
Gastrin Protects Against Myocardial Ischemia/Reperfusion Injury via
Activation of RISK (Reperfusion Injury Salvage Kinase) and SAFE
(Survivor Activating Factor Enhancement) Pathways
Xiaoli Yang MD;* Rongchuan Yue, MD, PhD;* Jun Zhang, MS; Xiaoqun Zhang, MS; Yukai Liu, MD, PhD; Caiyu Chen, MS; Xinquan Wang, MD,
PhD; Hao Luo, MD; Wei Eric Wang, MD, PhD; Xiongwen Chen, MD, PhD; Huixia Judy Wang, PhD; Pedro A. Jose, MD, PhD;
Hongyong Wang, MD, PhD; Chunyu Zeng, MD, PhD

Background-—Ischemia/reperfusion injury (IRI) is one of the most predominant complications of ischemic heart disease. Gastrin
has emerged as a regulator of cardiovascular function, playing a key protective role in hypoxia. Serum gastrin levels are increased
in patients with myocardial infarction, but the pathophysiogical significance of this finding is unknown. The purpose of this study
was to determine whether and how gastrin protects cardiac myocytes from IRI.

Methods and Results-—Adult male Sprague-Dawley rats were used in the experiments. The hearts in living rats or isolated
Langendorff-perfused rat hearts were subjected to ischemia followed by reperfusion to induce myocardial IRI. Gastrin, alone or with
an antagonist, was administered before the induction of myocardial IRI. We found that gastrin improved myocardial function and
reduced the expression of myocardial injury markers, infarct size, and cardiomyocyte apoptosis induced by IRI. Gastrin increased
the phosphorylation levels of ERK1/2 (extracellular signal-regulated kinase 1/2), AKT (protein kinase B), and STAT3 (signal
transducer and activator of transcription 3), indicating its ability to activate the RISK (reperfusion injury salvage kinase) and SAFE
(survivor activating factor enhancement) pathways. The presence of inhibitors of ERK1/2, AKT, or STAT3 abrogated the gastrin-
mediated protection. The protective effect of gastrin was via CCK2R (cholecystokinin 2 receptor) because the CCK2R blocker
CI988 prevented the gastrin-mediated protection of the heart with IRI. Moreover, we found a negative correlation between serum
levels of cardiac troponin I and gastrin in patients with unstable angina pectoris undergoing percutaneous coronary intervention,
suggesting a protective effect of gastrin in human cardiomyocytes.

Conclusions-—These results indicate that gastrin can reduce myocardial IRI by activation of the RISK and SAFE pathways. ( J Am
Heart Assoc. 2018;7:e005171. DOI: 10.1161/JAHA.116.005171.)
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I schemic heart diseases are major threats to human health
worldwide.1 The probability of saving ischemic cardiomy-

ocytes and limiting the size of the infarction is dependent on
prompt and effective myocardial reperfusion.2 There is,
however, an inherent risk in the process of reperfusion
because it can produce more myocardial injury, called

myocardial ischemia/reperfusion injury (IRI).3,4 Consequently,
exploring new therapeutic strategies to reduce IRI is an
important research direction.

Previous studies have suggested that people in a “hungry”
condition are more prone to myocardial injury than those
people who are “full” at the time of the event.5 It is well known

From the Department of Cardiology, Chongqing Institute of Cardiology, Daping Hospital, Third Military Medical University, Chongqing, China (X.Y., J.Z., X.Z., Y.L., C.C.,
X.W., H.L., W.E.W., X.C., H.W., C.Z.); Department of Cardiology, North Sichuan Medical College First Affiliated Hospital, Nanchong, Sichuan, China (R.Y.); Cardiovascular
Research Center & Department of Physiology, Temple University School of Medicine, Philadelphia, PA (X.C.); Department of Statistics, The George Washington
University, Washington, DC (H.J.W.); Division of Renal Disease & Hypertension, The George Washington University School of Medicine & Health Sciences, Washington,
DC (P.A.J.).

*Dr Yang and Dr Yue contributed equally to this work.

Correspondence to: Chunyu Zeng, MD, PhD, and Hongyong Wang, MD, PhD, Department of Cardiology, Chongqing Institute of Cardiology, Daping Hospital, Third
Military Medical University, Chongqing, China. E-mails: chunyuzeng01@163.com; whysir@aliyun.com

Received November 29, 2016; accepted May 16, 2018.

ª 2018 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is
non-commercial and no modifications or adaptations are made.

