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BACKGROUND AND PURPOSE
Sepsis is a systemic inflammatory response accompanied by excessive production of inflammatory cytokines and cardiovascular
dysfunction. Importantly, macrophage-derived pro-inflammatory agents play a key role in cardiovascular impairment in sepsis.
Here we have investigated the effects of trimetazidine (TMZ) on pro-inflammatory responses of macrophages in endotoxin-
induced myocardial dysfunction.

EXPERIMENTAL APPROACH
Mice pretreated with TMZ were injected i.p. with LPS and cardiac function evaluated. Levels of macrophage infiltration,
macrophage inflammatory response and cardiomyocyte apoptosis were measured using immunohistochemical staining, ELISA,
real-time RT-PCR, Western blot, TUNEL and flow cytometry assays.

KEY RESULTS
Pretreatment with TMZ prevented LPS-induced myocardial dysfunction and apoptosis. TMZ also lowered levels of pro-
inflammatory cytokines in serum and cardiac tissue and myocardial macrophage infiltration. Bone marrow transplantation
indicated that TMZ alleviated LPS-induced myocardial dysfunction via decreasing macrophage infiltration. TMZ reduced ex-
pression of pro-inflammatory cytokines in LPS-stimulated cardiac and peritoneal macrophages. Co-culture of TMZ-pretreated
macrophages with cardiomyocytes and conditioned media from TMZ-pretreated macrophages both decreased LPS-induced
cardiomyocyte apoptosis. The anti-apoptosis effects of TMZ resulted from decrease of pro-inflammatory cytokines, partly due
to normalizing the sirtuin 1 (Sirt1)/AMP-activated protein kinase (AMPK)/Nrf2/haem oxygenase-1 and Sirt1/PPARα pathways
in macrophages. Cytokine secretion was also regulated by ROS, which were attenuated by TMZ via activation of Sirt1, AMPK
and PPARα.

CONCLUSIONS AND IMPLICATIONS
TMZ protected against LPS-induced myocardial dysfunction and apoptosis, accompanied by inhibition of macrophage
pro-inflammatory responses. Our studies suggest that TMZ might represent a novel therapeutic agent to prevent and treat
sepsis-induced myocardial dysfunction.
Abbreviations
AMPK, AMP-activated protein kinase; DHE, dihydroethidium; H&E, haematoxylin–eosin; HO-1, haem oxygenase-1; i.g,
intragastric; NAC, N-acetylcysteine; NAM, nicotinamide; Nrf2, nuclear factor erythroid 2-related factor 2; ROS, reactive
oxygen species; Sirt1, sirtuin 1; TMZ, trimetazidine
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Introduction
Sepsis is defined as a systemic inflammatory response to the
presence of microbial pathogens. Bacterial endotoxin LPS is
considered to be the principal cause of multi-organ failure in
sepsis, including myocardial depression (Opal et al., 1999). At
cellular level, sepsis is provoked by an overwhelming infla-
mmatory response initiated by the innate immune system. In
particular, activated macrophages trigger a potentially fatal im-
mune reaction via excessive production of pro-inflammatory
cytokines and reactive oxygen (Brown and Jones, 2004). This
overwhelming inflammatory reaction can produce reversible
or irreversible damage to cardiomyocytes, such as impairment
of contractile efficiency and cell apoptosis. Apoptosis is a
major cause for sepsis-induced heart dysfunction (McDonald
et al., 2000; Dispersyn and Borgers, 2001; Fauvel et al.,
2001). Therefore, controlling the excessive inflammatory reac-
tions in macrophages may become an effective therapeutic
strategy against sepsis-induced cardiac dysfunction.

LPS-induced macrophage inflammatory response is medi-
ated through the toll-like receptors (TLR), leading to the release
of pro-inflammatory cytokines (Ward, 2009). Induction of pro-
inflammatory cytokines is mediated via the activation of many
factors in macrophages. Sirtuin 1 (Sirt1), a NAD+-dependent
histone deacetylase, has been implicated in the regulation of a
variety of physiopathological processes, such as inflammation,
metabolism, apoptosis and ageing (Michan and Sinclair, 2007).
Sirt1 was also shown to inhibit free radical-mediated oxidative
injuries via decreasing NADPH oxidase activation (Kitada et al.,
2011). It has been shown that Sirt1 deacetylates LKB1 and
secondarily affects the activity of AMP-activated protein kinase
(AMPK) (Lan et al., 2008). As a sensor of intracellular energy
status, AMPK is an attractive target for inflammation control.
Furthermore, as an antioxidative pathway, the transcription
factor Nrf2 has been identified as the downstream partner of
AMPK in inflammation suppression (Mo et al., 2014).

PPARs are ligand-activated transcription factors and have
been shown to regulate inflammation through the NF-κB
pathway (Daynes and Jones, 2002). Recently, it has been re-
ported that Sirt1 acted with PPARα to protect cardiomyocytes
from inflammation (Planavila et al., 2011).
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Trimetazidine (TMZ), a piperazine derivative used as an
antianginal agent, selectively inhibits long-chain 3-ketoacyl
coenzyme A thiolase activity. TMZmay affect myocardial sub-
strate consumption by inhibiting oxidative phosphorylation
and shifting energy production from free fatty acids (FFA) to
glucose oxidation (Onay-Besikci and Ozkan, 2008). TMZ also
has been reported to have a potential benefit in inflammation
(Zhou et al., 2012).

Here we have confirmed the effect of TMZ in endotoxin-
induced myocardial dysfunction and have explored the
possible mechanisms, in terms of the pro-inflammatory
responses of macrophages
Methods

Animals
All animal care and experimental protocols complied with
the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals and were approved by The
Academy of Sciences of China. These studies comply with
the recommendations on experimental design and analysis
in pharmacology (Curtis et al., 2015). The animal studies fol-
low the ARRIVE guidelines (McGrath, McLachlan and Zeller,
2015; McGrath and Lilley, 2015) and complied with the prin-
ciples of replacement, refinement and reduction (the 3Rs).

Ten-week-old male C57BL/6 mice (Institutional Animal
Research Committee of Tongji Medical College, Wuhan,
China) were used in this study, and the weight of the animals
was around 25 g. All these mice were raised in the specific
pathogen free (SPF) animal centre of Tongji Hospital, Tongji
Medical College, Huazhong University of Science and
Technology (Wuhan, China). The mice were maintained at a
room temperature of 23 ± 1°C and 55 ± 5% humidity with a
12 h light/dark cycle and access to food and water ad libitum.
The food was sterilized with high pressure. The drinking
water was supplied by a reverse osmosis water treatment
system and sterilized by filtration and ozone. The water
bottles were changed every week. All the mice were housed in
polycarbonate,ventilated cages and received irradiated corncob

http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2707
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1540&amp;familyId=474&amp;familyType=ENZYME
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=278#1441
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=593
http://www.guidetopharmacology.org
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=4406
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=summary&ligandId=4907
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=3440
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=4974
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=4998
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2635
http://www.guidetopharmacology.org
http://www.guidetopharmacology.org
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bedding. The cages were changed every 2 weeks, while the
bedding was changed weekly. There were twomice in each cage.

