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Abstract Myocardial dysfunction is the most serious complication of sepsis. Sepsis-induced myocar-

dial dysfunction (SMD) is often associated with gastrointestinal dysfunction, but its pathophysiological

significance remains unclear. The present study found that patients with SMD had higher plasma gastrin

concentrations than those without SMD. In mice, knockdown of the gastrin receptor, cholecystokinin B

receptor (Cckbr), aggravated lipopolysaccharide (LPS)-induced cardiac dysfunction and increased

inflammation in the heart, whereas the intravenous administration of gastrin ameliorated SMD and car-

diac injury. Macrophage infiltration plays a significant role in SMD because depletion of macrophages by

the intravenous injection of clodronate liposomes, 48 h prior to LPS administration, alleviated LPS-

induced cardiac injury in Cckbr-deficient mice. The intravenous injection of bone marrow macrophages

(BMMs) overexpressing Cckbr reduced LPS-induced myocardial dysfunction. Furthermore, gastrin treat-

ment inhibited toll-like receptor 4 (TLR4) expression through the peroxisome proliferator-activated recep-

tor a (PPAR-a) signaling pathway in BMMs. Thus, our findings provide insights into the mechanism of

the protective role of gastrin/CCKBR in SMD, which could be used to develop new treatment modalities

for SMD.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1 Information on controls and patients.

Information (unit) Control (n Z 10) Patient (n Z 10)

Age (years) 57.3 � 11.4 63.2 � 14.7

Sex 4 F, 6 M 4 F, 6 M

EF (%) 62.5 � 5.7 42.5 � 4.7

cTnI (ng/mL) 0.010 � 0.004 28.4 � 12.6

BNP (pg/mL) 61.9 � 19.2 467.3 � 84.9

IL-1b (pg/mL) 10.3 � 3.8 136.2 � 24.5

TNF-a (pg/mL) 11.7 � 4.5 63.9 � 16.9

IL-6 (pg/mL) 39.8 � 16.4 167.4 � 34.1

Procalcitonin (ng/mL) ND 49.3 � 28.8

APACHE II NA 27.2 � 9.1

F, female; M, male; NA, not applicable; ND, not determined.
1. Introduction

Sepsis causes life-threatening multiple organ dysfunction due to a
dysregulated host response to infection, and the in-hospital mor-
tality rate of patients with septic shock is nearly 40%1. Sepsis-
induced myocardial dysfunction (SMD) is an important contrib-
utor to organ dysfunction in sepsis and has been reported in half of
the patients with septic shock2,3. Furthermore, septic patients with
SMD have a mortality rate of 70%e90%, compared with 20% in
septic patients without impairment of their cardiovascular sys-
tem.4 Therefore, it is important to develop novel therapeutic ap-
proaches for SMD.

Gastrointestinal tract motility disorders are common com-
plications of sepsis and can predict mortality5,6. Patients with
severe sepsis given enteral nutrition experience more severe
sepsis and greater mortality than those receiving parenteral
nutrition7. However, in critically ill patients without severe
sepsis or septic shock, enteral nutrition is associated with fewer
episodes of severe sepsis or septic shock than parenteral nutri-
tion8. Enteral nutrition has beneficial effects in addition to
delivering nutrients, such as maintenance of the gastrointestinal
barrier and immunological and absorptive functions9. Enteral
nutrition, relative to parenteral nutrition, is more effective in
preserving gastrin secretion and motility of the gastrointestinal
tract, decreasing inflammatory mediators, and maintaining the
gastrointestinal mucosal barrier10,11. The natriuresis following
the ingestion of a specific amount of sodium may be due to the
enterokine, gastrin, secreted by G cells in the stomach and du-
odenum and released into the circulation12. Therefore, we
investigated whether gastrin has a beneficial effect on cardiac
function in patients with SMD. In the present study, we devel-
oped a rodent model of SMD by the intraperitoneal injection of
lipopolysaccharide (LPS) into mice lacking the gastrin receptor,
aka cholecystokinin B receptor (Cckbr). We found that the
intravenous injection of gastrin, ameliorated SMD and cardiac
injury by downregulating Toll-like receptor 4 (Tlr4) expression
through the peroxisome proliferator-activated receptor a (PPAR-
a) signaling pathway.
2. Methods

2.1. Study population

Venous blood samples were collected in the morning on an
empty stomach during the first 18 h after the diagnosis of sepsis
in patients admitted to the intensive care unit (n Z 10). Sepsis
was defined according to the 2012 Surviving Sepsis Campaign
guidelines13. Patients with sepsis and left ventricular ejection
fraction (LVEF) <50%, cardiac troponin I >0.02 ng/mL, and B-
type natriuretic peptide >300 pg/mL2,14 were selected for the
current study. Age- and sex-matched healthy participants were
used as controls (n Z 10). Information on the controls and
patients is listed in Table 1 (Army Medical Center of PLA
#2022 No. 24). We have obtained written consent for each
sample. The Acute Physiology and Chronic Health Evaluation
(APACHE) II score system included 12 physiological variables
(temperature, mean arterial pressure, heart rate, respiratory rate,
A-a PO2 (FiO2 > 50%) or PaO2 (FiO2 < 50%), arterial pH or
HCO3