DOI: 10.1161/JAHA.116.005171 Journal of the American Heart Association 1

ORIGINAL RESEARCH

info:doi/10.1161/JAHA.116.005171
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


that gastrointestinal hormones increase significantly after a
meal (especially a high-protein meal); therefore, the relation-
ship between the gastrointestinal hormones and IRI warrants
serious attention. Numerous gastrointestinal hormones are
secreted during a meal, such as gastrin and cholecystokinin.
The blood level of gastrin markedly increases after a meal,
�10- to 20-fold more than cholecystokinin.6 The postprandial
increase in serum gastrin level is associated with the
postprandial decrease in blood pressure in hypertensive but
not normotensive adults.7 Our previous study showed that a
synergistic interaction between renal CCK2R (cholecystokinin
2 receptor) and D1-like dopamine receptors plays a pivotal role
in maintaining normal blood pressure.8 Plasma gastrin level is
associated with decreased cardiovascular mortality risk, the
opposite of that found with plasma cholecystokinin level.9

Gastrin and its receptor, CCK2R (also known as CCKBR), are
highly and widely expressed in the heart.10–12 The intracoro-
nary infusion of gastrin 17, the endogenous ligand of CCK2R,
or the CCK2R agonist pentagastrin dose-dependently
increases coronary blood flow and myocardial contractility in
anesthetized pigs.10 It is of interest that plasma serum gastrin
levels are increased in patients with myocardial infarction.13

Moreover, previous studies showed that increased progastrin
gene expression in the liver counterbalances hypoxia-induced
weight loss and weakness in mice.14 Nevertheless, the
pathophysiological significance of these findings in the heart
is not known. We wondered whether there gastrin has a
protective effect on myocardial IRI. This study found that
gastrin may provide protection from myocardial IRI in a

Langendorff heart and in an in vivo heart IRI rat model.
Furthermore, we found that RISK (reperfusion injury salvage
kinase) and SAFE (survivor activating factor enhancement)
pathways were involved in mediating the cardioprotective
effects of gastrin. To show the clinical pathophysiological
significance of this finding, we investigated the correlation
between serum cardiac troponin I (cTnI) and serum gastrin
levels in patients with unstable angina pectoris undergoing
percutaneous coronary intervention (PCI).

Materials and Methods
The data, analytic methods, and study materials will not be
made available to other researchers for purposes of repro-
ducing the results or replicating the procedure.

Animals
Eight-week-old male Sprague-Dawley rats (200–250 g),
obtained from the animal center of the Third Military Medical
University, were fed with normal rat diet. All animal experi-
ments were performed in accordance with the Guide for the
Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH publication no. 85–23,
revised 1996) and approved by the animal care and use
committee of the Third Military Medical University.

Isolated Rat Heart Experiments
Isolated hearts were perfused at constant temperature (37°C)
and coronary flow (12 mL/min) using the Langendorff
technique.15 Sprague-Dawley rats were anaesthetized by the
intraperitoneal injection of sodium pentobarbital (50 mg/kg
body weight). Heparin (300 IU) was injected into the inferior
vena cava. The hearts were quickly removed, the aortas
cannulated, and the hearts retrogradely perfused with Krebs–
Henseleit bicarbonate buffer (containing [in mmol/L] glucose
11.0, NaCl 118, KCl 4.8, MgSO4 1.2, KH2PO4 1.2, NaHCO3

25.0, CaCl2 1.2 at pH 7.4), which was equilibrated in 95% O2–
5% CO2. A latex balloon connected to a pressure transducer
was inserted into the left ventricle through the left atrium. The
mechanical activities of the hearts were continuously
recorded with a PowerLab system (AD Instruments), filled
with aqueous solution to achieve left ventricular end-diastolic
pressure of �5 to 10 mm Hg. The measurements included
left ventricular-developed pressure, heart rate, left ventricular
end-diastolic pressure, and the maximum rate of rise of the
left ventricular pressure (+dp/dtmax). The treatment, timing,
duration, and recovery from normothermic global ischemia,
induced by the interruption of perfusion, are illustrated in
Figure 1. The hearts were immediately stored at �80°C for
subsequent analysis.

Clinical Perspective

What Is New?

• Ischemia/reperfusion injury is an important factor that
affects the treatment and prognosis of myocardial
infarction.

• Exploration for new intrinsic or exogenous methods and
potential therapeutic agents aimed at ameliorating ische-
mia/reperfusion injury has become an area of intensive
research.

• Our present study showed that gastrin reduced cardiac
ischemia/reperfusion injury in both in vivo and in vitro
experiments.

• We also found an inverse correlation between serum levels
of cardiac troponin I and gastrin in unstable angina pectoris
patients undergoing percutaneous coronary intervention.

What Are the Clinical Implications?

• We believe that gastrin treatment may represent a potential
therapeutic strategy for the alleviation of myocardial
ischemia/reperfusion injury in the future.
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Myocardial In Vivo IRI
Myocardial IRI in vivo was induced, as described previously.16

Briefly, the rats were anesthetized with pentobarbital sodium
(50 mg/kg, intraperitoneal injection). Adequate anesthesia
was ensured by monitoring the absence of a withdrawal
response to a paw pinch. After anesthesia, the rats were
mechanically ventilated, and then the hearts were subjected
to myocardial ischemia by ligation of the left anterior
descending coronary artery for 30 minutes, and then followed
by reperfusion for 24 hours. Sham-operated rats were
subjected to the same operation without left anterior
descending artery ligation (according to the protocol
described in Figure 1B). For tissue collection, the rats were
euthanized by an overdose of pentobarbital sodium (150 mg/
kg intraperitoneal injection) and cervical dislocation.