Experimental procedures
Group sizes. To evaluate the effects of TMZ pretreatment before
LPS stimulation, the mice were divided into four groups, saline
control (n = 8), TMZ (n = 8), LPS (n = 8) and TMZ plus LPS
(n = 8) group. To evaluate the therapeutic effects of TMZ
treatment after LPS stimulation, mice were divided randomly
into four groups, saline control (n = 8), TMZ (n = 8), LPS (n = 8)
and TMZ plus LPS (n = 8). To evaluate the effects of TMZ on
mortality of LPS-induced sepsis myocardial dysfunction, 80 mice
were randomly divided into four groups, saline control (n = 20),
TMZ (n = 20), LPS (n = 20) and TMZ plus LPS (n = 20). For the
bone marrow implantation, there were eight mice in each group.

Randomization. We used the random number table to
perform the randomization. First, all mice were weighed
and ordered by their weight from light to heavy. Then we
chose a number from the random number table randomly
and allocated that number to the lightest mouse. As four
groups were needed in total, we divided the number by four.
If this number was divisible by 4, the mouse would be
placed in the first group, if not divisible by 4 but with
remainder 1, the mouse would be placed in the second
group. The third and the fourth groups were made up
similarly. After the lightest mouse was grouped, the number
on the right of prior in the random number table was given
to the second mouse, and similar methods were taken to
group the mouse until all mice were grouped.

Blinding. All the data were collected and analysed by two
observers who were not aware of the group assignment or
treatment of animals.

Validity of animal species or model selection. In the present study,
LPS injected i.p. in a dose of 15mg · kg�1 was used to induce the
septic cardiac dysfunction, because it was the classical
endotoxin as an inducer for sepsis. Besides, mice were chosen
in the study not only because of their high homology with
humanbut also the sensitivity to the rapid progress of the sepsis.

General procedures. All surgery was performed under sodium
pentobarbital anaesthesia, and all efforts were made to
minimize suffering. The operations that could cause pain and
distress were performed in another room without other
animals being present. Mice were anaesthetized with i.p.
injections of xylazine (5 mg · kg�1) and ketamine
(80 mg · kg�1) mixture; they were placed in a supine position
before they were killed. At the end of the experiment, animals
were killed by CO2 inhalation, which was performed in a
professional and compassionate manner by skilled personnel.

Morphological analysis. For histopathological examination, the
mice in each group were killed at 6 h after LPS injection. Heart
tissues were fixed in 10% formalin, embedded in paraffin,
sectioned and then stained with haematoxylin–eosin (H&E)
for morphological analysis. Slides were imaged using a
Nikon microscope (Nikon, Tokyo, Japan). To determine
cardiomyocyte cross-sectional areas, H&E slides were analysed
by outlining round to cuboidal-shaped nucleated myocytes.
Echocardiography. Left ventricular dynamics was assessed by
echocardiography as described previously (Turdi et al., 2012).
Left ventricular end-diastolic dimension (LVEDD) was
measured at the time of the apparent maximal left ventricular
diastolic dimension, and left ventricular end-systolic
dimension (LVESD) was measured at the time of the most
anterior systolic excursion of the posterior wall. Left ventricular
ejection fraction (LVEF) was calculated using the following
formula: LVEF (%) = 100 × (LVEDD3 � LVESD3)/LVEDD3.

Cell culture and sorting. Primary peritoneal macrophages from
male C57BL/6 mice (10 weeks of age, purchased from The
Institutional Animal Research Committee of Tongji Medical
College, Wuhan, China) were isolated 3 days after i.p.
injection of thioglycollate and cultured in RPMI-1640 medium
(Life Technologies, Cergy-Pontoise, France) supplemented with
10% FBS and maintained in a humidified 5% CO2 atmosphere
at 37°C and used for experiments.

Neonatal myocardial cells were isolated from collagenase
digested hearts as described previously (Minhas et al., 2005)
and used in macrophage–cardiomyocyte co-culture and con-
ditional medium culture models. To evaluate the apoptosis
of cardiomyocytes, cells were washed twice with PBS and
stained with Annexin V-FITC and propidium iodide in 1×
Annexin binding buffer for 30 min. Cells were then washed
twice with staining buffer and subjected to FACScan (BD
Biosciences, Franklin Lakes, NJ, USA). Data were analysed by
CELLQUESTsoftware (BD Biosciences) or FLOWJO Version 7.6.1.

Single-cell suspensions were obtained from mouse heart.
Briefly, anaesthetized mice were perfused through the left ven-
tricle (LV) with 25mL of ice-cold PBS. Heart tissueswere excised
andminced with fine scissors prior to digestion in 1 mg · mL�1

Collagenase/Dispase (Roche) for 1 h at 37°C under agitation.
Tissues were triturated, and cells were filtered through a
40 μm nylon mesh (BD Falcon), then washed and centrifuged
(8min, 300 g, 4°C). Erythrocytes were removed using RBC Lysis
Buffer (eBioscience, San Diego, CA, USA). Single-cell suspen-
sions from heart were stained at 4°C in PBS with FACS buffer
for 1 h. Fluorochrome-antibodies specific to CD45-APC,
CD11b-FITC, Ly6C-PerCP-Cy5.5 and mouse F4/80-PE were
used (eBioscience, San Diego, CA, USA). Cells were then
washed twice with staining buffer and subjected to FACScan.
Data were analysed by FLOWJO Version 7.6.1.

Cardiac CD45+CD11b+F4/80+ macrophages were sorted
on ArialI instrumentation (BD Bioscience). The purity was
almost >95%. The sorted cells were collected to prepare
RNA samples immediately.

Bone marrow transplantation. We performed bone marrow
transplantation in wild type (WT) C57/BL6 mice as described
earlier (Zhang et al., 2004). Briefly, 10-week-old WT C57/BL6
mice were pretreated with TMZ (20 mg · kg�1 in saline
solution at 6 mg · mL�1, intragastric (i.g.), t.i.d., for 3 days) or
equal amount of solvent (saline solution) as control, and then
the mice received 950 rads of γ-irradiation and were treated
with the antibiotic, Bayril. The next day, fresh bone marrow
cells were isolated from a separate cohort of WT C57/BL6
control mice and non-irradiated TMZ pretreated mice,
respectively, and were injected into irradiated mice (6 × 106

cells) in 200 μL volume through the tail vein. Twelve hours
after bone marrow transplantation, the mice were given LPS
British Journal of Pharmacology (2016) 173 545–561 547
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(i.p.; 15 mg · kg�1), and all mice survived the LPS challenge. Six
hours after LPS administration, hearts were collected for
immunohistochemistry, F4/80 staining and other tests.