�, serum sodium, potassium, creatinine, haematocrit,
white blood cell count, and Glasgow Coma Scale), a chronic
health evaluation, and an age adjustment score. Each variable
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was weighted from 0 to 4, and the total APACHE II score
ranged from 0 to 71 points.15

2.2. Animals and SMD model

Cckbr-deficient (Cckbr�/�) 129S2/SvPas mice were obtained from
Jackson Laboratory16 and bred in the specific pathogen-free fa-
cility of the Third Military Medical University. Wild type (WT)
129S2/SvPas mice housed in the same cages were used as con-
trols. The animals were housed in a controlled environment
(20 � 2 �C, 12 h/12 h light/dark cycles) with free access to water
and standard rodent chow. We established the SMD model by the
intraperitoneal injection of 200 mL LPS (25 mg/kg, Escherichia
coli, SigmaeAldrich, Burlington, USA)17. LPS was dissolved in
phosphate-buffered saline (PBS) and saline was used as a control.
Gastrin I (120 mg/kg, G1276, SigmaeAldrich)18, dissolved in
PBS, was injected into the tail vein. PBS without gastrin was used
as a control. Echocardiography was performed to assess cardiac
function in the mice 24 h after LPS injection. Thereafter, plasma
was collected, and the mice were euthanised with 1% sodium
pentobarbital (30 mg/kg, i.p.). The hearts and lungs were cleared
off blood with pre-chilled PBS and frozen at �80 �C. The survival
rate was observed for at least 60 h after the LPS injection. All
experimental procedures were approved by the Animal Care and
Use Committee of Third Military Medical University. All exper-
iments conformed to the guidelines for the ethical use of animals,
and efforts were made to minimise animal suffering and reduce
the number of animals used.

2.3. Cardiac function

After induction of anaesthesia with inhalation of 2% isoflurane,
the chest hair was removed with a depilatory agent, and then the
mice were taped to a heated imaging platform. Echocardiography
was performed using the Vevo 3100 imaging system equipped
with a high-frequency transducer, based on the American Society
of Echocardiography standard view. All images were analysed by
a registered cardiovascular sonographer specialising in animal
sonography, using the VisualSonics software package. To mini-
mise bias, the studies were randomly presented to the measuring
sonographers and date/time stamps were masked. All measure-
ments were repeated thrice in three consecutive cardiac cycles and
are reported as mean values. LVEF and left ventricular fractional
shortening (LVFS) were measured using the M-mode.

2.4. Histological analysis

The hearts and lungs of mice were fixed in 4% paraformaldehyde
for 48 h and dehydrated in increasing concentrations of ethanol.
The treated hearts and lungs were cleared in xylene and embedded
in paraffin. Slices were sectioned (4 mm), mounted on slides, de-
paraffinized, and rehydrated using successive incubation in
xylene, 100% ethanol, 95% ethanol, 75% ethanol, and PBS.
Pathological scoring was performed as previously described on a
0e4 scale19, in which 4 Z diffuse inflammation with necrosis;
3 Z diffuse mononuclear inflammation involving over 20% of the
area, without necrosis; 2 Z more than five distinct mononuclear
inflammatory foci, or involvement of over 5% but not over 20% of
the cross-sectional area; 1 Z one to five distinct mononuclear
inflammatory foci with involvement of 5% or less of the cross-
sectional area; and 0 Z no inflammation. Quantification was
conducted by an investigator blinded to the group information of
the samples.

2.5. Terminal deoxynucleotidyl transferase dUTP nick-end
labelling (TUNEL) assay

Apoptosis was detected using the TUNEL assay (Roche, Basel,
Switzerland). In brief, the heart sections, placed on slides, were
heated at 65 �C, washed in xylene, and dehydrated through a
graded series of ethanol solutions. The sections were rinsed with
PBS (5 min, thrice) and then incubated in 50 mL of TUNEL re-
action mixture for 60 min at 37 �C in a humidified atmosphere in
the absence of light. After washing with PBS (5 min, thrice), the
sections were stained with 40,6-diamidino-2-phenylindole (DAPI).
Images were captured using a fluorescence microscope (Eclipse
Ti-U; Nikon Corporation, Tokyo, Japan) at an excitation wave-
length of 405 nm for DAPI and 488 nm for TUNEL staining. The
number of TUNEL-positive nuclei was quantified in 10 high-
power fields from three different sections. The data are expressed
as the average number of TUNEL-positive nuclei per high-power
field. Quantification was conducted by an investigator blinded to
the group information of the samples.

2.6. Biochemical assays

Blood from the patients and mice was collected into syringes
containing sodium citrate (0.38% final concentration) to collect
plasma. The blood samples were centrifuged at 4000 � g for
10 min for collection of plasma and then the plasma samples were
stored at �80 �C. Enzyme-linked immunosorbent assay kits
(Sangon Biotech, Shanghai, China) were used to measure the
plasma concentrations of gastrin, cardiac troponin T (cTnT), and
cardiac troponin I kits were used to measure serum creatinine and
blood urea nitrogen (BUN) levels (Solarbio, Beijing, China).
Serum alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) levels were quantified using a standard clinical
automatic analyser with ALT or AST kits (SigmaeAldrich).