Establishment of Hypoxia/Reoxygenation Models
Primary cultures of neonatal rat cardiomyocytes from 1- to
3-day-old Sprague-Dawley rats (Animal Center of the Third
Military Medical University, Chongqing, China) were prepared
using methods detailed previously.17 The in vitro hypoxia/
reoxygenation (H/R) model was used according to methods

described previously.17 Briefly, for hypoxia of cardiomyocytes,
the culture medium was replaced with DMEM without glucose
and serum, placed in a modular incubator chamber, and
subsequently flushed with a gas mixture of 5% CO2 and 95%
N2 for 60 minutes. Next, the sealed chamber was placed in an
incubator (37°C). After 4 hours of hypoxemic incubation, the
cultured cardiomyocytes were supplemented with fresh
normal medium and then exposed to 95% air and 5% CO2

for 8 hours.

Myocardial Necrosis Determination
The degree of myocardial damage was assessed by measuring
the level of cTnI and lactate dehydrogenase (LDH) in the
coronary effluents before ischemia perfusion, at the end of
reperfusion in vitro, and postoperatively at 24 hours in vivo.
The TnI concentration was measured using a high-sensitivity
autoanalyzer assay (Cobas e411; Hoffmann-La Roche AG).
LDH activity was measured using an LDH enzymatic assay kit.
The myocardial infarct size was determined by triphenyltetra-
zolium chloride staining. The isolated, perfused rat hearts
were cut into 6 transverse slices (2 mm thick), along the long
axis of the left ventricle, from apex to base. The slices were

Figure 1. Schematic illustration of the protocol used for ischemia/reperfusion-injured (I/R-injured) rat heart. A, Schematic illustration of the
protocol for I/R-injured rat heart in vitro using the Langendorff perfusion system. After 30 minutes of stabilization, the isolated Langendorff-
perfused hearts were subjected to 40 minutes of global ischemia followed by 60 minutes of reperfusion. Gastrin: infusion of gastrin before
ischemia for 20 minutes. CI988+gastrin: infusion of CI988 and gastrin before ischemia for 20 minutes. LY294002+gastrin: infusion of
LY294002 and gastrin before ischemia for 20 minutes. PD98059+gastrin: infusion of PD98059 and gastrin before ischemia for 20 minutes. S3I-
201+gastrin: infusion of S3I-201 and gastrin before ischemia for 20 minutes. B, Schematic illustration of the protocol used for I/R-injured rat
heart in in vivo experiment. I/R-injury was induced by occlusion of the left anterior descending coronary artery for 30 minutes with a small
microvascular clamp and then released for 24 hours. 0.9%NS+I/R indicates intraperitoneal injection of normal saline before ischemia/
reperfusion; CI988+gastrin+I/R, intraperitoneal injection of CI988 and gastrin before ischemia/reperfusion; gastrin+I/R, intraperitoneal
injection of gastrin before ischemia/reperfusion.
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then incubated in sodium phosphate buffer containing 1%
triphenyltetrazolium chloride for 15 minutes to visualize the
unstained infarcted region. Infarction areas were enhanced by
immersion in 4% paraformaldehyde solution for 48 hours
before measurement. The infarct and heart areas were
quantified by planimetry with ImageJ software (National
Institutes of Health). The infarct size was expressed as a
percentage of the total area of the heart.

Cell Viability
Cell viability was detected using a Cell Counting Kit (CCK-8;
Dojindo). In brief, primary cultures of cardiomyocytes, inoc-
ulated in 96-well plates, were washed with PBS. Thereafter,
10 lL of the CCK-8 solution mixed with 90 lL of medium
were added to each well. After incubating the cells at 37°C for
1 hour, optical densities at 450 nm were read with a
Varioskan Flash microplate reader (Thermo Scientific). Cell
viability was expressed as the percentage of control.

Apoptosis Detection
Cardiomyocyte apoptosis in paraffin-embedded sections was
detected using an in situ apoptotic cell death detection kit
based on the TUNEL (terminal deoxynucleotidyl transferase
dUTP nick-end labeling) assay, following the manufacturer’s
instructions (Roche).18,19 Cardiomyocytes were labeled with
antisarcomeric tropomyosin antibody at 4°C overnight, and
nuclei were identified with DAPI (40,6-diamidino-2-phenylin-
dole) staining. The number of TUNEL-positive cardiomyocytes
was detected in 5 randomly selected nonadjacent images of
peri-infarcted areas. The index of apoptosis is presented as
the percentage of TUNEL-positive cardiomyocytes. Apoptosis
in primary cultures of cardiomyocytes was determined as
described in our previous report.17

