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Aims: Cardiac dysfunction can be a fatal complication during severe sepsis. The

migration of neutrophils is significantly impaired during severe sepsis. We sought to

determine the role of trimetazidine (TMZ) in regulation of neutrophil migration to the heart

in a mouse model of sepsis and endotoxemia, and to identify the mechanism whereby

TMZ confers a survival advantage.

Methods and Results: C57/BL6 mice were (1) injected with LPS followed by 24-h

TMZ administration, or (2) treated with TMZ (20 mg/kg/day) for 1 week post cecal

ligation and puncture (CLP) operation. Echocardiography and Millar system detection

showed that TMZ alleviated cardiac dysfunction and histological staining showed the

failure of neutrophils migration to heart in both LPS- and CLP-induced mice. Bone

marrow transplantation revealed that TMZ-pretreated bone marrow cells improved

LPS- and CLP-induced myocardial dysfunction and enhanced neutrophil recruitment in

heart. In CXCL2-mediated chemotaxis assays, TMZ increased neutrophils migration via

AMPK/Nrf2-dependent up-regulation of CXCR2 and inhibition of GRK2. Furthermore,

using luciferase reporter gene and chromatin immunoprecipitation assays, we found that

TMZ promoted the binding of the Nrf2 and CXCR2 promoter regions directly. Application

of CXCR2 inhibitor completely reversed the protective effects of TMZ in vivo. Co-culture

of neutrophils and cardiomyocytes further validated that TMZ decreased LPS-induced

cardiomyocyte pyroptosis by targeting neutrophils.

Conclusion: Our findings suggested TMZ as a potential therapeutic agent for septic or

endotoxemia associated cardiac dysfunction in mice.

STUDY HIGHLIGHTS

What is the current knowledge on the topic?

Migration of neutrophils is significantly impaired during severe sepsis, but the underlying

mechanisms remain unknown.
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What question did this study address?

The effects of TMZ on cardiac dysfunction via neutrophils migration.

What this study adds to our knowledge

TMZ attenuated LPS-induced cardiomyocyte pyroptosis and cardiac dysfunction by

promoting neutrophils recruitment to the heart tissues via CXCR2.

How this might change clinical pharmacology or translational science

Our findings suggested TMZ as a potential therapeutic agent for septic cardiac

dysfunction.

Keywords: pyroptosis, trimetazidine, septic cardiac dysfunction, neutrophil, AMPK-Nrf2-CXCR2 axis

KEY POINTS

1. TMZ attenuates cardiac dysfunction via neutrophils migration
2. TMZ decreases cardiomyocyte pyroptosis by targeting

neutrophils

INTRODUCTION

Sepsis is a life-threatening organ dysfunction caused by a
dysregulated host response to infection, and is one of the
most common causes of death in hospitalized patients (1). So
far, the therapeutic options for sepsis are nonspecific and are
limited to support of organ function. In addition, there are
still no approved drugs that specifically target sepsis (2). One
of the major complications of sepsis, myocardial dysfunction,
contributes significantly to increased mortality (3). However, the
precise mechanisms that cause myocardial dysfunction during
sepsis remain incompletely understood (3). Thus, elucidation
of the pathophysiologic processes of sepsis-induced myocardial
dysfunction, and seeking new specific drugs, may develop more
effective therapies to treat it.

Neutrophil migration into infection sites constitutes the first
line of defense against infection (4). The failure of neutrophil
migration to the infection site is associated with increased
severity of illness and multi-organ dysfunction during septic
shock (5, 6). Neutrophil recruitment to the infection site is
dependent on the CXC chemokines (7). In murine, CXC
chemokines regulate the recruitment of neutrophils via a specific
seven-transmembrane type G protein-coupled receptor, CXCR2,
while in humans it is dependent on both CXCR1 and CXCR2
(8). However, in some pathological conditions, phosphorylation
of CXCR2 by the G protein-coupled receptor kinase 2 (GRK2)
triggered receptor desensitization and internalization, resulting
in reduced expression of CXCR2 on the surface of neutrophils
(9). Previous studies have revealed that the decreased expression

Abbreviations: NADPH, nicotinamide adenine dinucleotide phosphate; EF,

ejection fraction; FS, fraction shortening; LVAW, left ventricle anterior wall;

LVPW, left ventricle posterior wall; dP/dt max, peak instantaneous rate of

left ventricular pressure increase; dP/dt min, peak instantaneous rate of left

ventricular pressure decline; LPS, lipopolysaccharide; MPO, myeloperoxidase.

TMZ, trimetazidine.

of CXCR2 impaired neutrophil recruitment to the infection site
and played a major role in the poor outcome secondary to the
sepsis (10). Hence, it is necessary to investigate the regulation
of neutrophil recruitment during sepsis-induced myocardial
dysfunction.

AMPK, 5′ adenosine monophosphate-activated protein

kinase, is a crucial regulator of cellular energy homeostasis (11).

A recent study has reported that activated AMPK enhanced
the abilities of neutrophil chemotaxis and bacterial killing

in sepsis (12). Nuclear factor erythroid-2-related factor-2
(Nrf2), which is one of the downstream signals of AMPK,

is a critical transcriptional factor for antioxidation. We, and

others, have found that activation of Nrf2, via AMPK, inhibited
LPS-induced inflammatory response (13, 14). Upon activation,
Nrf2 dissociates from Kelch-like ECH-associated protein 1
(Keap1), and in turn, translocates into the nucleus to bind to the
antioxidant responsive element (ARE) in gene promoters (15).
Nrf2 was found to regulate the expression of many antioxidant
enzymes and proteins, such as NADPH quinineoxidoreductase-1
(NQO-1), heme oxygenase-1 (HO-1), and glutathione S-
transferase (GST). Recently, it has been indicated that Nrf2 also
transcriptionally regulates inflammation-related genes (16).

Trimetazidine (TMZ) is a clinically effective anti-anginal
agent due to the inhibition of long-chain 3 ketoacyl coenzyme A
thiolase activity, which leads to decreased fatty acid oxidation and
increased glucose oxidation (17). Previous studies have indicated
the protective effects of TMZ on heart failure (18), oxidative
stress damage (19), cell apoptosis (14), and endothelial function
(20). Our recent study has demonstrated that TMZ improves
LPS-induced cardiac dysfunction by regulating the function of
macrophages (14). Given the pivotal function of neutrophils in
inflammatory response, the detailed role of TMZ in regulating
neutrophils function during septic cardiac dysfunction need to
be explored.

Pyroptosis is a form of inflammatory programmed cell death
(PCD). Unlike apoptosis or necrosis, pyroptosis features pore
formation of the plasma membrane, cell swelling, and membrane
rupture, causing leakage of cytosolic contents (21). During
LPS-induced pyroptosis, caspase-11 is first activated by directly
binding to LPS (22). Subsequently, activated caspase-11 processes
interleukin (IL)-1β/IL-18 into their active forms (23). Pyroptosis
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was initially defined as an antimicrobial reaction in immune
cells (24). However, few studies have focused on cardiomyocyte
pyroptosis in septic cardiac dysfunction.

In this study, we demonstrated that TMZ ameliorated
LPS- and cecal ligation and puncture (CLP)-induced cardiac
dysfunction and cardiomyocyte pyroptosis by promoting
CXCR2-dependent neutrophil migration to cardiac tissue.

MATERIALS AND METHODS

Reagents
LPS, SB225002, Percoll, and Compound C (CC) were from
Sigma-Aldrich (St. Louis, MO). TMZ was from Servier (Tianjin,
China). RPMI1640 medium was from Thermo Fisher Scientific
(Walham, MA). Nrf2 siRNA was from RiboBio (Guangzhou,
China). CXCL2 was from R&D Systems (Minneapolis, MN).
DAPI and IL-1β ELISA kit were from Boster (Wuhan, China).
Myeloperoxidase (MPO) assay kit and lacate dehydrogenase
(LDH) assay kit were from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). Lipofectamine 2000 was from
Invitrogen (Waltham, MA). Protein A/G agroase, anti-Nrf2, and
anti-CXCR2 were from Santa Cruz Biotechnology (Dallas, TX).
Anti-Ly6G, anti-MPO, anti-GRK2, and isotype antibody were
from Abcam (Cambridge, MA). Anti-AMPK and anti-phospho-
AMPK were from Cell Signaling Technology (Danvers, MA).
Anti-caspase-11 was from Novus Biologicals (Littleton, CO).
FITC-CD11b and Percp/Cy5.5-Ly6G were from eBioscience (San
Diego, CA). PE-CXCR2 was from BD Biosciences (San Jose,
CA). Lysis buffer and BCA protein assay were from Beyotime
(Shanghai, China).