2.7. Cell culture and transfection

The bone marrow macrophages (BMMs) were isolated using a
standard protocol20,21. BMMs were differentiated in Roswell Park
Memorial Institute 1640 medium supplemented with 10% heat-
inactivated foetal bovine serum that contained 20 ng/mL
granulocyte-macrophage colony-stimulating factor (GM-CSF,
Sino Biological Inc., Beijing, China) at 37 �C with 5% CO2 in
humidified air (Day 0). The entire culture medium was discarded
on Day 3 and replaced with fresh, warmed medium containing
GM-CSF (20 ng/mL). On Day 7, BMMs were used for subsequent
experiments. For the anti-inflammatory experiments, BMMs were
treated with LPS (100 ng/mL) and/or gastrin (10�7 mol/L)22 for
24 h. The vehicle groups were treated with the same volume
(200 mL) of saline instead of drugs. Ppar-a was silenced using
PPAR-specific shRNA infected with lentiviral particles (lenti-
shPPAR-a, Santa Cruz Biotechnology, USA) on Day 4. Scramble
shRNA infected with lentiviral particles (Santa Cruz Biotech-
nology) was used as the control. In these in vitro experiments, the
cells were collected 3 days after infection to determine the effi-
ciency of gene knockdown using qRT-PCR. A TLR4 inhibitor,
TAK-242 (100 nmol/L, Resatorvid, MCE), was dissolved in N,N-
dimethylformamide, diluted with the appropriate medium, and
added to the cells directly before the addition of LPS (100 ng/mL).
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To overexpress Ppar-a in BMMs, the cells were transfected with
plasmids, 2 mg empty vector, or 2 mg pEnCMV-PPAR-a (Miao-
lingbio, Wuhan, China), according to the manufacturer’s
instructions.

2.8. Immunofluorescence microscopy

The heart sections on the glass slides were de-paraffinized and
rehydrated. Antigens were retrieved by microwave, heating the
heart sections in sodium citrateeEDTA antigen retrieval solution.
The cells were fixed on glass slides and treated with 4% para-
formaldehyde. After rinsing with PBS (5 min, thrice), the heart
sections and cells were mixed with immunostaining blocking so-
lution for 1 h at 25 �C to prevent nonspecific antibody binding.
The heart sections and cells were then incubated with the primary
antibody at 4 �C overnight. After washing with PBS (5 min,
thrice), the heart sections and cells were incubated with the sec-
ondary antibody at room temperature for 1 h. Finally, after
washing with PBS (5 min, thrice), the heart sections and cells
were stained with DAPI before being imaged using a laser
confocal scanning microscope. The following antibodies were
used: F4/80 (Santa Cruz Biotechnology), P65 (Cell Signaling
Technology), CCKBR (GeneTex, TX), FITC goat anti-mouse IgG
(Proteintech, Wuhan, China), Cy3-conjugated goat anti-mouse
IgG (Beyotime, Shanghai, China). Alexa FluorTM Plus 647
donkey anti-goat IgG (Invitrogen, Carlsbad), and Cy3-conjugated
donkey anti-goat IgG (Beyotime). Images were captured using a
fluorescence microscope (Eclipse Ti-U). The images were
collected by an investigator who was blinded to the group infor-
mation of the samples.

2.9. Immunoblotting

The cytoplasmic and nuclear fractions were obtained using a
Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime,
Shanghai, China). The protein samples were collected and stored
at �20 �C until use. The protein samples were separated using
sodium dodecyl-sulphate polyacrylamide gel electrophoresis on a
10%e15% polyacrylamide gel and then electroblotted onto
nitrocellulose membranes (Amersham Life Science, Arlington).
The blots were blocked in Tris-buffered saline containing 5% non-
fat dry milk for 1 h at room temperature with constant shaking and
then incubated with primary antibodies (P65, CCKBR, GAPDH,
and histone H3) overnight at 4 �C. The secondary antibodies (goat
anti-rabbit IR dye 800, donkey anti-goat IR dye 800, and goat
anti-mouse IR dye 800) were used to bind the respective primary
antibodies at room temperature for 1 h. The bound complexes
were detected using an Odyssey Infrared Imaging System (Li-Cor
Biosciences, Lincoln). The images were analysed using the Od-
yssey application software to obtain the integrated intensities.
Information on these antibodies is provided in Supporting Infor-
mation Table S1. The original images are shown in Supporting
Information Fig. S9.

2.10. qRT-PCR

The cells were treated with saline vehicle, LPS (100 ng/mL), and/
or gastrin (10�7 mol/L) for 24 h. Total RNA from tissues and cells
was isolated using the Trizol procedure (Invitrogen). Two mi-
crograms of total RNA were used to synthesize cDNA, which
served as the template for the amplification of the different genes.
The primers used to measure gene expression are listed in
Supporting Information Table S2. The amplification was per-
formed under the following conditions: 94 �C for 2 min followed
by 35 cycles of denaturation at 94 �C for 30 s, annealing at 58 �C
for 30 s, and extension at 72 �C for 45 s. This was followed by a
final extension at 72 �C for 10 min.