Western Blot
The expression of tissue protein was measured by
immunoblotting, as described previously.19 The total protein
concentration was measured using Coomassie brilliant blue.
Approximately 30 lg of tissue protein lysates were loaded
onto SDS-polyacrylamide gel, electrophoresed, and then
transferred onto a polyvinylidene difluoride membrane. Non-
specific antigen was blocked with nonfat milk for 1 hour at
room temperature. The membranes were incubated in primary
antibodies at 4°C overnight and in a secondary antibody
(1:10 000) for 2 hours. Finally, the membranes were visual-
ized by an enhanced chemiluminescence method. The
following antibodies were used for immunoblotting: total
AKT (protein kinase B; 1:800); phosphorylated AKT (1:800);
cleaved caspase 3 (1:200); total STAT3 (signal transducer and

activator of transcription 3; 1:800); phosphorylated STAT3
(1:800); total ERK1/2 (extracellular signal-regulated kinase
1/2; 1:800), phosphorylated ERK1/2 (1:800); and caspase 3
(1:200). GAPDH was used for normalization.

Patients
The participants were recruited between December 2016 and
April 2017 from the Department of Cardiology of Daping
Hospital in the Third Military Medical University. These
patients presented with unstable angina pectoris and ST-
segment depression but with cardiac ischemic marker levels
in the normal range. They underwent interventional therapy
within 72 hours of admission. To minimize bias, only patients
who underwent implantation of a single stent were included in
this study. Blood levels of cTnI (ng/mL) were measured
in blood drawn immediately before and 24 hours after PCI. In
addition, blood was drawn during PCI to measure gastrin
levels (pg/mL), using an ELISA kit. This study was approved
by the ethics committee of the Medical Faculty of Daping
Hospital. Written informed consent was obtained from all
patients or their families, in accordance with the Declaration
of Helsinki.

Statistical Analysis
All data are shown as mean�SEM. Student unpaired t test
was used to compare 2 independent samples. Repeated
measures ANOVA was used to compare different data at
multiple time points from the same rat or patient. The
Kolmogorov–Smirnov test was used to test the normality of
the cTnI and gastrin distributions at a significance level of
0.05. When the index was normally distributed, a 2-sample
t test or 1-way ANOVA and Holm–Sidak test were used to
compare ≥2 groups. Otherwise, a nonparametric Mann–
Whitney test or a Kruskal–Wallis test was used. Linear
regression analysis with variable selection was used to assess
the relationship between cTnI changes (differences in log-
transformed cTnI levels after and before PCI) and gastrin
levels in patients’ blood after accounting for confounding
factors.

Results

Gastrin Improves the Reperfusion Recovery of
Cardiac Function
To determine the effects of gastrin on IRI, we used an isolated
perfused-heart preparation. Both ischemia/reperfusion-
injured (I/R-injured) and gastrin-treated (gastrin+I/R) hearts
were subjected to 40 minutes of global no-flow ischemia
followed by 60 minutes of reperfusion. The gastrin+I/R hearts
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were pretreated before ischemia with gastrin (10�9 mol/L)
for 20 minutes. Gastrin+I/R hearts exhibited significantly
better functional recovery than IRI hearts, as determined by
the developed pressure. Figure 2A shows that the developed
pressure in the gastrin+I/R group was higher than in the
vehicle (0.9% NS)-treated I/R group. Figure 2B shows that
+dp/dtmax was higher in the gastrin+I/R group than the
vehicle-treated I/R group. In addition, the end-diastolic
pressure in gastrin+I/R hearts during reperfusion was lower
than that in I/R hearts (Figure 2C). Collectively, these data
suggest that gastrin pretreatment improves cardiac functional
recovery in the in vitro experiments.

Gastrin Ameliorates I/R-Induced Cardiac Injury
by Alleviation of Cellular Apoptosis
It is well appreciated that maintaining adequate numbers of
myocytes is critical to the overall preservation of cardiac
structural integrity and function after IRI.20 Given the
markedly improved recovery of myocardial function in
gastrin-pretreated hearts, we next determined the effects of

gastrin on I/R-related cellular damage. The extent of necrotic
and apoptotic cell death was examined after ischemia for
40 minutes followed by 60 minutes of reperfusion. Before the
induction of ischemia (preischemia), the release of cTnI and
LDH—biochemical markers for necrotic cell death—was not
different between gastrin+I/R and untreated I/R-injured
hearts. After IRI, however, cTnI and LDH release was markedly
increased but suppressed by gastrin pretreatment (cTnI
shown in Figure 3A, and LDH shown in Figure 3B; 40% and
51%, respectively). The protection may be ascribed to cellular
apoptosis, which was reduced by gastrin treatment, as shown
by the TUNEL assay (Figure 3C) and immunoblotting of
cleaved caspase 3, an index of caspase 3 activity (Figure 3D).
Moreover, the ratio of infarct to risk region, determined by
triphenyltetrazolium chloride staining, was markedly reduced
in the gastrin pretreated group relative to the vehicle-treated
I/R group (Figure 3E1 and 3E2).

