in rat cardiomyocytes and regulate inflammatory
mediators and cytokines. Additionally, because of its dual
effects of anti-inflammatory and anti-apoptotic functions,
it can improve myocardial perfusion and promote hemo-

dynamic stability. Levosimendan'®®

is a non-digitalis posi-
tive inotropic drug, which can improve hemodynamics and
has the advantages of not causing calcium overload, myo-

cardial oxygen consumption and arrhythmia.

Treatment with Traditional Chinese

Medicine

Many Traditional Chinese Medicines have the characteristics
of antagonizing endotoxin and inflammatory mediators, so
they play an important role in various inflammatory, meta-
bolic and autoimmune diseases. The efficacy of various
Chinese Medicines has been demonstrated in a model of rat
AP induced by retrograde injection of 5% sodium taurocho-
late into the pancreaticobiliary duct, which resulted in an
obvious injury of tissue structure and infiltration of inflam-
matory cells. Salvia miltiorrhizae,'®” baicalin,'”’ Qingyi
decoction,"®” Lai Fu Cheng Qi decoction'® and other
Chinese herbal medicine preparations significantly reduced
serum inflammatory factors and myocardial injury-related
indicators, and effectively improve the peripheral microcir-
culation, promote fluid resuscitation, heighten myocardial
contractility, and reduced the mortality SAP-induced MI.
Moreover, Sheng-jiang powder'® is supposed to have
a protective effect on multiple-organ inflammatory damage
in AP in rats fed with a high-fat diet.

Abbreviations

AP, acute pancreatitis; SAP, severe acute pancreatitis; ANP,
acute necrotizing pancreatitis; SIRS, systemic inflammatory
response syndrome; MODS, multiple-organ dysfunction
syndrome; MOF, multiple-organ failure; CI, cardiac injury;
DAMPs, damage-associated molecular patterns; PAMPs,

pathogen-associated molecular patterns; I/R, ischemia/reper-
fusion; LPS, lipopolysaccharide; HMGBI, high mobility
group box-1; DCs, dendritic cells; IL, interleukin; VCAM-
1, vascular cell adhesion molecule 1; MCP-1, monocyte
chemoattractant protein 1; Cyt C, cytochrome C; NLRP3,
nucleotide-binding oligomerization domain-like receptor
protein 3; ASC, apoptosis-associated speck-like protein con-
taining CARD; CRP, C-reaction protein; iNOS, inducible
nitric oxide synthase; NO, nitric oxide; Angll, angiotensin
II; HO-1, heme oxygenase-1; cGMP, cyclic guanosine mono-
phosphate; PKA, protein kinase A; PKG, protein kinase G;
ECG, electrocardiogram; LV, left ventricular; ROS, reactive
oxygen species; ASK-1, apoptosis signal-regulating kinase-
1; mtDNA, mitochondrial DNA; PAF, platelet-activating
factor; FFA, free fatty acids; ET-1, endothelin-1; TXA2,
thromboxane A2; cTnl, cardiac troponin I; BNP, brain
natriuretic peptide; CK, creatine kinase; TREM-1, myeloid
cell trigger receptor-1; PGEI1, prostaglandin E1; ERCP,
endoscopic retrograde cholangiopancreatography; APD,
abdominal paracentesis drainage; HRV, heart rate variability;
IPN, infected pancreatic necrosis; HTGAP, hypertriglyceri-
demia-associated acute pancreatitis.

Summary

The pathophysiology of myocardial dysfunction caused by
SAP is unclear, and scientific investigations on its mechan-
ism are still very scarce. However, some inspiration and
guidance can be obtained from the pathogenesis of myocar-
dial injury caused by sepsis. Trypsin, inflammatory media-
tors, ROS, endotoxin, vascular disorders, and autonomic
nerves play important roles in the “pancreas-heart axis”. At
present, there are no specific drugs used clinically to prevent
SAP from progressing to MI, and the focus of treatment
remains supportive and targets improving systemic inflam-
matory response. Currently, timely, diverse and combined
treatment methods have been adopted for the myocardial
injury caused by SIRS. However, due to the complexity of
SAP-related MI (not only mediated by SIRS), these treat-
ment methods and strategies are not fully applicable, and the
mortality rate remains high. Therefore, it is extremely urgent
to explore the pathogenesis of myocardial injury associated
with acute pancreatitis and develop specific drugs targeting
its molecular level.
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