Animals
All experiments were performed with the approval of the
Animal Research Committee of Tongji Medical College, and
in accordance with ARRIVE and NIH guidelines for animal
welfare. Male C57BL/6 mice at the age of 8–10 week-olds were
purchased from the Institutional Animal Research Committee
of Tongji Medical College, housed at a temperature of 23–25◦C
and a humidity of 55 ± 5% with free access to food and water.
(1) Model of LPS-induced endotoxemia: Mice were randomly
divided into 4 groups (n = 8), and received saline, single
TMZ, single LPS, or LPS and TMZ combination interventions,
respectively. In LPS and TMZ combination interventions, mice
were first injected with LPS (15 mg/kg) in 100 µl of sterile
saline by intraperitoneal injection, then 6 h later, TMZ (20mg/kg)
was administrated intragastrically (i.g.) every 6 h for a total of
three times. In the 6-group animal experiments, the CXCR2
antagonist SB225002 (10 mg/kg) was injected intraperitoneally
30min before LPS injection (10). (2) Model of CLP sepsis: The
mice (n = 10 in each group) were first pre-treated with TMZ for
1 day. Then the CLP model of sepsis of moderate severity was
performed in accordance with the original protocol developed by
Chaudry’s lab, with additional modifications (25). In brief, mice
were anesthetized with i.p. injection of sodium pentobarbital
(Sigma-Aldrich) with a dose of 30 mg/kg. A midline incision
was made, and after externalization, the cecum was ligated (1 cm
from the apex) and punctured twice (through-through) with

a 27-G needle. Next, a small amount of fecal mass from the
punctured cecum was gently squeezed out to ensure patency of
punctures, cecum was relocated, and 4/0 sutures were used to
close the peritoneum and skin. Sham-operated mice underwent
only incision and cecum exteriorization. After the sham or CLP
operations, the mice were then treated with TMZ (20 mg/kg/day)
for 6 consecutive days. The survival rate was determined daily
for 7 days after CLP. Cardiac function of mice was assessed
by echocardiography and Millar catheter, and then the mice
were sacrificed. Part of heart tissue was kept in 10% formalin,
dissected and cut into slices. The remaining portions of heart
tissue was immediately snap-frozen and stored at −80◦C for
western blotting examination.

Bone Marrow Transplantation
We performed bone marrow transplantation in TMZ or
vehicle treated-wild type (WT) C57BL/6 mice using previously
established methods (26). Briefly, 10-week-old WT C57BL/6
donor mice were pre-treated using TMZ (20 mg/kg in saline
solution for 3 days) or equal amount of solvent (saline solution)
as vehicle (TMZ BM and Vehicle BM groups in donor mice),
meanwhile, the recipient mice were also pre-treated using TMZ
(20 mg/kg in saline solution for 3 days) or equal amount of
solvent (saline solution) as vehicle (TMZ and Vehicle groups
in recipient mice). Then before the BM transplantation, the
recipient mice received 850 rads of γ-irradiation and were
administered with the antibiotic, Baytril. The next day, fresh
bone marrow cells were isolated from a separate cohort of
saline pre-treated C57BL/6 vehicle mice and nonirradiated TMZ
pre-treated mice (n = 5 mice/group and pooled), respectively,
and were injected into irradiated mice (6 × 106) in 200
µL volume through the tail vein. Twenty-four hours after
bone marrow transplantation, the mice were subjected to LPS
injection (15 mg/kg) or CLP surgery. Six hours after LPS
administration and 1 day after CLP, mice hearts were harvested
for immunohistochemistry Ly6G, MPO staining, and other tests.

Echocardiography and Haemodynamic
Analyses
Transthoracic echocardiography (Vevo3100, Visual Sonics,
Canada) was performed under anesthesia (2% isoflurane) (27).
For the haemodynamic analyses, a Millar Cather Transducer
(Millar Instruments, Houston), connected to a pressure
transducer (Millar Instruments), was inserted through the right
carotid artery into the left ventricle cavity, and stable-state
haemodynamic parameters were recorded and analyzed with
LabChart software (ADInstruments, Colorado Springs, CO).

Bone Marrow Derived Neutrophil (BMDN)
Isolation and Chemotaxis Assay
BMDNs were isolated by Percoll gradient method as described
previously (6). The purity of BMDNs was > 95% and was
identified by Wright-Giemsa staining and Gr-1+ expression
using flow cytometry, respectively.

Isolated BMDNs were re-suspended in RPMI1640 medium
and pretreated with AMPK inhibitor CC (2µM) or Nrf2
siRNA. BMDNs were then treated with LPS (5µg/ml) for 1 h,
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followed with TMZ (20µM) treatment for 2 h. After that,
BMDN chemotaxis was assessed toward CXCL2 (30 ng/ml) or
medium alone in a 24-well Boyden chamber using a 5-µm-
pore membrane. Two hours later, the membrane was removed.
The images of migrated BMDNs were captured under an optical
microscope, and numbers of BMDNs were counted in at least five
random fields per well.

Immunofluorescent Assay of CXCR2
Isolated BMDNs were pretreated with LPS (5µg/ml) for 1 h,
and then treated with TMZ (20µM) for 2 h. After that, BMDNs
were affixed on glass slides and incubated with anti-CXCR2 as
described previously (8). BMDN nuclei were stained with DAPI.
Fluorescent images were captured using fluorescence microscope
(Nikon, Japan).

Flow Cytometry Analysis
To determine the expression of CXCR2 on cell surface, BMDNs
were stained with antibodies against FITC-CD11b, Percp/Cy5.5-
Ly6G and PE-CXCR2. The expression of CXCR2 levels were
analyzed by FACS Calibur flow cytometer (BD Biosciences, San
Jose, CA) in the cell population of CD11b+Ly6G+.

Transfection With siRNA
For the transfection, BMDNs were seeded in 6-well plate in
optium-medium, then transfected using Lipofectamine 2,000
according to manufacturer’s instruction.

Luciferase Reporter Assays
Promoter fragments (−3011/+254, −2319/+254, and
−1408/+254) of mouse CXCR2 were subcloned into the
MluI/XholI sites of PGL3 vector (Promega, Madison, WI). The
primers are shown in Supplemental Table 2. The construct of
mutant CXCR2 was introduced by site-directed mutagenesis
(Stratagene, La Jolla, CA). Mouse Nrf2 expression vector was
purchased from Genecopoeia (EX-Mm04093-M03, Rockville,
MD). All plasmids were sequenced in order to ensure sequence
accuracy. Cells were transfected with CXCR2 promoter
constructs and Nrf2 expressing plasmid using Lipofectamine
2000. pRL-TK (Promega, Madison, WI) was co-transfected
as an internal control in each group. Forty-eight hours after
transfection, cells were harvested for the Dual-Luciferase
reporter assay (Promega, Madison, WI).

Chromatin Immunoprecipitation (ChIP)
Assays
HEK293T cells were cultured in 100-mm plates and transfected
with empty or Nrf2 vector. Cells were incubated with 1%
formaldehyde to cross-link protein-DNA complexes at 48 h
after transfection. Cells were then lysed and sonicated to
shear the chromatin to fragments. Sheared chromatin was then
immunoprecipitated with anti-Nrf2 or normal IgG overnight at
4◦C. Chromatin-antibody complexes were recovered by Protein
A/G agroase. The immunoprecipitated DNA was analyzed by
PCR to amplify CXCR2 promoter sequences. PCR products were
analyzed by 1% agarose gel.

Co-culture of BMDNS and Cardiomyocytes
Primary adult cardiomyocytes were isolated as described
previously (28). BMDNs seeded in 6-well plates were first
administrated with SB225002 (1µM), then stimulated with LPS
(5µg/ml) for 1 h, and finally with TMZ (20µM) treatment for
2 h. After that, BMDNs were collected, washed, and seeded onto
the transwell insert (0.4µm pore size) above cardiomyocytes.
Cardiomyocytes were harvested for 24 h at 37◦C and then used
for further analysis.