To further determine whether the protective effect of
gastrin was caused by targeting of cardiomyocytes, we
isolated cardiomyocytes from neonatal rats and established
an in vitro model of H/R, which resembles I/R in vivo, and

Figure 2. The protective effect of gastrin on cardiac function in a Langendorff-perfused system. Cardiac function was assessed by developed
(Dev) pressure, the rate of rise of left ventricular pressure (+dp/dtmax), and end-diastolic pressure. Significant differences in data in panels A1,
B1, and C were tested by repeated-measures ANOVA and the Holm–Sidak test. Significant differences in data in panels A2 and B2 was assessed
by the Student unpaired t test. *P<0.01 vs I/R, n=12). Gastrin+I/R indicates intraperitoneal injection of gastrin before ischemia/reperfusion;
I/R indicates ischemia/reperfusion.
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investigated the possible protective effects of gastrin on H/R
injury in these cells. The cardiomyocytes were pretreated
with vehicle or gastrin (10�10, 10�9, 10�8, 10�7, and
10�6 mol/L) before H/R treatment. We found that pretreat-
ment with 10�8, 10�7, and 10�6 mol/L gastrin concentra-
tion-dependently attenuated the decrease in cell viability

caused by H/R treatment, achieving significance at the
concentration of 10�8 mol/L (Figure 4A). The results sug-
gest a protective effect of gastrin against H/R injury in
primary cultures of rat cardiomyocytes. Cellular apoptosis,
measured by TUNEL assay (Figure 4B1 and 4B2) and cleaved
caspase 3 expression (Figure 4C), was markedly increased by

Figure 3. Gastrin attenuated I/R-induced cardiac injury in a Langendorff-perfused system. A and B,
Coronary effluent was collected at the end of reperfusion, and total cTnI (A) and LDH (B) concentrations
were measured. *P<0.05 vs I/R, Student t test, n=6 per group. C and D, Apoptosis of cardiomyocytes was
determined by TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end labeling) assay (C) and caspase
3 activity (D). E, Infarct size was determined by triphenyltetrazolium chloride staining. *P<0.01 vs I/R,
Student t test, n=12. cTnI indicates cardiac troponin I; DAPI, 40,6-diamidino-2-phenylindole; gastrin+I/R,
intraperitoneal injection of gastrin before ischemia/reperfusion; I/R indicates ischemia/reperfusion; LDH,
lactate dehydrogenase; LV, left ventricle.
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H/R in the vehicle-treated group and ameliorated by gastrin
treatment.

RISK and SAFE Pathways Are Involved in
Mediating the Protective Effect of Gastrin on the
I/R-Injured Heart
The RISK and SAFE pathways are known as major protective
signaling cascades in both ischemic pre- and postcondition-
ing.21 Phosphorylation of ERK1/2, AKT, and STAT3 represents
RISK and SAFE activation.22 In the present study, the

phosphorylation of ERK1/2 (Figure 5A), AKT (Figure 5B),
and STAT3 (Figure 5C) was found to be increased in I/
R-injured hearts after treatment with gastrin. The involvement
of the RISK and SAFE pathways was further confirmed by the
use of their corresponding inhibitors. In the presence of
PD98095 (10 lmol/L),23 an ERK1/2 inhibitor, the protective
effects of gastrin on the I/R-injured hearts were decreased, as
determined by measurement of cTnI (Figure 6A), LDH release
(Figure 6B), apoptosis (TUNEL assay, Figure 6C), cleaved
caspase 3 protein (Figure 6D), and cardiac infarct size
(Figure 6E). Correspondingly, the protective effects of gastrin

Figure 4. Protective effects of gastrin on H/R-injury: Primary cultured cardiomyocytes were pretreated with gastrin (0, 10�10, 10�9, 10�8,
10�7, and 10�6 mol/L) before H/R treatment (A). *P<0.007 vs 0 mol/L group. Data are presented as mean�SEM, n=6. Gastrin attenuated I/
R-induced cardiomyocyte apoptosis: Representative images (B1) and quantification (B2) of in situ TUNEL (terminal deoxynucleotidyl transferase
dUTP nick-end labeling) assay of primary cultured cardiomyocytes. TUNEL-positive is green and DAPI is blue. Scale bar=400 lm. Cardiomyocyte
apoptosis was also analyzed by Western blotting of cleaved and total caspase 3 (C). *P<0.01 vs control; #P<0.01 vs H/R, 1-way ANOVA, Holm–
Sidak test. Data are presented as mean�SEM, n=6 per group. DAPI indicates 40,6-diamidino-2-phenylindole; H/R, hypoxia/reoxygenation;
0 mol/L group, group without gastrin.
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were blocked in the presence of LY294002 (50 lmol/L; AKT
inhibitor)22 and S3I-201 (100 lmol/L; STAT3 inhibitor;
Figure 6),24 which proves that the RISK and SAFE pathways
are involved in mediating the cardioprotective effects of
gastrin.