2.11. Macrophage depletion and adoptive transfer of
macrophages

Clodronate liposomes (CLS), 200 mL/mouse (Liposoma BV,
Amsterdam, Netherlands) were intravenously injected 48 h before
LPS administration to deplete macrophages in mice23,24. The ef-
ficiency of depletion was confirmed using immunofluorescence
analysis of the macrophages in the heart.

To overexpress Cckbr in BMMs, the cells were transfected
with plasmids, 2 mg empty vector, or 2 mg pEnCMV-CCKBR
(Miaolingbio), according to the manufacturer’s instructions. The
transfection mixture was removed 6 h post-transfection and
complete medium containing 10% heat-inactivated foetal bovine
serum was added. Subsequent experiments were performed 1 day
after transfection. BMMs were transferred into mice, according to
a published method25. Briefly, 129S2/SvPas mice were intrave-
nously injected with CLS to eliminate the macrophages. Then,
after 24 h of the CLS injection, Cckbr-overexpressing BMMs
(1 � 106, 200 mL) were intravenously injected into the mice. After
24 h, the mice were intraperitoneally injected with LPS (25 mg/
kg, 200 mL).

2.12. Statistical analysis

All data are expressed as the mean � standard deviation (SD),
unless otherwise stated. GraphPad-Prism 8.0 and SPSS 17.0 were
used to perform the statistical analysis. Student’s unpaired t-test
was used to compare two independent groups. In the experiments
comparing multiple time points, separate t-tests were used for
each time point. For comparison of �3 groups, analysis of vari-
ance was used with Tukey’s post hoc test. Survival differences
were assessed using KaplaneMeier analysis followed by a log-
rank test. All tests were two-tailed, and statistical significance
was set at P <0.05.

3. Results

3.1. Gastrin receptor deficiency aggravates LPS-induced
myocardial dysfunction

To uncover the relationship between gastrin and SMD, we
measured plasma gastrin concentration in ten SMD patients (two
patients with cerebral infarction, three patients with cancer, and
five patients with chronic obstructive pulmonary disease); ten
healthy individuals were used as controls (Table 1). Plasma gastrin
concentrations were more than double in patients with SMD
compared with those in healthy controls (Fig. 1A). There was a
positive correlation between plasma gastrin concentration and
severity-of-disease APACHE II (Fig. 1B), indicating a possible
role of gastrin in the pathogenesis of SMD.

To determine whether there is a causal relationship between
gastrin and SMD, gastrin receptor-deficient (Cckbr�/�) and WT
mice were used to establish an SMD model through intraperito-
neal injection of LPS (25 mg/kg, 200 mL). Control mice with SMD
had impaired cardiac function and increased plasma cTnT



Figure 1 CCKBR deficiency aggravates LPS-induced cardiac dysfunction. (A) Plasma gastrin concentrations were measured using ELISA in

patients with sepsis-induced myocardial dysfunction (SMD) and healthy controls (n Z 10 per group). *P < 0.05 vs. control. (B) Correlation

between plasma gastrin concentrations and APACHE (the Acute Physiology and Chronic Health Evaluation) II scores in SMD patients. Each dot

represents a single patient. The solid line is the regression plot. (C) KaplaneMeier (KeM) analysis for the different experimental groups: WT

(Cckbrþ/þ) mice, gastrin receptor knock-out (Cckbr�/�) mice, WT mice with LPS treatment (25 mg/kg, 200 mL, i.p., WT þ LPS), Cckbr�/� mice

with LPS treatment (Cckbr�/� þLPS). n Z 10 per group; *P < 0.05 vs. WT þ LPS treatment. (DeH) Echocardiography of WT (Cckbrþ/þ) and
Cckbr�/� mice with vehicle or LPS treatment (25 mg/kg, 200 mL, i.p.). Representative M-mode images 24 h after LPS treatment (D) and

quantitative analysis of the left ventricular (LV) EF (E) and FS (F), LVEDD (G), and LVESD (H). nZ 10 per group; *P < 0.05 vs.WT þ Vehicle;
#P < 0.05 vs. WT þ LPS treatment. (I) Representative H&E staining images of heart tissues from the different groups (I1) and quantitative

analysis of myocardial injury (I2). n Z 10 per group; *P < 0.05 vs. WT þ Vehicle; #P < 0.05 vs. WT þ LPS treatment. (J) cTnT levels were

quantified using ELISA in WT (Cckbrþ/þ) and Cckbr�/� mice with Vehicle or LPS treatment (25 mg/kg, i.p.). n Z 10 per group; *P < 0.05 vs.