Immunohistochemical staining. Mice were pretreated with
TMZ (20 mg · kg�1, i.g., t.i.d.) or saline for 3 days, and then
injected with 15 mg · kg�1 LPS or saline. After LPS
stimulation for 6 h, the mice in each group were killed for
heart sample collection, which were used in the subsequent
immunostaining. The infiltration of macrophages was
assessed using immunohistochemical assays. Sections
(2 μm) were dewaxed, incubated with 3% H2O2, blocking
serum and thereafter with a polyclonal antibody against
F4/80 (Santa Cruz Biotechnologies, CA, USA) at 1:100
dilution. Slides were imaged using a Nikon microscope
(Nikon). Quantification of the immunohistochemistry
results was carried out with IMAGE PRO PLUS software.
Evaluation of apoptosis by TUNEL. Mice were pretreated with
TMZ (20 mg · kg�1, i.g.,t.i.d.) or saline for 3 days, and then
injected with 15 mg · kg�1 LPS or saline. TUNEL assay was
performed in heart tissue sections, which were collected 6 h
after LPS stimulation using the FragEL DNA Fragmentation
Detection Kit (Calbiochem, Billerica, MA, USA) according to
the manufacturer’ protocols. Slides were imaged using a
Nikon microscope (Nikon). Results are expressed as number
of TUNEL-positive cells/total cells × 100%.
Transfection with siRNA. Primary macrophages were plated
at a density of 5 × 106 cells per well in six-well plates
approximately 20 h prior to transfection. The macrophages
were transfected with 100 nM siRNA for Sirt1 using
lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s instruction. After 24 h, the
cells were treated with TMZ for 1 h and then LPS
stimulation. After 6 h incubation, cells were prepared for
DHE staining, RT-PCR or Western blot.
Table 1
Primers used for quantitative RT-PCR

Gene Forward primer

Mouse TNF-α 5′CCCTCACACTCAGATCATCTTC

Mouse CCL2 5′CGCTCAGCCAGATGCAATTA3

Mouse IL-1β 5′GCAACTGTTCCTGAACTCAAC

Mouse IL-6 5′CTGCAAGAGACTTCCATCCAG

Mouse CPT-1 5′CGTTCACGCCATGATCATGT3

Mouse CD36 5′GGAGCCATCTTTGAGCCTTCA

Mouse FABP3 5′ACCTGGAAGCTAGTGGACAG3

Mouse Glut4 5′TACGGTCTTCACGTTGGTCT3

Mouse PDK4 5′AGGGAGGTCGAGCTGTTCTC3

Mouse GAPDH 5′CAAAATGGTGAAGGTCGGTGT

Mouse 18S RNA 5′GGAAGGGCACCACCAGGAGT
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Macrophage–cardiomyocyte co-culture model. Peritoneal
macrophages were pretreated with TMZ (20 μM) or
inflammatory cytokines antibodies for 1 h and then
stimulated with/without LPS (5 μg · mL�1) for 6 h, washed and
seeded onto transwell inserts above neonatal myocardial cells
for 24 h of co-culture. At the end of co-culture, myocardial
cells were used for apoptosis assay by flow cytometry.

Indirect co-culture model. Peritoneal macrophages were
pretreated with the specific inhibitors, nicotinamide
(NAM), Compound C or GW6471, and TMZ (20 μM) for
1 h and then stimulated with LPS (5 μg · mL�1) for 6 h and
washed, and conditioned medium (CM) from macrophages
were collected. The cytokines in CM from synchronous
experiment were measured with ELISA kits from R&D (R&D
Systems, Inc., Minneapolis, MN, USA). Neonatal
myocardial cells were incubated with CM for 18 h. At the
end of CM co-culture, myocardial cells were assayed for
apoptosis by flow cytometry.

Detection of ROS production. To evaluate production of ROS
(in particular, O2

�), primary peritoneal macrophages were
pretreated with related inhibitors and incubated with
freshly prepared TMZ alone (20 μM) or N-acetylcysteine
(NAC) (5 mM) or TMZ with LPS (5 μg · mL�1) for 6 h. Cells
were washed twice with warm PBS (37°C) and further
incubated for 1 h with DHE (2 mmol · L�1; Molecular
Probes, D-1168) in a CO2 humidified incubator at 37°C, as
previously described (Vivot et al., 2014). Fluorescent images
were captured after 1 h incubation with DHE using
fluorescence microscopy (Nikon). All values for each
treatment group was recorded as mean fluorescence intensity.

Quantitative real-time PCR. Total RNA was extracted, using
TRIzol Reagent (Invitrogen), from cardiac macrophages,
peritoneal macrophages and heart tissues, collected 6 h after
LPS stimulation. cDNAs were reverse-transcribed from 1 μg
RNA with reverse transcription kit (Thermo Electron,
Waltham, MA, USA) and used as templates in quantitative
Reverse primer

T3′ 5′GCTACGACGTGGGCTACAG3′

′ 5′GCCTCTGCATGGAGATCTTCTT3′

T3′ 5′ATCTTTTGGGGTCCGTCAACT3′

3′ 5′AGTGGTATAGACAGGTCTGTTGG3′

′ 5′AGAGCCAGACCTTGAAGAAG3′

3′ 5′GAACCAAACTGAGGAATGGATCT3′

′ 5′TGATGGTAGTAGGCTTGGTCAT3′

′ 5′CACGATGGAGACATAGCTCA3′

′ 5′GGAGTGTTCACTAAGCGGTCA3′

G3′ 5′TGATGTTAGTGGGGTCTCGCTC3′

3′ 5′TGCAGCCCCGGACATCTAAG3′
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real-time PCR using SYBR Green Super mix kit (Thermo
Electron). The sequences of primers used for PCR
amplification are shown in Table 1. GAPDH served as
internal normalization control.

Western blot assays. Whole cell lysates were prepared by
directly denaturing macrophage pellets and homogenized heart
tissues, collected 6 h after LPS stimulation, in SDS loading
buffer and immediately boiled for 5 min. Nuclear and
cytoplasmic protein fragmentation was performed according to
the manufacturer’s instructions (Boster, Wuhan, China).
Western blot assays were performed as described previously (Hu
et al., 2008). The following antibodies were applied: gp91, p47,
PPARα, Nrf2, p-IκBα, IκBα, p65 and GAPDH were from Santa
Cruz Biotechnologies. Sirt1 was from Beyotime (Beyotime,
Shanghai, China). p-AMPK and AMPK were from Cell Signaling
Technology (CST, Danvers, MA, USA). Haem oxygenase-1
(HO-1) was from ABclonal (ABclonal Biotechnology Co., Ltd.
Wuhan, China). LaminB (Boster) was regarded as internal
control. Bands were quantified by densitometry using QUANTITY

ONE software (Bio-Rad, Hercules, CA, USA).

Data analysis. All data are shown as means ± SEM. The
following data were normalized: cardiomyocytes cross-
sectional area, measurement of Millar catheter,
dihydroethidium (DHE) fluorescence intensity, quantitative
analysis of Western blotting and the expression of mRNA.
Moreover, for the data sets of Western blotting and the
expression of mRNA, all the data were adjusted by the
values of internal standard (such as GAPDH or Lamin B).
Firstly, we calculated the control mean and then expressed
all the individual control values and all the individual test
values as fold of control mean and conducted appropriate
statistical analyses on these normalized values (Curtis et al.,
2015). Meanwhile, the Y axis was labelled as fold of control
mean. There was no data transformation in our experiments.

All analyses were performed using PASW Statistics 18 soft-
ware (SPSS Inc., Chicago, IL, USA). Student’s unpaired t-test
was used for comparing the data from two groups, whereas
one-way ANOVAwith the Bonferroni post hoc test was used for
comparison among more than two groups. Survival rates
were analysed by the Kaplan–Meier log-rank test and
Pearson’s correlation coefficient was used to measure the
linear relationship between two variables. Significance was
established at P < 0.05.