Gastrin, via CCK2R, Activates the RISK and SAFE
Pathways
Gastrin shares the same receptor with cholecystokinin. It is
known that the cholecystokinin receptor has 2 subtypes, type
1 and type 2. The expression of CCK2R (CCKBR) is greater
than CCK1R in both myocardium and coronary artery10 and
has a 500- to 1000-fold higher affinity for gastrin than
CCK1R.25,26 In the present study, the protective effect of
gastrin was abolished in the presence of a CCK2R inhibitor,
CI988 (Figure 7A–7E). Furthermore, the gastrin-mediated up-
regulation of the phosphorylation of AKT, ERK1/2, and STAT3
was also blocked in the presence of CI988 (10�8 mol/L)
(Figure 7F–7H), which indicates that CCK2R is involved in
mediating the protective effects of gastrin.

Confirmation of the Protective Effect of Gastrin
Against IRI In Vivo
The above-mentioned results were replicated in in vivo
experiments. To further confirm the gastrin-mediated pro-
tective effects, we performed studies using an in vivo I/R
model. The results were consistent with those found in the
in vitro experiments: IRI increased infarct size and
increased cTnI and LDH concentrations, accompanied by
increased cardiac apoptosis. Pretreatment with gastrin
attenuated the infarct size and cTnI and LDH

concentrations and reduced cardiomyocyte apoptosis (Fig-
ure 8A–8E). The protective effect is probably mediated by
the RISK and SAFE signaling pathways because phospho-
rylation of ERK1/2, AKT, and STAT3 was increased by
gastrin. In the presence of CI988, the above-mentioned
protective effects of gastrin were blocked (Figure 8F–8H),
further confirming the role of CCK2R in mediating the
cardioprotective effects of gastrin.

Association Between Serum cTnI and Gastrin
Levels in Patients With Unstable Angina Pectoris
Undergoing PCI
PCI is often companied by cardiac injury, and cTnI is a marker
of myocardial injury.27,28 Consequently, we studied the
relationship between the serum levels of cTnI and gastrin in
patients with unstable angina pectoris undergoing PCI to
determine whether gastrin has a protective effect on
cardiomyocytes in patients, after accounting for the con-
founding factors summarized in Table.

Because the cTnI change is heavily skewed to the right, we
performed a log transformation and defined y as the change
(after versus before PCI) in the log-transformed cTnI. The
scatter plot in Figure 9 shows that the cTnI change tends to
be negatively associated with gastrin. To account for potential
confounding factors, we considered a linear regression by
regressing y on gastrin together with the other 9 variables in
Table. We then performed stepwise model selection using the
Akaike information criterion, and the result shows that the
model with age and gastrin variables gives the smallest value.
The results suggest that age has a significant positive effect,
whereas gastrin has a significant negative effect on the cTnI
change, that is, after adjusting for the age effect, significant

Figure 5. Gastrin promoted phosphorylation of ERK1/2 (A), AKT (B), and STAT3 (C) in a Langendorff-perfused system. ERK1/2, AKT and
STAT3 activation is represented by corresponding protein phosphorylation. The results are expressed as a ratio of phosphorylation (p) and total
(t) corresponding protein. *P<0.01 vs I/R, Student t test, n=8 per group. AKT, protein kinase B; ERK1/2, extracellular signal-regulated kinase
1/2; I/R, ischemia/reperfusion; STAT3, signal transducer and activator of transcription 3.
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inverse dependence still exists between gastrin and the
changes in cTnI levels after PCI.

Discussion
In this study, we demonstrated (1) that gastrin attenuated IRI in
the heart in both in vivo and in vitro experiments; (2) that both
RISK and SAFE pathways played a crucial role in mediating the
cardioprotective effects of gastrin in the I/R-injured heart; and
(3) that in unstable angina pectoris patients undergoing PCI, an
inverse correlation was observed between the serum levels of
cTnI and gastrin. As far as we know, this report is the first to
elucidate the myocardial protective effects of gastrin in IRI and
to link causally the protective effects of gastrin with the RISK
and SAFE pathways.

From the gut to the heart, a wide variety of cardiovascular
actions of gastrointestinal hormones have been reported,

including hemodynamics and cardioprotection. Distension of
the stomach with gastrin balloons has been associated with
increased heart rate and arterial pressure in anesthetized
pigs,29 and gastric reflex relaxation following colonic disten-
tion increased the secretion of gastrointestinal hormones,
such as vasoactive intestinal polypeptide.30 Furthermore,
several studies have demonstrated the cardioprotective
effects of gastrointestinal hormones. Some gastrointestinal
hormones, for example, have been shown to mitigate
myocardial IRI through antiapoptotic, antioxidant, and anti-
inflammatory effects (eg, GLP-1 [glucagon-like peptide 1]31).
There are also reports that gastrointestinal hormones may be
important in controlling blood pressure (eg, gastrin8,32) and
improving the efficacy of mesenchymal stem cell–based
therapy for ischemic heart disease (eg, ghrelin33). These
results point toward the existence of a gastro–heart axis that
regulates cardiovascular function.