WT þ Vehicle; #P < 0.05 vs. WT þ LPS treatment.
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concentration, and cardiac mRNA levels of TNF-a, IL-1b, and IL-
6, which are markers of inflammation (Supporting Information
Fig. S1AeS1I). LPS treatment markedly increased the mortality
of Cckbr�/� mice (Fig. 1C). Cardiac function was assessed using
echocardiography. LPS administration decreased LVEF and LVFS
and increased left ventricular end-systolic diameter (LVESD) in
WT mice. Although Cckbr deficiency had no effect on baseline
cardiac function, it worsened cardiac function caused by LPS,
shown by further decrease in LVEF and LVFS, and increase in
LVESD (Fig. 1DeH). In addition, compared with WT mice,
Cckbr�/� mice exhibited higher cardiomyocyte apoptosis and
cardiac inflammatory cell infiltration, and plasma cTnT concen-
tration (Fig. 1I and J), accompanied with higher expression of
markers of inflammation (TNF-a, IL-1b, and IL-6) in the heart
(Supporting Information Fig. S2AeS2D). Moreover, Cckbr�/�
Figure 2 Gastrin attenuates LPS-induced cardiac dysfunction. (AeE)

(25 mg/kg, i.p.), followed with gastrin treatment. Gastrin (120 mg/kg) wa

sentative M-mode images 24 h after treatment (A) and quantification of

*P < 0.05 vs. vehicle; #P < 0.05 vs. LPS. (F) Representative images of H

n Z 10; *P < 0.05 vs. Vehicle treatment; #P < 0.05 vs. LPS treatment. (G)

vehicle alone or gastrin alone or also treated with LPS, as in (A). n Z 10
mice, compared with WT mice, had more severe injury to the
lungs, kidneys, and liver after LPS treatment (Fig. S2EeS2I),
indicating a protective role of CCKBR beyond cardiac function in
the LPS-induced injury model.

3.2. Gastrin, through inhibition of macrophage infiltration in
the heart, protects against LPS-induced myocardial dysfunction

To determine the mechanism of the protective role of gastrin on
cardiac function, we injected gastrin (120 mg/kg, 200 mL) into the
tail vein of mice immediately after the intraperitoneal injection of
LPS (25 mg/kg, 200 mL). Gastrin had no effect on cardiac function
in vehicle-treated (control) mice (Fig. 2AeE), but ameliorated
LPS-mediated cardiac impairment, as measured by LVEF, LVFS,
and LVESD, but not left ventricular end-diastolic diameter
Echocardiography of 129S2/SvPas mice treated with Vehicle or LPS

s injected into the tail vein immediately after LPS treatment. Repre-

EF (B), FS (C), LVEDD (D), and LVESD (E). n Z 10 per group;

&E staining (F1) and quantitative analysis (F2) of myocardial injury.

Plasma cTnT levels were quantified in 129S2/SvPas mice treated with

per group; *P < 0.05 vs. Vehicle; #P < 0.05 vs. LPS.



Figure 3 Gastrin/CCKBR ameliorates LPS-induced cardiac dysfunction by decreasing macrophage infiltration. (A) Represented images of F4/80

(macrophage marker, red) in the heart (A1) and quantification (A2) of F4/80þ staining cells per high power field (HPF). nZ 10 per group; *P< 0.05

vs.WTþVehicle; #P< 0.05 vs.WTþ LPS treatment. (BeD) TNF-a, IL-1b, and IL-6mRNA expression in the heart of CCKBRwild type (WT) and

Cckbr�/� mice treated with CLS or vehicle (200 mL, i.v.) 2 days before LPS injection (25 mg/kg, 200 mL, i.p.). n Z 5 per group; *P < 0.05 vs.

WTþ LPS treatment; nsP> 0.05 vs.WTþ LPSþ CLS treatment. (EeI) Echocardiography of CCKBR wild type (WT) and Cckbr�/� mice treated

with vehicle or LPS. LPS and CLS treatments were the same as that in (B). Representative M-mode images and quantification of EF (F), FS (G),

LVEDD (H), and LVESD (I). nZ 5 per group; *P < 0.05 vs. WT þ LPS treatment; nsP > 0.05 vs. WT þ LPS þ CLS treatment.

3762 Dandong Fang et al.



Figure 4 Adoptive transfer of CCKBR-overexpressed BMMs ameliorates LPS-induced cardiac dysfunction. (AeE) Echocardiography of

129S2/SvPas mice without (BMM-Vector) or with CCKBR-overexpressed BMMs (BMM-CCKBR) treated with vehicle or LPS (25 mg/kg, i.p.).

Representative M-mode images (A) and quantification of EF (B), FS (C), LVEDD (D), and LVESD (E). n Z 10 per group; *P < 0.05 vs.

Vehicle þ BMM-Vector; #P < 0.05 vs. LPS þ BMM-Vector. (F) Representative images of H&E staining (F1) and quantitative analysis (F2) of

myocardial injury in 129S2/SvPas mice without (BBM-Vector) or with CCKBR-overexpressed BMMs (BBM-CCKBR) and Vehicle or LPS

treatment. n Z 10 per group; *P < 0.05 vs. vehicle þ BMM-Vector; #P < 0.05 vs. LPS þ BMM-Vector. (G) Plasma cTnT levels in 129S2/SvPas

mice with or without CCKBR-overexpressed BMMs and LPS treatment. n Z 10 per group; *P < 0.05 vs. Vehicle þ BMM-Vector treatment;
#P < 0.05 vs. LPS þ BMM-vector treatment.
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(LVEDD) (Fig. 2AeE) and decreased inflammatory cell infiltra-
tion of the heart, cardiomyocyte apoptosis, and plasma cTnT
(Fig. 2F and G and Supporting Information Fig. S3A), accompa-
nied by decreased levels of inflammation-related genes (TNF-a,
IL-1b, and IL-6) in the heart (Fig. S3BeS3D). Moreover, the
protective effect of gastrin in LPS-treated mice was observed
throughout the body, as shown by the protection against LPS-
induced lung injury (Fig. S3E) and mitigation of the increase in
BUN and serum creatinine, ALT, and AST levels in mice with
SMD (Fig. S3FeS3I).