Materials. The compounds used in these experiments
were supplied as follows: TMZ by Servier (Orléans, France);
NAC and NAM by Beyotime (Shanghai, China); Compound
C by Selleck Chemicals (Houston, TX); GW6471 by Sigma
(St. Louis, MO).
Results

TMZ ameliorated myocardial dysfunction,
apoptosis and improved survival in
LPS-induced mice
To investigate whether TMZ exerted a protective effect on
sepsis-induced cardiac dysfunction, 10-week-old male
C57BL/6 mice were pretreated with TMZ for 3 consecutive
days and then challenged with LPS by i.p. injection for 6 h.
H&E staining of the myocardium obtained at 6 h after LPS
injection showed mild oedema throughout the myocardium,
as shown by the cardiomyocyte cross-sectional area. The
oedema was attenuated in mice treated with LPS plus TMZ
(Figure 1). Meanwhile, the cardiomyocyte apoptosis induced
by LPS was also attenuated by TMZ pretreatment (Figure 1).

Moreover, myocardial function was impaired in LPS-
challenged mice, as shown by decreased ejection fraction,
fractional shortening (Figure 1) and LV dp/dt (Figure 1),
increased left ventricular internal diameter (Figure 1) and
LVEDP (Figure 1). Interestingly, TMZ pretreatment attenuated
the development of myocardial dysfunction. Furthermore, to
evaluate the therapeutic effects of TMZ after LPS stimulation,
mice were first injected with LPS for 6 h and then treated with
TMZ for 24 h. This TMZ post-treatment, after LPS challenge,
also improved cardiac function (Figure 1). Moreover, median
arterial pressure (MAP) measurements and survival analysis
indicated TMZ decreased the hypotension and improved
survival rate in LPS-challenged mice (Figure 1). These data
suggested that TMZ treatment attenuated LPS compromised
myocardial dysfunction and apoptosis.

TMZ pretreatment-reduced systemic and local
pro-inflammatory responses and myocardial
infiltration by macrophages, in LPS-treated mice
Mice were pretreated with TMZ or saline for 3 days and then
injected with LPS or saline for 6 h. After LPS stimulation,
the levels of the pro-inflammatory cytokines, TNF-α, CCL2,
IL-1β and IL-6, in plasma and heart tissues were both signifi-
cantly increased. Pretreatment with TMZ significantly atten-
uated these inflammatory responses (Figure 2). In addition,
F4/80 staining revealed that the number of macrophages
within myocardial tissue was increased in LPS-treated ani-
mals, but similar macrophage infiltration was not present in
TMZ-pretreated mice (Figure 2).

TMZ-pretreated bone marrow ameliorated the
myocardial dysfunction and myocardial
macrophage accumulation induced by LPS
To further assess whether pretreatment with TMZ of bone
marrow or myocardium was responsible for reducing macro-
phage infiltration, we performed reciprocal bone marrow
transplantation between TMZ-pretreated mice and WT mice.
After recovery from transplantation, mice were injected i.p.
with LPS. Quantification of macrophages by F4/80 staining
showed that bone marrow from TMZ-pretreated mice
decreased myocardial macrophage infiltration in both WT
and TMZ-pretreated recipient mice, accompanied with
normalized myocardial structure (Figure 3). Moreover, assess-
ment of cardiac function showed that bone marrow from
TMZ-pretreated mice increased ejection fraction, fractional
shortening, LVESP, LV dp/dt and decreased left ventricular
internal diameter and LVEDP in TMZ > WTand TMZ > TMZ
mice (Figure 3). These data suggested that the improvement
of cardiac function in TMZ > WTand TMZ > TMZ mice was
associated with reduced infiltration of macrophages.
Moreover, the correlation analysis showed that there was a
significant negative correlation between the numbers of
British Journal of Pharmacology (2016) 173 545–561 549



Figure 1
TMZ ameliorated myocardial dysfunction and apoptosis in LPS-induced mice. Mice were pretreated with TMZ (20mg · kg�1, i.g., t.i.d.) for 3 days
and then injected with 15 mg · kg�1 LPS (n = 8 in each group). (A) Left, representative images of left ventricular myocardium H&E staining; right,
quantification of the size of cardiomyocytes by measurement of cross-sectional area. (B) Left, representative images of TUNEL staining of left ven-
tricular myocardium; right, quantitative analysis of TUNEL-positive cells (original magnification was 200×). Data were expressed as percentage of
TUNEL-positive nuclei/total nuclei. (C–D) LVEF, LVFS, LVAW, LVID and LVPW were measured by two-dimensional echocardiography. (E) Heart
rate, LVESP, LVEDP, dp/dt max and dp/dt min were evaluated by cardiac catheterization. Mice were first injected with LPS (15 mg · kg�1, i.p.)
for 6 h, then TMZ (20 mg · kg�1, i.g., t.i.d.) were given for 1 day (n = 8 in each group). (F–G) LVEF, LVFS, LVAW, LVID and LVPW were measured
by two-dimensional echocardiography. (H) Heart rate, LVESP, LVEDP and LV dp/dt from each group mice were evaluated by cardiac catheteriza-
tion. (I) Average MAP was recorded by a tail-cuff method. (J) C57BL/6 mice were first injected with LPS (15 mg · kg�1, i.p.) for 6 h, then TMZ
(20 mg · kg�1, i.g., t.i.d.) were given for 3 days (n = 20 in each group). Kaplan–Meier survival plots for each group treated as earlier. The groups
were designated as follows: Con, saline group; LPS, LPS-injected group; TMZ, TMZ only group; TMZ + LPS, mice were pretreated with TMZ then
injected with LPS; LPS + TMZ,mice were injected with LPS then treated with TMZ. *P< 0.05 vs. control; #P< 0.05 vs. LPS-treated group. Data in (J)
were analysed by the Kaplan–Meier log-rank test. Other data were analysed by one-way ANOVA. LVAW, left ventricular anterior wall; LVID, left
ventricular internal diameter; LVPW, left ventricular posterior wall; LVEDP, left ventricular end diastolic pressure; LVFS, left ventricular fractional
shortening; LVESP, left ventricular end systolic pressure.
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Figure 2
TMZ pretreatment reduced systemic and local pro-inflammatory response and myocardial macrophage infiltration in LPS-treated mice. (A) Mice
were pretreated with TMZ (20 mg · kg�1, i.g., t.i.d.) for 3 days and then injected with 15 mg · kg�1 LPS (n = 8 in each group). The plasma of mice
was collected, and protein levels of pro-inflammatory cytokines (TNF-α, CCL2, IL-1β and IL-6) were determined by ELISA assay. (B) The heart tissues
were collected to prepare for RNA samples. RT-PCR was performed to detect cardiac pro-inflammatory cytokines levels. (C) Left, F4/80 staining of
left ventricular myocardiumwas presented from C57BL/6 mice. Original magnification was 200× and scales = 100 μm. Right, quantitative analysis
of F4/80-positive cells in 1 mm2 of area. The groups were designated as follows: Con, saline group; LPS, LPS-injected group; TMZ, TMZ only
group; TMZ + LPS, mice were pretreated with TMZ then injected with LPS. Data shown are means ± SEM of three separate experiments.
*P < 0.05 vs. control; #P < 0.05 vs. LPS-treated group; one-way ANOVA.
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myocardial macrophages in recipient mice and cardiac func-
tion, evaluated by LVEF, LVFS, dp/dt max and dp/dt min
(Supporting Information Fig. S1). Furthermore, flow cytometry
also revealed that bone marrow from TMZ-pretreated mice
decreased the number of CD11b+F4/80+ macrophages in
TMZ > WT and TMZ > TMZ mice (Figure 3). The decreased
accumulationofmacrophages in themyocardiumof TMZ>WT
and TMZ > TMZ mice was paralleled by decreased numbers
of their precursors, CD11b+Ly6C+ monocytes, indicating that
TMZ affected the recruitment of monocytes (Figure 3G and H).
TMZ treatment attenuated the cardiomyocyte
apoptosis mediated by the pro-inflammatory
response of macrophages
To determine the behaviour of macrophages present within
the heart, we sorted by FACS, the CD45+CD11b+F4/80+