Figure 6. Role of RISK and SAFE pathways in mediating the protective effects of gastrin on I/R-injured heart in a Langendorff perfusion
system. The protective effect of gastrin on I/R-injured heart was investigated with or without the presence of specific inhibitors. These inhibitors
included PD98095 (ERK1/2 inhibitor), LY294002 (AKT inhibitor), and S3I-201 (STAT3 inhibitor). The concentrations of cTnI (A) and LDH (B) in
coronary effluent, number of TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end labeling)–positive cells (C), caspase 3 activity (D), and
infarct size of heart (E) were detected in all groups at the end of reperfusion. *P<0.01 vs I/R, #P<0.01 vs gastrin+I/R, 1-way ANOVA, Holm–
Sidak test, n=8 per group. AKT indicates protein kinase B; cTnI indicates cardiac troponin I; ERK1/2, extracellular signal-regulated kinase 1/2;
gastrin+I/R, intraperitoneal injection of gastrin before ischemia/reperfusion; I/R indicates ischemia/reperfusion; LDH, lactate dehydrogenase;
LV, left ventricle; RISK, reperfusion injury salvage kinase; SAFE, survivor activating factor enhancement; STAT3, signal transducer and activator
of transcription 3.
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Gastrin is one of the main gastrointestinal hormones,
normally produced by G cells in response to food intake. That
the physiological function of gastrin in regulating gastric acid

secretion occurs via the CCK2R is now well established.25,34

In recent years, however, several lines of evidence have
emerged to suggest that there is much more to the biology of

Figure 7. CCK2R antagonist CI988 abolished the gastrin-mediated protective effect against I/R-injury. The protective effect of gastrin was
assessed in a Langendorff-perfused system in the presence and absence of CI988. The cTnI concentration (A) was measured using an
autoanalyzer, and LDH concentration (B) was measured by ELISA. Cardiomyocyte apoptosis was determined by TUNEL (terminal
deoxynucleotidyl transferase dUTP nick-end labeling) assay (C) and caspase 3 activity (D). Cardiac infarct size was measured by
triphenyltetrazolium chloride staining (E). Phosphorylation of ERK1/2 (F), AKT (G), and STAT3 (H) was determined by immunoblotting. *P<0.01
vs I/R, #P<0.01 vs gastrin+I/R, 1-way ANOVA, Holm–Sidak test, n=8 per group. AKT indicates protein kinase B; CCK2R, cholecystokinin 2
receptor; cTnI indicates cardiac troponin I; ERK1/2, extracellular signal-regulated kinase 1/2; gastrin+I/R, intraperitoneal injection of gastrin
before ischemia/reperfusion; I/R indicates ischemia/reperfusion; LDH, lactate dehydrogenase; LV, left ventricle; p, phosphorylated; STAT3,
signal transducer and activator of transcription 3; t, total.
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Figure 8. Gastrin attenuated I/R-induced myocardial damage in in vivo experiments. The protective effect of gastrin was confirmed in an
in vivo I/R model. These parameters included plasma cTnI (A) and LDH (B) concentrations, cardiac apoptosis determined by TUNEL (terminal
deoxynucleotidyl transferase dUTP nick-end labeling) assay (C) and caspase 3 activity (D), and infarct size (E). The protective effects of gastrin
against I/R injury were assessed in the presence and absence of CI988, a CCK2R antagonist. CI988 blocked the gastrin-induced RISK and SAFE
activation in I/R-treated rat heart. The protective effect of gastrin was assessed in I/R-treated rat heart in the presence and absence of CI988.
RISK and SAFE activation is shown as phosphorylation of ERK1/2 (F), AKT (G), and STAT3 (H) in I/R-treated rat heart. *P<0.01 vs I/R, #P<0.01
vs gastrin+I/R, 1-way ANOVA, Holm–Sidak test, n=8 per group. AKT indicates protein kinase B; CCK2R, cholecystokinin 2 receptor; cTnI
indicates cardiac troponin I; ERK1/2, extracellular signal-regulated kinase 1/2; gastrin+I/R, intraperitoneal injection of gastrin before ischemia/
reperfusion; I/R indicates ischemia/reperfusion; LDH, lactate dehydrogenase; LV, left ventricle; RISK, reperfusion injury salvage kinase; SAFE,
survivor activating factor enhancement; STAT3, signal transducer and activator of transcription 3.
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gastrin than is indicated by earlier work.25,35 Gastrin has been
shown to display proliferative,36,37 antiapoptotic,38 and cell
migration39 properties. In previous reports, the concentration
of gastrin in serum was found to be significantly increased
during myocardial infarction.13 A previous report also showed
a significant correlation between serum gastrin concentration
and incidence of myocardial infarction.40 Gastrin is, indeed,
increased during myocardial infarction and may play a
beneficial or harmful role; however, no direct evidence proves
a harmful or protective role for gastrin in myocardial
infarction. In this study, we found that gastrin promotes
recovery of cardiac function and reduces cardiac necrosis-
induced IRI.