Because macrophages are important in the pathogenesis of
SMD26, we studied macrophage infiltration in the heart 24 h after
LPS treatment. Cckbr deficiency increased, whereas gastrin
treatment decreased the macrophage infiltration in the heart
(Fig. 3A). The depletion of macrophages by the intravenous in-
jection of CLS 48 h prior to LPS administration (Supporting In-
formation Fig. S4) reduced LPS-induced inflammation in the heart
(Fig. 3BeD), and simultaneously alleviated the cardiac dysfunc-
tion (measured by LVEF, LVFS, and LVESD) to the same extent
in WT and Cckbr�/� mice (Fig. 3EeI). In vitro, gastrin also
mitigated the LPS-induced upregulation of TNF-a, IL-1b, and
IL-6 in BMMs (Supporting Information Fig. S5AeS5C), indi-
cating that gastrin and its receptor, through inhibition of macro-
phage infiltration into the heart, protect against SMD.



Figure 5 CCKBR inhibits the expression of TLR4 and its downstream activation in BMMs. (A) TLR4 mRNA expression in BMMs from

Cckbr�/� or WT mice treated with Vehicle or LPS (100 ng/mL) for 24 h nZ 5 per group; *P < 0.05 vs.WT þ Vehicle; #P < 0.05 vs.WT þ LPS.

(B) TLR4 mRNA expression in BMMs from 129S2/SvPas mice. BMMs treated with vehicle or LPS (100 ng/mL) for 24 h after CCKBR

overexpression (CCKBR-OE) by transfection with pEnCMV-CCKBR. n Z 5 per group; *P < 0.05 vs. vector; #P < 0.05 vs. Vector þ LPS

treatment. (C) Represented immunofluorescence images with double staining of P65 (red) and DAPI (blue) in BMMs from 129S2/SvPas mice.

The BMMs not over expressing (Vector) or overexpressing CCKBR (CCKBR-OR) by transfection with pEnCMV-CCKBR were treated with

Vehicle (no LPS) or LPS. (D) Western blots of cytoplasmic and nuclear P65 in BMMs from 129S2/SvPas mice. The BMMs were treated with

Vehicle or LPS as in (B) and (C). n Z 5 per group. (EeG) TNF-a, IL-1b, and IL-6 mRNA expression in BMMs treated with LPS in BBMs not

overexpressing CCKBR (Vector) or overexpressing CCKBR by transfection with pEnCMV-CCKBR (CCKBR-OE) as that in (B). TNF-a (E),

IL-1b (F), and IL-6 (G) levels. n Z 5 per group; *P < 0.05 vs. Vector only; #P < 0.05 vs. Vector þ LPS treatment. (HeJ) Proinflammatory

cytokines mRNA expression in BMMs from WT and Cckbr�/� mice treated with LPS and TLR4 inhibitor TAK-242 (100 nmol/L): TNF-a (H),

IL-1b (I), and IL-6 (J) levels. n Z 5 per group; *P < 0.05 vs. WT þ LPS treatment; nsP > 0.05 vs. WT þ LPS þ TAK-242 treatment.
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Figure 6 CCKBR/gastrin reduces LPS-induced inflammation in BMMs through PPAR-a. (A) Representative immunofluorescence images with

double staining of CCKBR (red) and DAPI (blue) in BMMs treated with Vehicle, Gastrin (10�7 mol/L) alone, LPS (100 ng/mL) alone, or

LPS þ Gastrin for 24 h. The representative fluorescent images (left) and line intensity profiles (right) were acquired from the white arrows; the

abscissa value is the distance from the detection point to the tail of the arrow. (B) Western blot analyses of nuclear and cytoplasmic distribution of

CCKBR in BMMs treated with Vehicle, Gastrin (10�7 mol/L) alone, LPS (100 ng/mL) alone, or LPS þ Gastrin for 24 h. (C) TLR4 mRNA

expression in BMMs without CCKBR overexpression (Vector) or CCKBR overexpression (CCKBR-OE) with or without shPPAR-a and LPS

treatment (100 ng/mL). n Z 6 per group; nsP > 0.05 Vector þ LPS þ shPPAR-a vs. Vector þ LPS treatment; *P < 0.05 CCKBR-OE þ LPS

treatment vs. Vector þ LPS treatment; #P < 0.05 vs. CCKBR-OE þ LPS treatment. (DeF) Proinflammatory cytokines mRNA expressions in

BMMs treated as that in (C). TNF-a (D), IL-1b (E), and IL-6 (F) levels. n Z 6; nsP > 0.05 vs. Vector þ LPS treatment; *P < 0.05 vs.