cardiac macrophages from mice injected with LPS, with or
without pretreatment with TMZ. The gating strategy is
shown in Figure 4. Sorted cardiac macrophages were collected
to prepare RNA samples and then used for RT-PCR analysis.
The results showed that, compared with LPS, TMZ pretreat-
ment reduced the expression of pro-inflammatory cytokines
(TNF-α, CCL2, IL-1β and IL-6) in CD45+CD11b+F4/80+ cardiac
macrophages in LPS-injected mice (Figure 4). The result was
consistent with data obtained in peritoneal macrophages
(Figure 4). These results suggested that the general effects of
LPS and TMZ on cardiac macrophages and peritoneal macro-
phages were the same. Thus, the peritoneal macrophages
were used in the following experiments. The results of
co-cultures of LPS-activated peritoneal macrophages with
neonatal myocardial cells revealed that LPS-activated macro-
phages markedly induced apoptosis of neonatal myocardial
cells, but TMZ pretreatment prevented this apoptosis
(Figure 4). We next determined the roles of the pro-
inflammatory cytokines by blocking them with neutralizing
British Journal of Pharmacology (2016) 173 545–561 551



Figure 3
TMZ-pretreated bone marrow-ameliorated LPS-induced myocardial dysfunction and myocardial macrophage accumulation. (A) Irradiated TMZ
pretreated (20 mg · kg�1, i.g., t.i.d., for 3 days) and WT received either WT or TMZ-pretreated bone marrow subjected to LPS challenge
(15 mg · kg�1). Top, H&E staining showed myocardial structures after bone marrow transplantation; original magnification was 200×. Bottom,
F4/80-stained macrophages in the myocardium were imaged at 200× and scales = 100 μm. (B) Quantitative analysis of F4/80-positive cells in
1 mm2 of area. (C) LVAW, LVID and LVPW were measured in the two-dimensional echocardiography. (D) Heart rate, LVESP, LVEDP, dp/dt max
and dp/dt min were evaluated by cardiac catheterization. (E–F) LVEF and LVFS were measured in the two-dimensional echocardiography. (G)
Dot plots showed CD11b+Ly6C+ monocytes and CD11b+F4/80+ macrophages in heart tissues from the recipient mice. (H) Numbers of
CD11b+Ly6C+ monocytes in different groups per mg of heart tissue. (I) Numbers of CD11b+F4/80+ macrophages in different groups per mg of
heart tissue. Data shown are means ± SEM of three separate experiments. *P < 0.05 vs. WT > WT mice; #P < 0.05 vs. WT > TMZ mice; one-way
ANOVA. LVAW, left ventricular anterior wall; LVID, left ventricular internal diameter; LVPW, left ventricular posterior wall; LVEDP, left ventricular end
diastolic pressure; LVFS, left ventricular fractional shortening; LVESP, left ventricular end systolic pressure.
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Figure 4
TMZ attenuated the cardiomyocyte apoptosis, mediated by the pro-inflammatory response of macrophages. (A) FACS gating strategy to identify
CD45+CD11b+F4/80+ cardiac macrophages. (B) TMZ-pretreated (20 mg · kg�1, i.g., t.i.d., for 3 days) mice were subjected to LPS challenge
(15 mg · kg�1). CD45+CD11b+F4/80+ cardiac macrophages were sorted from single cell suspensions prepared from the mice heart. The mRNA
levels of pro-inflammatory cytokines of CD45+CD11b+F4/80+ cardiac macrophages were examined by RT-PCR. (C) Peritoneal macrophages were
pretreated with TMZ (20 μM) for 1 h and then stimulated with LPS (5 μg · mL�1) for 6 h. RT-PCR was performed to measure levels of pro-inflam-
matory cytokines in peritoneal macrophages. (D) Peritoneal macrophages pretreated with TMZ (20 μM) were stimulated with LPS (5 μg · mL�1)
for 6 h and placed in transwell inserts above neonatal cardiomyocytes for 24 h. (E) Left, flow cytometry was performed to assay cardiomyocyte
apoptosis; right, quantitative estimates of apoptotic cardiomyocytes in total cells. (F) Peritoneal macrophages pretreated with TMZ (20 μM) or
antibodies to pro-inflammatory cytokines (20 μg · mL�1) were stimulated with LPS for 6 h and placed in transwell inserts above neonatal
cardiomyocytes for 24 h. Left, flow cytometry was performed to examine cardiomyocytes apoptosis; right, quantitative estimates of apoptotic
cardiomyocytes in total cells. Data shown are means ± SEM of three separate experiments. *P < 0.05 vs. control; #P < 0.05 vs. LPS-treated group;
†P < 0.05 vs. unstimulated macrophage; &P < 0.05 vs. LPS-stimulated macrophage; $P < 0.05 vs. isotype antibody + LPS-stimulated
macrophage. Data in (B) were analysed by Student’s t-test. Other data were analysed by one-way ANOVA.

TMZ prevents septic myocardial dysfunction via Sirt1 BJP
antibodies. TNF-α, CCL2, IL-1β and IL-6 were essential in
the process of neonatal myocardial cells apoptosis when
co-incubated with LPS-activated peritoneal macrophages
(Figure 4). These results suggested that TMZ pretreatment
reduced cardiomyocyte apoptosis mediated by the pro-
inflammatory response of macrophages. Furthermore, TMZ
also prevented LPS-induced cardiomyocyte apoptosis directly
(Supporting Information Fig. S2a and b).
TMZ attenuated the ROS-mediated,
pro-inflammatory response in macrophages,
via Sirt1
We next investigated the molecular mechanisms of the anti-
inflammatory effects of TMZ on peritoneal macrophages.
Overproduction of ROS is thought to be harmful in sepsis;
thus, we measured the antioxidant effects of TMZ in
LPS-stimulated peritoneal macrophages. LPS-induced levels
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of ROS were significantly reversed by TMZ, the effect of which
was comparable with pretreatment with NAC, an effective
Figure 5
TMZ attenuated the ROS-mediated, pro-inflammatory response in macrop
(20 μM) or NAC (5 mM) for 1 h and then stimulated with LPS (5 μg · mL�1