Western Blotting Analysis
Cell lysates were generated by lysis buffer containing protease
and phosphatase inhibitors. Equal amounts of protein were
separated by 10% SDS-polyacyral-amide gels and transferred
to PVDF membranes. Membranes were blocked with blocking
buffer containing 5% BSA in TBST for 2 h at room temperature.
Incubation of specific primary antibodies at 1:1000 dilutions was
followed by appropriate second antibody. Then, immunoreactive
bands were detected using ECL and analyzed by Quantity One
software (Bio-Rad Laboratories, Philadelphia, PA).

Statistical Analysis
All animal data are presented as mean ± SEM and in-vitro
data are presented as mean ± SD. One-way ANOVA with
Bonferroni post hoc test was used for comparison amongmultiple
groups using SPSS 17.0 software, and sample distribution
was determined by the Shapiro–Wilk normality test (W
test). Differences with P < 0.05 were considered statistically
significant.

RESULTS

TMZ Protected Against LPS- and
CLP-Induced Cardiac Dysfunction and
Promoted Neutrophil Migration to Heart
Tissue
An LPS-induced endotoxemia model and a CLP-induced
sepsis model were both taken in C57BL/6 mice. In the
endotoxemia model, mice were injected intraperitoneally
with LPS, and then either TMZ or saline (Figure 1A) was
administered. In the sepsis model, mice were treated with
TMZ (20 mg/kg/day) for 7 consecutive days post CLP or
sham operations (Figure 1B). Consistent with our previous
observations, echocardiographic parameters showed that LPS
stimulation induced significant cardiac dysfunction, as indicated
by decreased EF%, FS%, LVAW;s and LVPW;s, and increased
LVID;s (Figures 1C–E). Similarly, haemodynamic analyses
revealed that LPS injection led to decreased values of heart
rate, Pmax, dp/dtmax and dp/dtmin (Figures 1F–I). However,
TMZ administration reversed the impairments of LPS-induced
cardiac functions. In addition, TMZ treatment exerted similar
cardioprotective effects 1 day and 7 days post CLP surgery,
including increased EF%, FS%, without affecting heart rates
of mice (Figure 1K, Supplemental Figures 1A–D). Moreover,
the 7-day survival rate was increased from 20.74 to 70.00%
after TMZ treatment compared with CLP-induced septic mice,
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FIGURE 1 | TMZ improved LPS- and CLP-induced myocardial dysfunction and increased neutrophil migration to heart tissue. (A) Schematic drawing of experimental

schedule for the endotoxemia mice study (n = 8 mice per group). Mice were first injected with LPS (15 mg/kg) in 100 µl of sterile saline by i.p. Then TMZ (20 mg/kg)

was administrated by i.g. every 6 h for three times at 6 h after LPS injection. 24 h after injection with LPS or saline, cardiac function of the mice was assessed by

echocardiography and Millar catheter. (B) Schematic drawing of experimental schedule for the septic mice study (n = 10 mice per group). Mice were treated with TMZ

(Continued)
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FIGURE 1 | (20 mg/kg/day) for 7 consecutive days post CLP or sham operations, 1 and 7 days post CLP, cardiac function of mice was assessed by

echocardiography; (C–E) Left ventricular ejection fraction (LVEF), left ventricular fractional shortening (LVFS) and left ventricular diameters were measured by

two-dimensional echocardiography. (F–I) Heart rate, Pmax, dp/dtmax, and dp/dtmin were assessed by cardiac catheterization. (J) Survival rates of wild-type (WT)

(n = 10 per group) undergoing severe sepsis (cecal ligation and puncture [CLP] operation). (K) LVEF and LVFS in CLP model were measured by two-dimensional

echocardiography. (L) Representative histological cardiac tissues stained with H&E, Ly6G, and MPO as the indicated groups at 24 h after LPS injection. (M)

Quantification of Ly6G positive cells in 1 mm2 after LPS stimulation; (N) Quantification of MPO positive cells in 1 mm2. (O) Representative images of heart tissues

immunostained with Ly6G on day 1 post CLP. Scale bar: 50µm. (P) Quantification of Ly6G positive cells in 1 mm2 post CLP. (Q) MPO activity assay in heart tissues

was performed at 24 h after LPS injection. Data is presented as mean ± SEM of three independent experiments. *P < 0.05 vs. Con group in LPS-induced model or

Sham group in CLP-induced model; #P < 0.05 vs. LPS-treated group or CLP-induced group. LVAW;d, left ventricular anterior wall in diastole; LVAW;s, left ventricular

anterior in systole; LVID;d, left ventricular internal diameter in diastole; LVID;s, left ventricular internal diameter in diastole; Pmax, peak systolic pressure.

accompanied by reduced peritoneal bacterial load (Figure 1J
and Supplemental Figure 1E), indicating the improved cardiac
function after TMZ treatment confers a survival advantage in
sepsis.

In histological studies, H&E staining of heart tissue in
the control and TMZ group represented normal distribution
of cardiomyocyte and myocardial structures (Figure 1L).
Meanwhile, the LPS-induced cardiac structural disarray and
interstitial edema was reversed by TMZ (Figure 1L). Ly6G and
MPO staining (markers of infiltrating neutrophils) showed
that the numbers of Ly6G and MPO positive cells in heart
tissue was negligible in both the saline and TMZ groups, as
well as in LPS- and CLP-induced mice heart. Interestingly,
the number of neutrophils in heart tissue was significantly
increased in the LPS+TMZ group when compared with LPS
group (Figures 1L–N, Supplemental Figure 2). TMZ treatment
also increased the number of neutrophils in heart tissue post CLP
surgery (Figures 1N–P, Supplemental Figure 2). Meanwhile,
the MPO activity in LPS+TMZ group was markedly higher
than in the LPS group 24 h after LPS injection (Figure 1Q).
Collectively, these results suggest that TMZ ameliorates LPS- and
CLP-induced cardiac dysfunction in endotoxemia and sepsis,
accompanied by increasing neutrophils recruitment into heart
tissues.

TMZ-Pretreated Bone Marrow Cells
Ameliorated LPS- and CLP-Induced
Myocardial Dysfunction and Enhanced
Neutrophil Recruitment to the Heart
To detect whether the effects of TMZ on neutrophil recruitment
was dependent on resident cells or bone marrow (BM) derived
cells, we performed BM transplantation experiments. Compared
with mice that received vehicle BM cells, mice receiving
TMZ pretreated BM cells showed improvement of cardiac
function, reflected by increased values of EF%, FS%, LVAW;s,
LVPW;s, heart rate, Pmax, dp/dtmax and dp/dtmin, as well as
decreased values of LVID;d and LVID;s (Figures 2A–G) post LPS
stimulation. In the CLP-induced sepsis model, mice receiving
TMZ pretreated BM cells showed similar improvement of cardiac
function as observed in the post LPS-induced endotoxemia
model (Figure 2H). Furthermore, H&E staining revealed that
compared with vehicle pretreated BM cells, the TMZ pretreated
BM cells that injected in recipient mice attenuated the
myocardial injury, indicated by reduced irregular arrangement
of cardiomyocyte and interstitial edema (Figure 2I). Moreover,
in both LPS-induced endotoxemia and CLP-induced sepsis
models, the Ly6G and MPO staining showed that the number

of neutrophils recruited into heart tissue was significantly
increased in TMZ BM > vehicle mice compared with vehicle
BM > vehicle mice, and TMZ BM > TMZ mice compared
with TMZ BM > vehicle mice, respectively, (Figures 2I–M).
Consistently, the MPO activities in TMZ BM > vehicle and
TMZ BM > TMZ groups were remarkably higher compared
with vehicle BM > vehicle and TMZ BM > vehicle groups
(Figure 2N). Taken together, this data indicates that TMZ-
pretreated bone marrow cells attenuate LPS- and CLP-induced
myocardial depression, and enhance themigration of neutrophils
into heart tissue.