There are 2 subtype receptors in the gastrin peptide family,
namely, CCK1R and CCK2R. Gastrin has a 500- to 1000-fold
higher affinity for CCK2R than CCK1R.25,26 CCK2R is highly
expressed not only in the stomach and the gastrointestinal

tract but also in the heart, brain, and kidney.8,10,41 Conse-
quently, gastrin is thought to mediate its biological effects
primarily through CCK2R, which is a 7-transmembrane
domain G protein–coupled receptor.42 A study suggested
that CCK2R antagonists have a protective effect against
cerebral ischemia.18 Another study, however, demonstrated
that the neuroprotective effect of gastrin on brain ischemia
was attributable to a CCK2R agonist effect.43 The role of
CCK2R in protecting against IRI is controversial. In the heart,
gastrin 17 increases cardiac perfusion and function through
CCK2R in anesthetized pigs.10 In the present study, we found
that C1988, a selective inhibitor of CCK2R, abolished the
gastrin-induced cardioprotective effects; therefore, the potent
cardioprotective role of gastrin in the I/R-injured heart is
likely mediated through CCK2R.

Many studies have shown that the cardioprotective effect
against IRI is associated with activation of cell survival
signaling pathways, including the RISK and SAFE path-
ways.44,45 The prosurvival kinases are activated in the first
few minutes of reperfusion to attenuate reperfusion-related
cell injury by antiapoptotic mechanisms.46 The RISK pathway
involves PI3K (phosphatidylinositol 3-kinase)/AKT and ERK1/
2,47 whereas the SAFE pathway involves NF-jB and STAT3.48

The PI3K/AKT pathway has been shown to play a role in the
antiapoptotic effects of gastrin.49 Sustained gastrin stimula-
tion enhances cell survival, in part by decreasing apoptosis via
the ERK1/2 pathway.38 In addition, activation of JAK2 (janus
kinase 2)/STAT3 pathway by glycine-extended gastrin has
been shown to increase the survival of gastrointestinal tumor
cells.50 In the present study, the cardioprotective effect of
gastrin before treatment was abolished by inhibitors of PI3K/
AKT, ERK1/2, and STAT3, which indicates that the RISK and
SAFE pathways play a crucial role in mediating the cardio-
protective effect of gastrin against IRI of rat hearts.

Increased postprandial gastrin levels have been associated
with a postprandial decrease of blood pressure in hypertensive
patients.7 Moreover, in hypertensive patients, fasting serum
gastrin levels were inversely correlated with blood pressure,
suggesting that gastrin is involved in the regulation of blood
pressure.7,32 Our laboratory found that the intrarenal infusion
of gastrin induces natriuresis and diuresis.8 Similarly, increased
plasma gastrin concentrations have also been reported in
patients with acute myocardial infarction13; however, the
pathophysiological significance of the phenomenon is not well
characterized. Some studies have suggested that the increased
gastrin level might represent an adaptive response to hypoxic
conditions,14 because similar adaptive responses have been
detected in gut cancer.51,52 The results of the present study
confirm the protective effect of elevated blood levels of gastrin
against IRI. To make sure that the effect of gastrin on
myocardial IRI is not limited to only animal experiments, we
surveyed unstable angina pectoris patients after PCI who may

Table. General Characteristics of the Participants

Characteristic Result

Age, y 59.55�10.7

Body mass index, kg/m2 23.2�2.77

Smoking, % (yes/no) 56/92 (35.6/64.4)

TC, mmol/L 4.35�1.19

TG, mmol/L 1.67�1.9

HDL-C, mmol/L 1.15�0.25

LDL-C, mmol/L 2.64�0.81

DM, % (yes/no) 136/12 (91.9/8.1)

Sex, % (male/female) 76/72 (51.4/48.6)

Data presented as mean�SEM except as noted. DM indicates diabetes mellitus; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total
cholesterol; TG, triglycerides.

Figure 9. Scatter plot of the changes in log-transformed serum
cardiac troponin I (cTnI) and gastrin levels of unstable angina
pectoris patients undergoing percutaneous coronary intervention
(PCI). The y-axis is log(post-PCI)�log(pre-PCI).
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have sufferedmyocardial IRI during balloon dilatation.We found
that patients with higher gastrin levels had lower cardiac injury,
which indicates a potential protective effect of gastrin on
cardiomyocytes in PCI patients.

Collectively, our findings showed that increased levels of
plasma gastrin in patients with myocardial infarction may play
a protective effect against IRI. The activation of the RISK and
SAFE pathways could trigger prosurvival and antiapoptotic
effects to prevent myocardial cell death from the onset of
acute myocardial infarction.
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