Vector þ LPS treatment; #P < 0.05 vs. CCKBR-OE þ LPS treatment.
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3.3. Transfer of Cckbr-overexpressed BMMs ameliorates LPS-
induced myocardial dysfunction

Gastrin exerts its effects by acting on its receptor, CCKBR27.
Therefore, to determine further the role of gastrin and macro-
phages on the LPS-induced myocardial dysfunction, BMMs were
over-expressed with Cckbr (BMM-Cckbr) and then used to treat
mice with SMD. BMMs (1 � 106, 200 mL) transfected with
pEnCMV-CCKBR were injected into the tail vein of mice the day
after macrophage depletion using CLS25. One day after the
adaptive transfer, the mice were intraperitoneally injected with
vehicle (200 mL) or LPS (25 mg/mL, 200 mL). We found that
BMM-Cckbr treatment reduced the LPS-induced impairment of
cardiac function (LVEF, LVFS, and LVESD), as measured using
echocardiography (Fig. 4AeE), accompanied by less inflamma-
tory cell infiltration and cardiomyocyte apoptosis, and decreased
plasma cTnT concentration (Fig. 4F and G and Supporting In-
formation Fig. S6A). Moreover, the transfer of BMM-Cckbr
mitigated inflammation, as shown by the decrease in TNF-a, IL-
1b, and IL-6 levels in the heart (Fig. S6BeS6D). The protective
effect of BMM-Cckbr treatment was exerted throughout the body,
proved by the mitigation of the increase in BUN and serum
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creatinine, ALT, and AST levels in SMD mice (Fig. S6EeS6H).
Therefore, our data demonstrate the importance of CCKBR in
BMMs in ameliorating LPS-induced myocardial dysfunction.

3.4. Gastrin inhibits macrophage inflammation through
inhibition of Tlr4 expression

Toll-like receptor 4 (TLR4) initiates MyD88-dependent pathways
which activate proinflammatory cytokines, such as NF-kB
P6528,29. Consistent with other reports30, our present study found
that Cckbr knockout increased (Fig. 5A), whereas overexpression
of Cckbr (Cckbr-OE) (Supporting Information Fig. S7A and S7B)
decreased LPS-induced Tlr4 expression in BMMs (Fig. 5B). In
addition, Cckbr-OE reduced the translocation of NF-kB P65 from
the cytosol to the nucleus (Fig. 5C and D), accompanied by
decreased expression of TNF-a, IL-1b, and IL-6 in BMMs
(Fig. 5EeG). Moreover, the mild increase in LPS-treated BMMs
from WT and marked increase in LPS-treated BMMs from
Cckbr�/� mice were blocked by TAK-242, a TLR4 inhibitor31

(Fig. 5HeJ). These results indicate that CCKBR can down-
regulate TLR4/NF-kB and suppress inflammation.

Our previous study found that gastrin can stimulate CCKBR to
translocate from the cytosol to the nucleus and function as a
transcription factor to increase Ppar-a expression32. Our present
study shows that Cckbr-OE increased, while Cckbr knockout
decreased Ppar-a expression in primary BMMs in the basal state,
i.e., vehicle-treatment (Supporting Information Fig. S8A). More-
over, we found that LPS inhibited Ppar-a expressions in primary
BMMs from both WT and Cckbr�/� mice, which was rescued by
gastrin treatment or Cckbr-OE in BMMs from WT mice
(Fig. S8A). The importance of PPAR-a on the CCKBR-mediated
inhibitory effect on inflammation was supported by our finding
that overexpression of Ppar-a in Cckbr�/� BMMs could reverse
the aggravating effect of Cckbr gene knockout on inflammatory
factors (Fig. S8BeS8F).

PPAR-a can downregulate Tlr4 expression and reduce inflam-
mation33e36. Therefore, we considered whether PPAR-a mediates
the ability of CCKBR to decrease Tlr4 expression. We found that
gastrin increased CCKBR translocation from the cytosol to the
nucleus in BMMs, as determined by immunofluorescence and
Western blot analyses (Fig. 6A and B). Downregulation of Ppar-a
expression by shRNA inhibited the ability of CCKBR to decrease
Tlr4 expression in LPS-treated BMMs (Fig. 6C). Moreover, the
downregulation of TNF-a, IL-1b, and IL-6 with Cckbr-OE was
inhibited by shPPAR-a (Fig. 6DeF), confirming that gastrin
downregulates Tlr4 expression by stimulating Ppar-a.
4. Discussion