TMZ Enhanced Neutrophil Migration by
Regulating CXCR2 Expression Through
AMPK Pathway
To examine whether TMZ had a direct effect on neutrophil
migration, we isolated bone marrow derived neutrophils
(BMDNs) from differentially treated mice, and assessed the
migration ability of BMDNs. As shown in Figures 3A,B, BMDNs
isolated from LPS-induced mice showed a marked impaired
chemotactic response toward CXCL2, when compared with
the control group (29). However, TMZ treatment remarkably
rescued declined BMDNmigration by LPS stimulation.

Next, isolated BMDNs from C57BL/6 mice were pretreated
with TMZ or LPS in vitro. Consistently, TMZ significantly
ameliorated LPS-induced failure of BMDN migration toward
CXCL2 (Figures 3C,D). Additionally, both the untreated and
TMZ-treated BMDNs exhibited normal and homogeneous
expression of CXCR2 in the CXCR2 fluorescent staining.
However, LPS significantly reduced expression of CXCR2 in
BMDNs, which was reversed by TMZ treatment (Figures 3E–F).

Next, we found that TMZ reversed LPS-reduced
phosphorylation of AMPK in BMDNs (Figure 3G). Consistently,
pretreatment with the AMPK specific inhibitor, CC, significantly
prevented TMZ-enhanced BMDNs migration (Figures 3H–I).
In addition, flow cytometry analyses showed that TMZ elevated
the expression of CXCR2 on the membrane in LPS-induced
BMDNs, which was reversed by CC (Figures 3J–K). Thus, the
TMZ regulated CXCR2 expression in an AMPK-dependent
manner, which in turn enhanced neutrophil migration.

TMZ Improved Neutrophil Migration by
Decreasing GRK2 and Increasing CXCR2
Expression in an AMPK/Nrf2 Dependent
Manner
As shown in Figures 4A,B, we found that TMZ markedly
reversed the reduced Nrf2 expression in the nucleus of
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FIGURE 2 | TMZ-pretreated bone marrow cells ameliorated LPS- and CLP-induced myocardial dysfunction and promoted neutrophils recruitment to heart tissues.

Irradiated TMZ pretreated (20 mg/kg, i.g., Tid, for 3 days) and vehicle pretreated wild-type (WT) mice received either vehicle or TMZ pretreated bone marrow subjected

to LPS challenge (15 mg/kg, i.p.) or CLP surgery, respectively. 6 h after LPS injection and 1 day post-CLP, mice were subjected to echocardiography and

haemodynamic analyses. Mice were then sacrificed and heart tissues were stained with H&E and immunochemistry staining. (A–C) Statistical analysis of

echocardiographic results after LPS challenge. (D–G) Statistical analysis of haemodynamic results after LPS challenge. (H) Statistical analysis of echocardiographic

results post-CLP. (I) Representative histological H&E, Ly6G, and MPO staining of heart sections as the indicated groups. (J) Quantitative analysis of Ly6G-positive

cells in 1 mm2 after LPS challenge. (K) Quantitative analysis of MPO-positive cells in 1 mm2 after LPS challenge. (L) Representative Ly6G staining of heart sections as

the indicated groups in CLP-induced sepsis. (M) Quantitative analysis of Ly6G-positive cells in 1 mm2 post CLP; (N) MPO activity assay in heart tissues was

performed at 6 h after LPS injection. Data is presented as mean ± SEM of three independent experiments. *P < 0.05 vs. vehicle BM > vehicle mice; #P < 0.05 vs.

vehicle BM > TMZ mice, n = 8 mice per group after LPS challenge, and n = 5 mice per group post CLP.
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FIGURE 3 | TMZ enhanced neutrophil migration by regulating CXCR2 expression through AMPK pathway. (A) 8–10 week-old C57BL/6 male mice were first injected

with LPS (15 mg/kg), then TMZ (20 mg/kg) was administrated by gavage every 6 h for 3 times after LPS injection for 6 h. Representative images of migrated BMDNs

by transwell assay. (B) Relative quantitative assay of migrating BMDNs under optical microscopy. (C) Neutrophils isolated from non-simulated mice bone marrow, then

BMDNs were subjected to LPS stimulation (5µg/ml) for 1 h and subsequently treated with TMZ (20µM) for 2 h. Representative images of migrated BMDNs by

transwell assay. (D) Relative quantitative assay of migrating BMDNs under optical microscopy. (E) Representative images of BMDN immunofluorescent CXCR2 (green)

staining. Nuclei were stained by DAPI (blue). (F) Quantitative of CXCR2 expression by measuring fluorescence intensity. (G) Phosphorylation of AMPK in BMDNs was

examined by western blotting. (H) BMDNs were first treated with AMPK inhibitor CC (CC) (1µM) for 1 h, then subjected to LPS stimulation (5µg/ml) for 1 h,

subsequently treated with TMZ (20µM) for 2 h in vitro. Representative images of migrated BMDNs by transwell assay. (I) Relative quantitative assay of migrating

BMDNs under optical microscopy. (J) Flow cytometry was performed to examine the expression of CXCR2 on the membrane of neutrophils. (K) Quantitative of

CXCR2 expression by FACS. Data were presented as mean ± SEM in vivo and mean ± SD in vitro of three independent experiments. Scale bar: 50µm. *P < 0.05 vs.

Con group; #P < 0.05 vs. LPS group; §P < 0.05 vs. LPS+TMZ group, n = 8 mice per group.
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FIGURE 4 | TMZ promoted neutrophil migration by decreasing GRK2 and increasing CXCR2 expression in an AMPK/Nrf2 dependent manner. (A) BMDNs were first

treated with CC (1µM) for 1 h, then subjected to LPS stimulation (5µg/ml) for 1 h, subsequently treated with TMZ (20µM) for 2 h. Western blotting analysis of nuclear

Nrf2 and total GRK2 in response to different stimulations. Lamin B and GAPDH were used as loading controls, respectively. (B,C) Quantification of Nrf2/Lamin B and

GRK2/GAPDH was performed from the western blotting and expressed as fold induction. (D) BMDNs were first transfected with si-Nrf2 for 24 h, then subjected to

LPS stimulation (5µg/ml) for 1 h, subsequently treated with TMZ (20µM) for 2 h. Representative images of transwell assays for BMDNs under optical microscope.

Scale bar: 50µm. (E) Relative quantitative assay of migrating BMDNs under optical microscopy. (F) Flow cytometry was performed to examine the expression of

CXCR2 on the membrane of BMDNs. (G) Quantitative assay of CXCR2 expression by FACS. (H) Western blotting analysis of nuclear Nrf2 and total GRK2 in response

to different stimulations after transfection. Lamin B and GAPDH were used as loading controls, respectively. (I,J) Quantification of Nrf2/Lamin B and GRK2/GAPDH

was performed from the western blotting and expressed as fold induction. Data is presented as mean ± SEM in vivo and mean ± SD in vitro of three independent

experiments. *P < 0.05 vs. Con group; #P < 0.05 vs. LPS group; §P < 0.05 vs. LPS+TMZ group.

LPS-treated BMDNs, whereas CC abrogated this influence of
TMZ. On the other hand, byWestern blotting analyses, we found
that TMZ treatment significantly inhibited LPS-induced GRK2
over-expression, which was attenuated by CC, indicating that

TMZ negatively affected GRK2 expression via AMPK activation
(Figures 4A,C). To verify whether Nrf2 regulates BMDN
migration, BMDNs were transfected with Nrf2 siRNA. In LPS-
treated BMDNs, Nrf2 silence significantly prevented the effects
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of TMZ on enhancing neutrophil migration (Figures 4D,E),
downregulating CXCR2 membrane expression (Figures 4F,G),
inhibiting Nrf2 expression (Figures 4H,I), and increasing GRK2
expression (Figures 4H,J).