representative images of the DHE staining in different groups; right, ROS pr
tensity in DHE staining. (B) RT-PCR showed the levels of pro-inflammatory cy
for 3 days, and then injected with 15 mg · kg�1 LPS. The heart tissues were c
blotting. (D) Peritoneal macrophages were pretreated with TMZ (20 μM) fo
and nuclear Sirt1 were examined by Western blotting. Values below the We
GAPDH and nuclear Sirt1/Lamin B. (E) Peritoneal macrophages were pretre
incubated with LPS (5 μg · mL�1) for 6 h. Cell lysates were prepared and anal
Western blots represent the densitometry analysis of gp91phox/GAPDH and
Left, representative images of the DHE staining in different groups; right, R
staining. (G) Additionally, the levels of pro-inflammatory cytokines were det
dent experiments. *P < 0.05 vs. control; #P < 0.05 vs. LPS-treated group; §
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ROS scavenger (Figure 5). At the same time, the pro-
inflammatory cytokines were decreased when macrophages
hages, via Sirt1. Peritoneal macrophages were pretreated with TMZ
) for 6 h. (A) ROS productions were detected by DHE staining. Left,
oductions were evaluated by quantification of mean fluorescence in-
tokines. (C) Mice were pretreated with TMZ (20 mg · kg�1, i.g., t.i.d.)
ollected for examination of cytoplasmic and nuclear Sirt1 by Western
r 1 h and then stimulated with LPS (5 μg · mL�1) for 6 h. Cytoplasmic
stern blots represent the densitometry analysis of cytoplasmic Sirt1/
ated with or without TMZ (20 μM) or NAM (5 mM) for 1 h and then
ysed for gp91phox and p47phox by Western blotting. Values below the
p47phox/GAPDH. (F) ROS production was detected by DHE staining.
OS production was evaluated by mean fluorescence intensity in DHE
ermined by RT-PCR. Data shown are means ± SEM of three indepen-
P < 0.05 vs. LPS + TMZ-treated group; one-way ANOVA.
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were treated with TMZ or NAC after LPS challenge (Figure 5).
These results indicated that TMZ attenuated LPS-induced
inflammatory reactions via reduction of ROS.

Recent studies have reported that Sirt1 is involved in
anti-oxidative and anti-inflammatory processes (Liu et al.,
2015; Trocme et al., 2015). Our experiments showed that
LPS up-regulated the expression of cytoplasmic Sirt1 in
cardiac tissues from mice or in primary macrophages, and
these effects were diminished by TMZ pretreatment. On
the other hand, the effects on nuclear Sirt1 were the oppo-
site. Taken together, TMZ treatment induced a translocation
of Sirt1 from cytoplasm to nucleus, attenuating the effect of
LPS (Figure 5). Moreover, TMZ clearly suppressed LPS-
induced expression of the NADPH subunits gp91phox and
p47phox (Figure 5). In addition, in the presence of a specific
inhibitor of Sirt1 (NAM; Jackson et al., 2003), the effects of
TMZ were no longer decreased, indicating that Sirt1 signal-
ling played an important role in the anti-oxidative effects
of TMZ. The DHE staining analysis also showed that Sirt1
involved in the effect of TMZ on antioxidation (Figure 5)
and, finally, decreased the mRNA expression of pro-
inflammatory cytokines (Figure 5). In addition to the
Sirt1-specific inhibitor NAM, these anti-oxidative and anti-
inflammatory effects of TMZ were also blocked by Sirt1
siRNA (Supporting Information Fig. S3a–c). These results
suggested that TMZ decreased the levels of ROS and then
Figure 6
TMZ attenuated the macrophage pro-inflammatory responses through Sirt1
bated with LPS (5 μg · mL�1) in presence or absence of TMZ (20 μM) or the
and analysed for AMPK and p-AMPK by Western blotting. Values below the
Peritoneal macrophages were pretreated with or without TMZ (20 μM) or Co
for 6 h. (B) Nuclear Nrf2 and HO-1 were detected by Western blotting. (C) R
ages of the DHE staining in different group; right, ROS production was evalu
(D) The levels of pro-inflammatory cytokines were measured by RT-RCR. D
*P < 0.05 vs. control; #P < 0.05 vs. LPS; §P < 0.05 vs. LPS + TMZ-treated gr
attenuated the inflammatory reactions via up-regulation of
nuclear Sirt1 in peritoneal macrophages.
TMZ attenuated the macrophage
pro-inflammatory responses through a
Sirt1/AMPK/Nrf2/HO-1 signalling pathway
Previous studies have indicated that the important energy
sensor AMPK was regulated by Sirt1 (Lan et al., 2008). To
further demonstrate whether AMPK was regulated by Sirt1
and the role of AMPK in the effects of TMZ on LPS-stimulated
inflammatory reactions, the Sirt1 inhibitor NAM, Sirt1 siRNA
and the AMPK inhibitor Compound C (Tian et al., 2015) were
applied in the following experiment.