Gastrointestinal hormones play an important role in the mainte-
nance of cardiovascular homeostasis37e41. Among these hor-
mones, gastrin is a stress-related hormone produced by G cells
with chemo-mechanical stimulation (neural, hormonal, luminal,
mechanical, and inflammatory factors)42,43 and has car-
dioprotective effects in myocardial ischaemia-reperfusion injury
and myocardial infarction.44,45 Sepsis is associated with the
release of gut peptides, including gastrin46,47; however, the role of
increased gastrin levels in sepsis or SMD is unknown. The present
study demonstrates that gastrin exerts a protective effect against
sepsis-induced myocardial injury and, therefore, improves cardiac
function.
Motility disorders of the gastrointestinal tract are common
complications of sepsis5,6. Randomised controlled studies that
compared enteral and parenteral nutrition in patients admitted to the
intensive care unit showed that patients who received enteral
nutrition had fewer episodes of severe sepsis or septic shock8.
Enteral nutrition also reduces sepsis-related mortality and morbidity
in patients with major burn injury48. Therefore, nutrition guidelines
suggest early enteral nutrition in critically ill patients49,50. However,
the underlying mechanisms involved in the protective effect of
enteral nutrition against sepsis are not completely understood.
Recent studies have shown that enteral nutrition is crucial to
maintain gastrointestinal functions, such as barrier, immunological,
and absorptive functions9, and the secretion of gastrointestinal
hormones is believed to play an important role in these proc-
esses9e11. We wondered which hormone plays a critical role in the
protection of cardiac function in SMD. Some studies have shown
that sepsis increases gastrin secretion46,47. Studies have also shown
that plasma gastrin concentration decreases after parenteral nutri-
tion10,11 but increases after enteral nutrition22. Therefore, in this
study, we focused on gastrin. Our results showed that gastrin
treatment ameliorated SMD and cardiac injury by downregulating
Tlr4 expression through the PPAR-a signaling pathway.

Macrophages play a crucial role in host defence against a va-
riety of pathogens and the inflammatory immune response during
sepsis51. Indeed, macrophage depletion increases the mortality
caused by sepsis52,53. Gastrin stimulates CCKBR in macrophages
and enhances efferocytosis32, and macrophages play important
roles in cardiac function and remodelling54. Therefore, we inves-
tigated the role of gastrin/CCKBR in macrophage-mediated LPS-
induced fulminant heart injuries. Depletion of macrophages using
CLS mitigated endotoxin-induced cardiac injury in Cckbr deficient
mice. Moreover, the transfer of BMM-Cckbr ameliorated
endotoxin-induced myocardial dysfunction, demonstrating the
importance of CCKBR in BMM-derived macrophages for the
treatment of SMD. We found that BMM depletion with CLS prior
to LPS treatment had a better protective effect than BMM-Cckbr
transfer on LVEF, which might be explained by the differentiation
of some BMMs into M1. It is known that M1 macrophage is
harmful to cardiac function55,56. However, we have to state that
with LPS treatment the LVEF in the BMM-Cckbr group is better
than that in the BMM control group, showing the beneficial effect
of CCKBR in LPS-induced cardiac dysfunction. Nevertheless, we
realize the limitations of the present study. The protective effects of
gastrin/CCKBR on cardiac function are multiple. Our previous
study found that gastrin protects cardiomyocytes against ischemia/
reperfusion injury through activation of the RISK and SAFE
pathways42. However, we have to indicate that the direct protection
on cardiomyocyte is marginal, because after depletion of macro-
phages, the cardiac function, as measured by LVEF, was not
different between WT and Cckbr�/� mice treated with LPS.
Therefore, the major mechanism of the beneficial effect of CCKBR
on cardiac function relies on the presence of macrophages.

TLR4 is the main receptor for sensing LPS28. TLR4 in leu-
kocytes, as in macrophages, instead of that in cardiomyocytes,
plays an essential role in the cardiac impairment during endo-
toxemia57. Activated TLR4 stimulates NF-kB signaling which
increases the release of inflammatory cytokines29. Our present
study showed that gastrin treatment prevented LPS-induced Tlr4
expression in BMMs, and consequently inhibited NF-kB signaling
and the release of inflammatory cytokines. CCKBR, as a tran-
scription factor of Ppar-a, has been reported in our previous
study29, and the present study found that the inhibitory effect of
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CCKBR on TLR4 occurs through the activation of Ppar-a.
Consistent with the report of others58,59, our present study showed
that Ppar-a inactivation, by itself, had no effect on the LPS-
mediated induction of inflammatory genes in WT BMM, which
may be ascribed to the inability of BMMs to synthesize
gastrin60,61. Therefore, in BMMs in the basal state, without gastrin
stimulation, the inactivation of Ppar-a, alone, has no effect on
LPS-induced inflammatory gene expression.

The physiological function of gastrin is mainly to stimulate
parietal cells to produce gastric acid62, which increases the
occurrence of ulcers and bleeding in critically ill patients63,64.
Thus, gastrin treatment in SMD may increase the risk of devel-
oping gastric ulcers and the related side effects. Therefore, we
changed our therapeutic strategy from gastrin treatment to
CCKBR modification in BMMs. The present study showed that
the intravenous injection of Cckbr-OE BMMs exerted a protective
effect against LPS-induced cardiac function impairment.

In summary, gastrin/CCKBR plays a protective role against
SMD by inhibiting Tlr4 expression through the PPAR-a signaling
pathway.

5. Conclusions

Gastrin/CCKBR was able to attenuate the severity of SMD. By
inhibiting the expression of Tlr4, gastrin/CCKBR can impair the
translocation of NF-kB P65 from the cytosol to the nucleus, thereby
inhibiting the expression of proinflammatory factors and attenuating
the damage in the heart and other organs caused by LPS.
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