CXCR2 Is Transcriptionally Regulated by
TMZ via Nrf2 in LPS-Induced Cardiac
Dysfunction
To understand how Nrf2 affects the expression of CXCR2,
we performed in silico promoter analyses on mouse CXCR2
gene. Bioinformatic analyses revealed a CXCR2 potential ARE
(antioxidant responsive element) binding sequence upstream
of the CXCR2 translational initiation site (−919/−909).
Subsequently, three fragments (−3011/+254, −2319/+254,
−1408/+254) of promoter sequence of CXCR2 and an ARE
mutant fragment of −1408/+254 were inserted into the
luciferase reporter plasmid (Figures 5A,B). Luciferase reporter
gene assays revealed that Nrf2 increased the luciferase activity of
all three fragments, but not in the mutant fragment (Figure 5B),
indicating that Nrf2 affected the transcriptional activity of
CXCR2 via binding to the potential ARE sequence. To confirm
this binding, we performed chromatin immunoprecipitation
assays. In agreement with the results of luciferase reporter gene
assays, the CXCR2 proximal promoter (−919/−909) was present
in Nrf2 immunoprecipitates from cells expressing Nrf2, but
not cells expressing the empty vector control. In contrast, distal
promoter sequences (−2727/−2717) could not be amplified
in Nrf2 immunoprecipitates (Figure 5C). Moreover, TMZ
increased transcriptional activity of CXCR2 in the proximal
promoter sequence from −1408 to +254 compared with
LPS, and this effect was dependent on the expression of Nrf2
(Figure 5D). Together, this data demonstrates that CXCR2 is
transcriptionally regulated by TMZ through the transcription
factor Nrf2.

To test whether the expression of CXCR2 in neutrophils
contributes to the protective effects of TMZ against LPS-induced
cardiac dysfunction, a specific CXCR2 antagonist, SB225002,
was introduced to inhibit the expression of CXCR2 in vivo
(Figure 5E). Results showed that TMZ significantly ameliorated
LPS-induced cardiac dysfunction, whereas CXCR2 antagonist
almost completely abrogated the protective effects of TMZ in
LPS-induced mice (Figures 5F–H and Supplemental Table 1).
These results indicate that TMZ prevents LPS-induced cardiac
depression via up-regulating the expression of neutrophil’s
CXCR2.

TMZ Decreased LPS-Induced
Cardiomyocyte Pyroptosis by Targeting
Neutrophils
Inflammatory response in some pathological conditions can
induce cardiac cell death, subsequently leading to heart failure,
which is associated with pyroptosis (13). Activation of caspase-
11 (cleaved caspase-11) and marked increase of IL-1β and
LDH were served as biomarkers of pyroptosis (22, 30). In
this study, Western blotting showed that the expression of
cardiac cleaved caspase-11 was remarkably increased in the

LPS group (Figures 6A,B), and similar changes in IL-1β and
LDH were consistently observed (Figures 6C,D). Increased
caspase-11 in the LPS stimulated heart was also detectable
by fluorescence staining (Figures 6E,F). These results indicated
an induction of cardiomyocyte pyroptosis in LPS stimulated
septic mice. As expected, TMZ treatment effectively reduced
LPS-induced cardiomyocyte pyroptosis (Figures 6A–F). On the
other hand, the specific CXCR2 antagonist, SB225002, attenuated
the protective effects of TMZ on LPS-induced cardiomyocyte
pyroptosis (Figures 6A–F). Moreover, the protective effects
of TMZ on LPS-induced cardiac pyroptosis were associated
with increased neutrophils in heart tissue (Figures 6G,H).
Consistently, in in-vitro experiments, cardiomyocytes co-
cultured with LPS-stimulated neutrophils exhibited significant
pyroptosis, reflected by increased levels of cleaved caspase-11,
IL-1β, and LDH (Figures 6I–L). Conversely, TMZ-pretreated
BMDNs decreased cardiomyocyte pyroptosis induced by LPS,
indicating a protective effect of TMZ on cardiomyocyte
pyroptosis mediated by neutrophils (Figures 6I–L). After adding
the CXCR2 specific inhibitor SB225002, the protective effects of
TMZ on LPS-induced cardiomyocyte pyroptosis were blocked
(Figures 6I–L). This data suggests that TMZ attenuates LPS-
induced cardiomyocyte pyroptosis via neutrophils mediated by
CXCR2 in vivo and in vitro.

DISCUSSION

In the current study, we found that the anti-anginal agent
TMZ significantly attenuated LPS- and CLP-induced myocardial
dysfunction in mice, by increasing neutrophilic migration to
heart tissue (Figure 6M), via promoting neutrophil recruitment
to the heart. Mechanistically, we found that TMZ promoted
neutrophils through an AMPK/Nrf2/CXCR2 dependent manner
secondary to LPS stimulation. CXCR2 was transcriptionally
regulated by TMZ via Nrf2, which directly bound to the
CXCR2 promoter sequence. Finally, TMZ reduced LPS-induced
cardiomyocyte pyroptosis via neutrophils.

Sepsis and endotoxemia are both systemic inflammatory
responses to infection and can lead to tissue injury and multiple
organ failure (31–33). The cardiovascular system is one of
the most frequently affected organ systems in sepsis and
endotoxemia (33, 34). Septic patients with secondary cardiac
dysfunction had a 50-70% increase in mortality when compared
to those without cardiac dysfunction (3). The myocardial
contractile dysfunction is driven by several factors, such as
cardiodepressant mediators, mitochondrial dysfunction and/or
apoptosis (35, 36). During sepsis-induced cardiac dysfunction,
various cell types and factors involved in the up-regulation
of inflammatory gene transcription and initiation of innate
immunity in heart (3). Our previous study demonstrated the
protective role of TMZ against LPS-induced cardiac dysfunction,
by targeting the macrophage mediated pro-inflammatory
response, especially through activating macrophages in bone
marrow (14). In this study, we found that the myocardial
beneficial effects of TMZ were associated with increased
neutrophil recruitment after LPS challenge. Furthermore, in
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FIGURE 5 | CXCR2 is transcriptionally regulated by TMZ via Nrf2 in LPS-induced cardiac dysfunction. (A) Nrf2 ARE consensus binding site, potential Nrf2 binding site

and the mutant Nrf2 binding site relative to potential Nrf2 binding site on mouse CXCR2. Blue indicates binding site, red indicates mutated base. (B) Luciferase activity

of the constructs transfected into HEK293T cells. The first base before ATG represents−1. (C) Nrf2 chromatin immunoprecipitation. HEK293T cells were transfected

with an empty plasmid or plasmid expressing Nrf2. PCR assays on input and IP fractions amplified the CXCR2 promoter containing the putative Nrf2 site

(−919/−909, top panel) or a distal region of the Nrf2 promoter (−2727/−2717, bottom panel). (D)−1408/+254 CXCR2 promoter constructs and si-Nrf2 were

transfected into HEK293T cells, and then subjected to TMZ (20µM), LPS (5µg/ml) or combination stimulations. Relative luciferase activity of−1408/+254 CXCR2

promoter construct after stimulations. (E) Schematic drawing of experimental schedule for the mice study. 8–10 week-old C57BL/6 male mice were first

intraperitoneally injected with the CXCR2 inhibitor SB225002 (10 mg/kg) and LPS (15 mg/kg), then TMZ was administrated by gavage every 6 h for 3 times after LPS

injection for 6 h. (F,G) Ejection fraction and fractional shortening was measured by two-dimensional echocardiography. (H) Representative images of left ventricular

myocardium H&E staining. Scale bars: 100µm. Data is presented as mean ± SEM in vivo and mean ± SD in vitro of three independent experiments. *P < 0.05 vs.

corresponding Control group or GFP control; #P < 0.05 vs. LPS group; §P < 0.05 vs. LPS+TMZ group. n = 8 mice per group.

bone marrow transplantation experiments, we identified that
TMZ pre-treated bone marrow cells, other than resident cells,
prevented LPS-induced cardiac dysfunction and promoted
neutrophil recruitment into the heart. Even though TMZ was
pre-treated in the group vehicle BM > TMZ, vehicle pre-treated
bone marrow cells did not prevent LPS- or CLP-induced cardiac

dysfunction and failed to promote neutrophil recruitment into
the heart. Given that CXCR2 plays an important role in the
retention and release of neutrophils in bone marrow (37), we
speculate that the role of TMZ is different in bone marrow
versus peripheral tissue (heart), and TMZ mainly acts in bone
marrow.
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FIGURE 6 | TMZ decreased LPS-induced cardiomyocyte pyroptosis by targeting neutrophils. (A) 8–10 week-old C57BL/6 male mice were first injected with the

CXCR2 inhibitor SB225002 (10 mg/kg) and LPS (15 mg/kg), then TMZ was administrated by gavage every 6 h for 3 times after LPS injection for 6 h. Cleaved

caspase-11 (marked by arrow) expression in heart tissue was measured by western blotting. (B) Quantification of cleaved Casp-11/ pro-Casp-11 was performed from

the western blotting analysis and expressed as fold induction. (C) IL-1β levels in heart tissues were measured by ELISA. (D) LDH levels in heart tissue. (E)