As shown in Figure 6 and Supporting Information
Fig. S3d, TMZ pretreatment significantly increased the
phosphorylation of AMPK in LPS-induced peritoneal mac-
rophages. However, pretreatment with NAM or Sirt1 siRNA
blocked the effect of TMZ on AMPK phosphorylation, indi-
cating AMPK was modulated by TMZ via Sirt1. As Nrf2 has
been identified as the downstream partner of AMPK in
inflammation, the protein level of Nrf2 and its target gene
HO-1 were also examined in peritoneal macrophages. As
expected, TMZ enhanced the expression of nuclear Nrf2
and HO-1 in LPS-stimulated peritoneal macrophages
(Figure 6). However, in the presence of the AMPK inhibitor,
/AMPK/Nrf2/HO-1 signalling. (A) Peritoneal macrophages were incu-
Sirt1-specific inhibitor NAM (5 mM), and cell lysates were prepared
Western blots represent the densitometry analysis of p-AMPK/AMPK.
mpound C (1 μM) for 1 h and then incubated with LPS (5 μg · mL�1)
OS production was assayed by DHE staining. Left, representative im-
ated by quantification of mean fluorescence intensity in DHE staining.
ata were presented as mean ± SEM of three separate experiments.
oup; one-way ANOVA.
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Compound C, the effects of TMZ on nuclear Nrf2 and HO-1
protein expression (Figure 6), ROS generation (Figure 6) and
expression of mRNA for pro-inflammatory cytokines were
ablated (Figure 6). Therefore, these results suggested that
Sirt1/AMPK was involved in modulating ROS in inflamma-
tory reactions via Nrf2 and HO-1 activation and, finally,
attenuated the expression of pro-inflammatory cytokines.
TMZ attenuated the macrophage
pro-inflammatory response through the
Sirt1/PPARα signalling pathway
There is accumulating evidence that increased PPARα can
attenuate inflammation (Smeets et al., 2008). However, it
is unclear whether TMZ activated PPARα by Sirt1 in
LPS-induced inflammatory response in macrophages. As
shown in Figure 7 and Supporting Information Fig. S3e,
NAM or Sirt1 siRNA dramatically blocked the TMZ-
induced increased levels of nuclear PPARα protein in
LPS-stimulated peritoneal macrophages, suggesting that
Sirt1 was essential for TMZ-induced PPARα activation. In
addition, TMZ prevented LPS-induced increase in the
content of p-IκBα and nuclear p65, and the effect was
abolished by PPARα inhibitor GW6471 (Figure 7). These re-
sults revealed that TMZ inhibited the phosphorylation of
Figure 7
TMZ attenuated the macrophage pro-inflammatory response through Sirt1
LPS (5 μg · mL�1) in presence or absence of TMZ (20 μM) or Sirt1-specific
expression of PPARα in nucleus. Values below the Western blots represent t
were pretreated with PPARα inhibitor GW6471 (3 μM) or TMZ (20 μM) for 1
sion of p-IκBα and nuclear p65 were detected by Western blotting. (C) DHE
DHE staining in different groups; right, ROS productions were evaluated by
cytokines were assessed by RT-PCR. Data were presented as mean ± SEM
LPS; §P < 0.05 vs. LPS + TMZ-treated group; one-way ANOVA.
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IκBα and the influx of p65 to nuclei through Sirt1/PPARα.
Consistent with the molecular changes, the levels of ROS
were also reversed (Figure 7), indicating that TMZ could
regulate ROS production by the Sirt1/PPARα pathway.
Meanwhile, the inflammatory reactions were exacerbated
in the presence of GW6471, even after pretreatment with
TMZ after LPS stimulation (Figure 7). Hence, TMZ sup-
pressed LPS-induced ROS generation through activation
of the Sirt1/PPARα pathway, which was accompanied with
p-IκBα/NF-κB inhibition and ultimately attenuated the
pro-inflammatory response.
TMZ mitigated the cardiomyocyte apoptosis
mediated by the pro-inflammatory response of
macrophages, through the Sirt1/AMPK or
Sirt1/PPARα pathway
Finally, to further determine whether TMZ attenuated
LPS-induced neonatal cardiomyocyte apoptosis through the
Sirt1/AMPK or the Sirt1/PPARα pathway, peritoneal macro-
phages were stimulated with LPS alone or LPS + TMZ or
LPS + TMZ + inhibitors, and culture medium was added to
cardiomyocytes (Figure 8). Results of flow cytometry showed
that the culturemedium from LPS-stimulated primarymacro-
phages significantly increased apoptosis of cardiomyocytes,
/PPARα signalling. (A) Peritoneal macrophages were incubated with
inhibitor NAM (5 mM). Representative Western blotting showed the
he densitometry analysis of PPARα/Lamin B. Peritoneal macrophages
h and then stimulated with LPS (5 μg · mL�1) for 6 h. (B) The expres-
staining showed the levels of ROS. Left, representative images of the
mean fluorescence intensity in DHE staining. (D) Pro-inflammatory

of three separate experiments. *P < 0.05 vs. control; #P < 0.05 vs.



Figure 8
TMZ-mitigatedmacrophage pro-inflammatory response-mediated cardiomyocyte apoptosis through the Sirt1/AMPK or the Sirt1/PPARα pathway. (A)
Peritoneal macrophages were stimulated with LPS alone or LPS + TMZ or LPS + TMZ + inhibitors, and the culture medium (CM) were added to
cardiomyocytes. (B) Pro-inflammatory cytokine secretions in culture mediumwere determined by ELISA. (C) Left, flow cytometry was performed to ex-
amine cardiomyocyte apoptosis in the presence of NAM (5mM) or Compound C (1 μM) or GW6471 (3 μM); right, quantitative estimates of apoptotic
cardiomyocytes in total cells. Data shown are means ± SEM of three separate experiments. *P < 0.05 vs. control; #P < 0.05 vs. LPS; §P < 0.05 vs.
LPS + TMZ; †P < 0.05 vs. unstimulated CM; &P < 0.05 vs. LPS-stimulated CM; $P < 0.05 vs. LPS + TMZ-treated CM; one-way ANOVA.
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whereas pretreatment with TMZ attenuated LPS-induced
apoptosis. However, in the presence of NAM or CC or
GW6471, the levels of inflammation were all increased
(Figure 8) and the inhibitory effects of TMZ on LPS-induced
apoptosis were all abolished (Figure 8). Therefore, TMZ
decreased the cardiomyocyte apoptosis, which was induced
by LPS-stimulated peritoneal macrophages through the
Sirt1/AMPK or the Sirt1/PPARα pathway.
Discussion
Clinical evidence has shown that the 3-ketoacyl-CoA
thiolase inhibitor, TMZ, exerts protective effects against
ischaemia and reperfusion injury, leading to a reduction in
the markers of myocardial damage, of oxidative stress, and
thus, of inflammatory response (Bonello et al., 2007; Di Napoli
et al., 2007; Martins et al., 2011). But how TMZ regulates
these effects is not completely understood, especially the
inflammatory response. In our study, we demonstrated that
TMZ ameliorated the pro-inflammatory response of macro-
phages, which induced cardiomyocyte apoptosis. This effect
of TMZ was achieved by normalizing the Sirt1/AMPK/Nrf2/
HO-1 and Sirt1/PPARα pathway in macrophages (Figure 9).
Furthermore, although TMZ affected myocardial substrate
consumption by shifting energy production from FFA to
glucose oxidation (Kantor et al., 2000; Onay-Besikci et al.,
2008), the genes involved in FFA metabolism (CD36,
FABP3 and CPT-1) (Supporting Information Fig S4a–c) and
British Journal of Pharmacology (2016) 173 545–561 557



Figure 9
Schematic figure of possible signalling mechanisms of TMZ in LPS-induced, macrophage pro-inflammatory response-mediated, cardiomyocyte
apoptosis. TMZ-ameliorated macrophage pro-inflammatory response, which induced cardiomyocytes apoptosis. This effect of TMZwas achieved
by normalizing the Sirt1/AMPK/Nrf2/HO-1 and the Sirt1/PPARα pathways in macrophages. At the same time, the levels of ROS and pro-
inflammatory cytokines were attenuated by activation of Sirt1, which played a central role against inflammation.
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glucose metabolism [Glut4 and pyruvate dehydrogenase
kinase isozyme 4 (PDK4)] (Supporting Information Fig. S4d
and S4e) were not affected by TMZ in LPS-induced septic
myocardial dysfunction. These findings may provide an
innovative therapeutic strategy for myocardial dysfunction
in sepsis.