Representative images of left ventricular myocardium caspase-11 (red) fluorescent staining. Blue indicates DAPI staining. Scale bar: 50µm. (F) Relative caspase-11

fluorescent intensity. (G) Representative images of left ventricular myocardium MPO staining. Scale bar: 50µm. (H) Quantification of MPO-positive cells in 1 mm2. (I)

BMDNs were first administrated with SB225002 (1µM), then stimulated with LPS (5µg/ml) for 1 h, and finally with TMZ (20µM) treatment. Primary cardiomyocytes of

adult mice were co-cultured with stimulated BMDNs by transwell. Cardiomyocytes were seeded in the bottom chamber and BMDNs into the upper chamber. Western

blotting analysis of Casp-11 in cardiomyocyte and GAPDH used as loading control. (J) Quantification of cleaved Casp-11/ pro-Casp-11 was performed from the

western blotting analysis and expressed as fold induction. (K) Relative expression of IL-1β mRNA in cardiomyocyte (normalized to GAPDH mRNA). (L) LDH levels in

cardiomyocytes. (M) The proposed model for this study was summarized. Data is presented as mean ± SEM in vivo and mean ± SD in vitro of three independent

experiments. *P < 0.05 vs. corresponding Control group; #P < 0.05 vs. LPS group; §P < 0.05 vs. LPS+TMZ group.
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To elucidate the functions of increased neutrophils in
heart tissue, we assessed the ability of neutrophil migration.
Migration of neutrophils was regulated by corresponding
chemokines via binding to the specific chemokine receptors,
which belong to the G protein-coupled receptor family (38).
CXCR2 plays an important role in mice neutrophil recruitment
into the infected site (39). The failure of neutrophil migration
was associated with CXCR2 depression (8). GRK2 is a
serine/threonine proteins kinase and its activation increased the
internalization of the chemokine receptor CXCR2 (9). However,
the detailed mechanism underlying the direct regulation of
CXCR2 expression on themembrane of neutrophils during sepsis
has been poorly investigated. Previous studies have reported
that AMPK activation enhances neutrophil chemotaxis and
bacterial killing (12). The present study demonstrates that
TMZ promoted LPS-inhibited BMDN migration in vitro is
accompanied by an increase in CXCR2 membrane expression,
which was significantly prevented by the AMPK inhibitor
CC. Moreover, TMZ induced accumulation of Nrf2 in the
nucleus in BMDNs contributed to the increased CXCR2
membrane expression. Additionally, the suppression of GRK2
induced by TMZ also reduced the rapid internalization of
CXCR2.

When cells were exposed to oxidative or electrophilic stress,
Nrf2 disassociated from Keap1 and translocated into the nucleus,
where it was able to regulate the transcription of its target
genes by binding to the anti-oxidative response element (ARE)
located in the promoter area (13). Nrf2 regulates antioxidant
genes, resulting in elimination of reactive oxygen species (ROS)
and decreased inflammation (40). Recently, Nrf2 has been
evidenced to bind to the pro-inflammatory genes IL-6 and IL-
1, blocking their transcriptions in macrophages (41). Moreover,
Nrf2 activation protected cardiac tissue from injury caused by
diabetic cardiomyopathy (42). In this study, for the first time,
we provided evidences that Nrf2 directly binds to a new site
located in the CXCR2 promoter sequence, resulting in higher
expression of CXCR2 on the membrane and increased neutrophil
migration. Furthermore, TMZ significantly enhanced the LPS-
inhibited transcriptional activity of CXCR2, while blockage of
Nrf2 abrogated the effects of TMZ. In addition, blockage of
CXCR2 in vivo inhibited the cardiac protective effects of TMZ
in LPS-stimulated mice.

Sepsis is the systemic inflammatory response to infection
and the inflammatory process contributed to the occurrence
of pyroptosis (1). Whether or not cardiomyocyte pyroptosis
is involved in sepsis-induced cardiac dysfunction still needs
to be elucidated. Pyroptosis is a highly pro-inflammatory
form of programmed cell death that occurs in response to
diverse organism insults. Pyroptosis occurs when canonical
inflammasomes, including NLRP1, NLRP3, NLRC4, and
AIM2 activates caspase- 1. On the other hand, activation of
noncanonical inflammasomes is triggered by intracellular
LPS directly binding to the murine caspase-11 and its human
counterparts, caspase-4 and caspase-5 (22). Inhibition of caspase-
1 protected against inflammation and cardiac dysfunction that
results from myocardial infarction (MI) (43). Recent studies
have revealed that attenuation of cardiomyocyte pyroptosis

effectively ameliorates diabetic cardiomyopathy (13). Our
results showed the involvement of pyroptosis in the heart of
LPS-treated mice, indicated by activation of caspase-11, IL-1β
release, and LDH release. Interestingly, TMZ significantly
suppressed LPS-induced pyroptosis, which was reversed by the
CXCR2 antagonist, SB225002. Combined with MPO staining,
these results suggest that increased neutrophil recruitment is
associated with decreased cardiomyocyte pyroptosis. The direct
recruitment of neutrophils to the injured tissue is essential to
eliminate the pathogen. However, in some specific condition
(just like pyroptosis, a form of inflammatory programmed
cell death), the neutrophils were pronounced accumulated
in heart to help opsonization of pore-induced intracellular
traps (PITs). The PIT initiated a robust and coordinated
innate immune response involving multiple mediators that
attracted neutrophils to efferocytose the PIT (44, 45). The
enhanced neutrophils recruitment would effectively contribute
to the attenuation of pyroptosis via efferocytosing the PIT.
TMZ may reduce pyroptosis via efferocytosing the PIT, which
is mediated by the enhanced neutrophils. Considering the
complex inflammatory environment during lytic cell death, we
reasoned that additional signals likely contributed to neutrophil
recruitment. Indeed, besides inducing pyroptosis, caspase-1
also induces secretion of IL-1β and IL-18. IL1β−/−IL18−/−

mice had significantly reduced neutrophil recruitment after
the induction of pyroptosis in the tissue (44, 46). Thus, the
normal caspase-1 induced pyroptosis led to secretion of IL-1β
and IL-18, which could increase neutrophil recruitment. Besides
inflammatory cytokines, the CXCL2 and CXCR2 signaling
pathway also contributed to the neutrophil recruitment. In
our current study, we mainly focused on the CXCR2 signaling
pathway and investigated the role of TMZ during sepsis. We
speculate that neutrophil mediated efferocytose of the PITs would
play a corresponding role during LPS-induced cardiomyocyte
pyroptosis.

In conclusion, our results showed that TMZ attenuated LPS-
induced cardiomyocyte pyroptosis and cardiac dysfunction by
promoting neutrophil recruitment to cardiac tissue via CXCR2.
This suggests that TMZmay be a potential drug for the treatment
of septic cardiac dysfunction.

AUTHOR CONTRIBUTIONS

CC and DWW: conception and design. JC and BW: experiments,
analysis, and draft writing. JL, MH, GR, ZY, and JW: part
experiments. ZB, KC, and QN: English editing.

FUNDING

This work was supported by grant from the National Natural
Science Foundation of China [91439203, 81630010 and
81790624 to DWW, 31771264 to CC and 81700333 to JC]
and Changjiang Scholars and Innovative Research Team in
University [IRT_14R20 to QN]. The funders had no role in
study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Frontiers in Immunology | www.frontiersin.org 13 September 2018 | Volume 9 | Article 2015

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Sepsis, Neutrophils Migration, and Pyroptosis

ACKNOWLEDGMENTS

We would like to thank our colleagues in Dr. Wang’s group
for various technical help and stimulating discussion during the
course of this investigation.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.02015/full#supplementary-material

REFERENCES

1. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer

M, et al. The third international consensus definitions for sepsis and septic

shock (Sepsis-3). JAMA (2016) 315:801–10. doi: 10.1001/jama.2016.0287

2. Deutschman CS, Tracey KJ. Sepsis: current dogma and new perspectives.

Immunity (2014) 40:463–75. doi: 10.1016/j.immuni.2014.04.001

3. Merx MW, Weber C. Sepsis and the heart. Circulation (2007) 116:793–802.

doi: 10.1161/CIRCULATIONAHA.106.678359

4. Brown KA, Brain SD, Pearson JD, Edgeworth JD, Lewis SM, Treacher DF.

Neutrophils in development of multiple organ failure in sepsis. Lancet (2006)

368:157–69. doi: 10.1016/S0140-6736(06)69005-3

5. Alves-Filho JC, Sonego F, Souto FO, Freitas A, Verri WAJr, Auxiliadora-

Martins M, et al. Interleukin-33 attenuates sepsis by enhancing

neutrophil influx to the site of infection. Nat Med. (2010) 16:708–12.

doi: 10.1038/nm.2156

6. Spiller F, Costa C, Souto FO, Vinchi F, Mestriner FL, Laure HJ, et al.

Inhibition of neutrophil migration by hemopexin leads to increased mortality

due to sepsis in mice. Am J Respir Crit Care Med. (2011) 183:922–31.

doi: 10.1164/rccm.201002-0223OC

7. Chishti AD, Shenton BK, Kirby JA, Baudouin SV. Neutrophil chemotaxis

and receptor expression in clinical septic shock. Intensive Care Med. (2004)

30:605–11. doi: 10.1007/s00134-004-2175-y

8. Rios-Santos F, Alves-Filho JC, Souto FO, Spiller F, Freitas A, Lotufo CM, et al.

Down-regulation of CXCR2 on neutrophils in severe sepsis is mediated by

inducible nitric oxide synthase-derived nitric oxide. Am J Respir Crit Care

Med. (2007) 175:490–7. doi: 10.1164/rccm.200601-103OC

9. Arraes SM, Freitas MS, da Silva SV, de Paula Neto HA, Alves-Filho

JC, Auxiliadora Martins M, et al. Impaired neutrophil chemotaxis

in sepsis associates with GRK expression and inhibition of actin

assembly and tyrosine phosphorylation. Blood (2006) 108:2906–13.

doi: 10.1182/blood-2006-05-024638

10. Tancevski I, Nairz M, Duwensee K, Auer K, Schroll A, Heim C,

et al. Fibrates ameliorate the course of bacterial sepsis by promoting

neutrophil recruitment via CXCR2. EMBO Mol Med. (2014) 6:810–20.

doi: 10.1002/emmm.201303415

11. Long YC, Zierath JR. AMP-activated protein kinase signaling in metabolic

regulation. J Clin Invest. (2006) 116:1776–83. doi: 10.1172/JCI29044

12. Park DW, Jiang S, Tadie JM, Stigler WS, Gao Y, Deshane J, et al. Activation of

AMPK enhances neutrophil chemotaxis and bacterial killing.MolMed. (2013)

19:387–98. doi: 10.2119/molmed.2013.00065

13. Mo C, Wang L, Zhang J, Numazawa S, Tang H, Tang X, et al. The

crosstalk between Nrf2 and AMPK signal pathways is important for

the anti-inflammatory effect of berberine in LPS-stimulated macrophages

and endotoxin-shocked mice. Antioxid Redox Signal. (2014) 20:574–88.

doi: 10.1089/ars.2012.5116

14. Chen J, Lai J, Yang L, Ruan G, Chaugai S, Ning Q, et al. Trimetazidine

prevents macrophage-mediated septic myocardial dysfunction via activation

of the histone deacetylase sirtuin 1. Br J Pharmacol. (2016) 173:545–61.

doi: 10.1111/bph.13386

15. Ganan-Gomez I, Wei Y, Yang H, Boyano-Adanez MC, Garcia-Manero G.

Oncogenic functions of the transcription factor Nrf2. Free Radic Biol Med.

(2013) 65:750–64. doi: 10.1016/j.freeradbiomed.2013.06.041

16. Kobayashi E, Suzuki T, Yamamoto M. Roles nrf2 plays in myeloid

cells and related disorders. Oxid Med Cell Longev. (2013) 2013:529219.

doi: 10.1155/2013/529219

17. Kantor PF, Lucien A, Kozak R, Lopaschuk GD. The antianginal drug

trimetazidine shifts cardiac energy metabolism from fatty acid oxidation

to glucose oxidation by inhibiting mitochondrial long-chain 3-ketoacyl

coenzyme A thiolase. Circ Res. (2000) 86:580–8. doi: 10.1161/01.RES.86.5.580

18. Tuunanen H, Engblom E, Naum A, Nagren K, Scheinin M, Hesse B,

et al. Trimetazidine, a metabolic modulator, has cardiac and extracardiac

benefits in idiopathic dilated cardiomyopathy. Circulation (2008) 118:1250–8.

doi: 10.1161/CIRCULATIONAHA.108.778019

19. Zhou X, Li C, XuW, Chen J. Trimetazidine protects against smoking-induced

left ventricular remodeling via attenuating oxidative stress, apoptosis, and

inflammation. PLoS ONE (2012) 7:e40424. doi: 10.1371/journal.pone.0040424

20. Monti LD, Setola E, Fragasso G, Camisasca RP, Lucotti P, Galluccio E, et al.

Metabolic and endothelial effects of trimetazidine on forearm skeletal muscle

in patients with type 2 diabetes and ischemic cardiomyopathy. Am J Physiol

Endocrinol Metab. (2006) 290:E54–E59. doi: 10.1152/ajpendo.00083.2005

21. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD

by inflammatory caspases determines pyroptotic cell death. Nature (2015)

526:660–5. doi: 10.1038/nature15514

22. Shi J, Zhao Y, Wang Y, Gao W, Ding J, Li P, et al. Inflammatory caspases

are innate immune receptors for intracellular LPS. Nature (2014) 514:187–92.

doi: 10.1038/nature13683

23. Yang D, He Y, Munoz-Planillo R, Liu Q, Nunez G. Caspase-11

requires the pannexin-1 channel and the purinergic P2X7 pore to

mediate pyroptosis and endotoxic shock. Immunity (2015) 43:923–32.

doi: 10.1016/j.immuni.2015.10.009

24. Jorgensen I, Miao EA. Pyroptotic cell death defends against intracellular

pathogens. Immunol Rev. (2015) 265:130–42. doi: 10.1111/imr.12287

25. Rittirsch D, Huber-Lang MS, Flierl MA, Ward PA. Immunodesign of

experimental sepsis by cecal ligation and puncture. Nat Protoc. (2009) 4:31–6.

doi: 10.1038/nprot.2008.214

26. Zhang L, Freedman NJ, Brian L, Peppel K. Graft-extrinsic cells predominate

in vein graft arterialization. Arterioscler Thromb Vasc Biol. (2004) 24:470–6.

doi: 10.1161/01.ATV.0000116865.98067.31

27. ManningWJ,Wei JY, Katz SE, Litwin SE, Douglas PS. In vivo assessment of LV

mass in mice using high-frequency cardiac ultrasound: necropsy validation.

Am J Physiol. (1994) 266:H1672–5. doi: 10.1152/ajpheart.1994.266.4.H1672

28. Louch WE, Sheehan KA, Wolska BM. Methods in cardiomyocyte

isolation, culture, and gene transfer. J Mol Cell Cardiol. (2011) 51:288–98.

doi: 10.1016/j.yjmcc.2011.06.012

29. Cavaillon JM, Adib-ConquyM. Bench-to-bedside review: endotoxin tolerance

as a model of leukocyte reprogramming in sepsis. Crit Care (2006) 10:233.

doi: 10.1186/cc5055

30. Kayagaki N, Warming S, Lamkanfi M, Vande Walle L, Louie S, Dong J, et al.

Non-canonical inflammasome activation targets caspase-11. Nature (2011)

479:117–21. doi: 10.1038/nature10558

31. Barrientos-Vega R, Mar Sanchez-Soria M, Morales-Garcia C, Robas-Gomez

A, Cuena-Boy R, Ayensa-RinconA. Prolonged sedation of critically ill patients

with midazolam or propofol: impact on weaning and costs. Crit Care Med.