In the excessive inflammatory response characteristic of
of sepsis, macrophages synthesize and release pro-
inflammatory cytokines, such as TNF-α, CCL2, IL-1β and
IL-6, which are not only involved in the inflammatory re-
sponse but also expand the inflammation, further develop-
ing the tissue injury and disease (Guzik et al., 2003). It has
been demonstrated that these inflammatory cytokines
increased markedly after myocardial infarction and were
involved in the subsequent myocardial injury (Nian et al.,
2004). Thus, we hypothesized that the excessive inflamma-
tory response in macrophages during sepsis, was critically
involved in the subsequent myocardial apoptosis. In our
present study, levels of inflammatory markers, including
TNF-α, CCL2, IL-1β and IL-6, were measured to evaluate
the extent of systemic inflammation in a model of LPS-
induced sepsis. To determine whether excessive inflamma-
tory response in LPS-activated macrophages is involved in
cardiomyocytes apoptosis, a macrophage–cardiomyocyte
co-culture model was performed. Our findings suggested
that TMZ significantly reduced LPS-induced macrophage
558 British Journal of Pharmacology (2016) 173 545–561
pro-inflammatory response, accompanied with decreased
levels of cardiomyocyte apoptosis. Furthermore, by adding
antibodies of cytokines (TNF-α, CCL2, IL-1β and IL-6) in
the co-culture model, we confirmed the deleterious role of
cytokines produced by macrophages in causing cardiomyo-
cyte apoptosis. Additionally, LPS induced myocardial
infiltration by macrophages, while macrophages were not
detected in TMZ pretreated mice. Bone marrow transplanta-
tion demonstrated that the improvement of cardiac func-
tion in TMZ > WT and TMZ > TMZ mice was associated
with reduced infiltration of macrophages. Further, the re-
duced macrophage infiltration following TMZ was paralleled
by decreased numbers of their precursors, CD11b+Ly6C+

monocytes, indicating that TMZ also affected the recruit-
ment of monocytes.

Numerous studies have demonstrated the role of NADPH
oxidase-dependent ROS generation in modulating TLR4
signalling, inflammatory response and disease pathogenesis
(Fan et al., 2003; Imai et al., 2008). The NADPH oxidase com-
plex is a major source of intracellular ROS generation in mac-
rophages. The NADPH oxidase complex is composed of two
transmembrane proteins: flavocytochrome b components
(gp91phox and p22phox) and four cytosolic proteins (p47phox,
p67phox, p40phox and Rac) (Lambeth, 2004). Our findings sug-
gested that TMZ decreased the expression of gp91phox,
p47phox and attenuated LPS-induced oxidative stress through
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Sirt1, which activated downstream AMPK or PPARα, and
finally attenuated inflammatory reactions.

The signal pathways involved in inflammatory response
are grouped into pro-inflammatory pathways and anti-
inflammatory pathways. The former includes NF-κB pathway,
and the latter includes Nrf2 pathway. NF-κB pathway pro-
motes the production of ROS and pro-inflammatory cyto-
kines, particularly from immunocytes, such as macrophages
(Hall et al., 2005). In contrast, the Nrf2 pathway acts protec-
tively against inflammation by activating antioxidant cas-
cades (Guo and Ward, 2007). Our results revealed that Sirt1
induced by TMZ in macrophages on one hand coupled to
AMPK to enhance the antioxidant Nrf2/HO-1 pathway and
on the other hand coupled to PPARα to attenuate the expres-
sion of p-IκBα and nuclear p65, thus suppressing the NF-κB
pathway.

To determine whether TMZ prevented cardiomyocyte ap-
optosis by decreasing the excessive inflammatory response
inmacrophages via the Sirt1/AMPK and Sirt1/PPARα pathway,
culture medium from macrophages were added to
cardiomyocytes and the macrophages were stimulated with
LPS alone or LPS + TMZ or LPS + TMZ + inhibitors in advance.
As expected, decreased inflammatory reactions in macro-
phages by TMZ through Sirt1/AMPK or Sirt1/PPARα pathway
contributed to the rescue of apoptotic cardiomyocytes.

In conclusion, our results demonstrated that TMZ
ameliorated LPS-inducedmyocardial dysfunction and cardio-
myocyte apoptosis, effects that were dependent on attenua-
tion of macrophage infiltration and pro-inflammatory
responses. These effects of TMZ were achieved by normaliz-
ing the Sirt1/AMPK/Nrf2/HO-1 and the Sirt1/PPARα pathway
in macrophages. At the same time, the levels of ROS were
attenuated by TMZ by activation of Sirt1, which played a
central role against inflammation. These findings may
provide an innovative therapeutic strategy for myocardial
dysfunction in sepsis.
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Figure S1 Cardiac function in mice receiving bone marrow
transplants was associated with the numbers of F4/80+ mac-
rophages in heart tissues. Scatter plot of cardiac function pa-
rameters (y-axis) and the numbers of F4/80+ macrophages
(x-axis) determined by immunohistochemical staining in
heart tissues. (A) Correlation between LVEF values and the
number of F4/80+ macrophages. (B) Correlation between
LVFS values and the number of F4/80+ macrophages. (C) Cor-
relation between dp/dt max values and the number of F4/80+

macrophages. (D) Correlation between dp/dt min values and
the number of F4/80+ macrophages. Pearson’s correlation co-
efficient was used to measure the linear relationship between
numbers of F4/80+ macrophages and LVEF values, LVFS
values, dp/dt max values and dp/dt min value.
Figure S2 TMZ attenuated cardiomyocyte apoptosis induced
by LPS. Neonatal cardiomyocytes were pretreated with TMZ
(20 μM) for 1 hour and then stimulated with LPS (5 μg · ml�1)
for 6 hours. (A) Apoptosis of cardiomyocytes was analyzed
with flow cytometry, using annexin Vand propidium iodide
(PI). (B) The apoptosis of different groups and P values. Data
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were presented as mean ± SEM of three separate experiments
and were analyzed by one-way ANOVA using SPSS software.
Figure S3 TMZ attenuated ROS-mediated macrophage pro-
inflammatory responses via Sirt1. Peritoneal macrophages
were first transfected with si-Sirt1 or random siRNA using lipo
2000 for 24 hours. After transfection, cells were pretreated
with TMZ (20 μM) for 1 h and then stimulated with LPS
(5 μg · ml�1) for 6 h. (A) The ROS levels in macrophages were
measured by DHE staining. (B) ROS productions were evalu-
ated by quantification of mean fluorescence intensity in
DHE staining. (C) RT-PCR revealed the expression of pro-
inflammatory cytokines. Cell lysates were prepared and ana-
lyzed for phosphorylated (p)-AMPK (D) and nuclear PPARα
(E) expression by Western blotting. Values below the Western
blots represent the densitometry analysis of p-AMPK/AMPK
and nuclear PPARα/Lamin B. Data were presented as
mean ± SEM of three separate experiments and were analyzed
by one-way ANOVA analysis using SPSS software. *P< 0.05 vs.
control; # P < 0.05 vs. LPS; § P < 0.05 vs. LPS + TMZ treated
group; † P < 0.05 vs. Lipo 2000 control.
Figure S4 TMZ did not affect the shift from fatty acids to
glucose metabolism in LPS-stimulated heart. C57BL/6 mice
were pretreated with TMZ (20 mg·kg�1, i.g., t.i.d.) or saline
three times a day for 3 days, followed by i.p injection of LPS
(15 mg·kg�1) (n=8 in each group). The mice were sacrificed
6 hours after LPS stimulation and the heart tissue were col-
lected to prepare RNA samples. (A–F) RT-PCR analysis showed
the relative mRNA levels of CPT-1, CD36, FABP3, GLUT4 and
PDK4. All values were normalized internally to 18S RNA ex-
pression and to the normal control sets. Data were presented
as mean ± SEM of three independent experiments. Data were
analyzed by one-way ANOVA analysis using SPSS software.
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