(1997) 25:33–40. doi: 10.1097/00003246-199701000-00009

32. Jia P, Wu X, Dai Y, Teng J, Fang Y, Hu J, et al. MicroRNA-21

is required for local and remote ischemic preconditioning in multiple

organ protection against sepsis. Crit Care Med. (2017) 45:e703–10.

doi: 10.1097/CCM.0000000000002363

33. Jin H, Fujita T, Jin M, Kurotani R, Namekata I, Hamaguchi S, et al. Cardiac

overexpression of Epac1 in transgenic mice rescues lipopolysaccharide-

induced cardiac dysfunction and inhibits Jak-STAT pathway. J Mol Cell

Cardiol. (2017) 108:170–80. doi: 10.1016/j.yjmcc.2017.05.014

34. Martin GS, Mannino DM, Eaton S, Moss M. The epidemiology of sepsis in

the United States from 1979 through 2000.N Engl J Med. (2003) 348:1546–54.

doi: 10.1056/NEJMoa022139

Frontiers in Immunology | www.frontiersin.org 14 September 2018 | Volume 9 | Article 2015

https://www.frontiersin.org/articles/10.3389/fimmu.2018.02015/full#supplementary-material
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1016/j.immuni.2014.04.001
https://doi.org/10.1161/CIRCULATIONAHA.106.678359
https://doi.org/10.1016/S0140-6736(06)69005-3
https://doi.org/10.1038/nm.2156
https://doi.org/10.1164/rccm.201002-0223OC
https://doi.org/10.1007/s00134-004-2175-y
https://doi.org/10.1164/rccm.200601-103OC
https://doi.org/10.1182/blood-2006-05-024638
https://doi.org/10.1002/emmm.201303415
https://doi.org/10.1172/JCI29044
https://doi.org/10.2119/molmed.2013.00065
https://doi.org/10.1089/ars.2012.5116
https://doi.org/10.1111/bph.13386
https://doi.org/10.1016/j.freeradbiomed.2013.06.041
https://doi.org/10.1155/2013/529219
https://doi.org/10.1161/01.RES.86.5.580
https://doi.org/10.1161/CIRCULATIONAHA.108.778019
https://doi.org/10.1371/journal.pone.0040424
https://doi.org/10.1152/ajpendo.00083.2005
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/nature13683
https://doi.org/10.1016/j.immuni.2015.10.009
https://doi.org/10.1111/imr.12287
https://doi.org/10.1038/nprot.2008.214
https://doi.org/10.1161/01.ATV.0000116865.98067.31
https://doi.org/10.1152/ajpheart.1994.266.4.H1672
https://doi.org/10.1016/j.yjmcc.2011.06.012
https://doi.org/10.1186/cc5055
https://doi.org/10.1038/nature10558
https://doi.org/10.1097/00003246-199701000-00009
https://doi.org/10.1097/CCM.0000000000002363
https://doi.org/10.1016/j.yjmcc.2017.05.014
https://doi.org/10.1056/NEJMoa022139
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Sepsis, Neutrophils Migration, and Pyroptosis

35. Flierl MA, Rittirsch D, Huber-Lang MS, Sarma JV, Ward PA. Molecular

events in the cardiomyopathy of sepsis. Mol Med. (2008) 14:327–36.

doi: 10.2119/2007-00130

36. Makara MA, Hoang KV, Ganesan LP, Crouser ED, Gunn JS, Turner J,

et al. Cardiac electrical and structural changes during bacterial infection: an

instructive model to study cardiac dysfunction in sepsis. J Am Heart Assoc.

(2016) 5:e003820. doi: 10.1161/JAHA.116.003820

37. Borregaard N. Neutrophils, from marrow to microbes. Immunity (2010)

33:657–70. doi: 10.1016/j.immuni.2010.11.011

38. Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting to the site of

inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol.

(2007) 7:678–89. doi: 10.1038/nri2156

39. Reutershan J, Morris MA, Burcin TL, Smith DF, Chang D, Saprito MS,

et al. Critical role of endothelial CXCR2 in LPS-induced neutrophil

migration into the lung. J Clin Invest. (2006) 116:695–702. doi: 10.1172/JCI

27009

40. Kong X, Thimmulappa R, Kombairaju P, Biswal S. NADPH oxidase-

dependent reactive oxygen species mediate amplified TLR4 signaling and

sepsis-induced mortality in Nrf2-deficient mice. J Immunol. (2010) 185:569–

77. doi: 10.4049/jimmunol.0902315

41. Kobayashi EH, Suzuki T, Funayama R, Nagashima T, Hayashi M, Sekine

H, et al. Nrf2 suppresses macrophage inflammatory response by blocking

proinflammatory cytokine transcription. Nat Commun. (2016) 7:11624.

doi: 10.1038/ncomms11624

42. Li H, Yao W, Irwin MG, Wang T, Wang S, Zhang L, et al. Adiponectin

ameliorates hyperglycemia-induced cardiac hypertrophy and dysfunction by

concomitantly activating Nrf2 and Brg1. Free Radic Biol Med. (2015) 84:311–

21. doi: 10.1016/j.freeradbiomed.2015.03.007

43. Frantz S, Ducharme A, Sawyer D, Rohde LE, Kobzik L, Fukazawa R, et al.

Targeted deletion of caspase-1 reduces early mortality and left ventricular

dilatation following myocardial infarction. J Mol Cell Cardiol. (2003) 35:685–

94. doi: 10.1016/S0022-2828(03)00113-5

44. Jorgensen I, Lopez JP, Laufer SA, Miao EA. IL-1beta, IL-18, and eicosanoids

promote neutrophil recruitment to pore-induced intracellular traps following

pyroptosis. Eur J Immunol. (2016) 46:2761–6. doi: 10.1002/eji.201646647

45. Jorgensen I, Zhang Y, Krantz BA, Miao EA. Pyroptosis triggers pore-induced

intracellular traps (PITs) that capture bacteria and lead to their clearance by

efferocytosis. J Exp Med. (2016) 213:2113–28. doi: 10.1084/jem.20151613

46. Ross R. Atherosclerosis–an inflammatory disease. N Engl J Med. (1999)

340:115–26. doi: 10.1056/NEJM199901143400207

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Chen, Wang, Lai, Braunstein, He, Ruan, Yin, Wang, Cianflone,

Ning, Chen and Wang. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 15 September 2018 | Volume 9 | Article 2015

https://doi.org/10.2119/2007-00130
https://doi.org/10.1161/JAHA.116.003820
https://doi.org/10.1016/j.immuni.2010.11.011
https://doi.org/10.1038/nri2156
https://doi.org/10.1172/JCI27009
https://doi.org/10.4049/jimmunol.0902315
https://doi.org/10.1038/ncomms11624
https://doi.org/10.1016/j.freeradbiomed.2015.03.007
https://doi.org/10.1016/S0022-2828(03)00113-5
https://doi.org/10.1002/eji.201646647
https://doi.org/10.1084/jem.20151613
https://doi.org/10.1056/NEJM199901143400207
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Trimetazidine Attenuates Cardiac Dysfunction in Endotoxemia and Sepsis by Promoting Neutrophil Migration
	Key Points
	Introduction
	Materials and Methods
	Reagents
	Animals
	Bone Marrow Transplantation
	Echocardiography and Haemodynamic Analyses
	Bone Marrow Derived Neutrophil (BMDN) Isolation and Chemotaxis Assay
	Immunofluorescent Assay of CXCR2
	Flow Cytometry Analysis
	Transfection With siRNA
	Luciferase Reporter Assays
	Chromatin Immunoprecipitation (ChIP) Assays
	Co-culture of BMDNS and Cardiomyocytes
	Western Blotting Analysis
	Statistical Analysis

	Results
	TMZ Protected Against LPS- and CLP-Induced Cardiac Dysfunction and Promoted Neutrophil Migration to Heart Tissue
	TMZ-Pretreated Bone Marrow Cells Ameliorated LPS- and CLP-Induced Myocardial Dysfunction and Enhanced Neutrophil Recruitment to the Heart
	TMZ Enhanced Neutrophil Migration by Regulating CXCR2 Expression Through AMPK Pathway
	TMZ Improved Neutrophil Migration by Decreasing GRK2 and Increasing CXCR2 Expression in an AMPK/Nrf2 Dependent Manner
	CXCR2 Is Transcriptionally Regulated by TMZ via Nrf2 in LPS-Induced Cardiac Dysfunction
	TMZ Decreased LPS-Induced Cardiomyocyte Pyroptosis by Targeting Neutrophils

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


