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Introduction

Myocardial dysfunction is a common complication of severe 
sepsis, representing a frequent cause of death in intensive 
care units.1–3 Multiple mechanisms have been proposed to 
be responsible for septic cardiomyopathy, including uncon-
trolled immune and inflammatory responses, myocardial and 
mitochondrial energy metabolic disorders, and apoptosis.4–9 
Besides the treatments with antibiotics and other symptom-
atic therapeutic strategies like restoration of systemic perfu-
sion and blood pressure, specific interventions that target 
sepsis-induced cardiac dysfunction are still lacking.10,11

MicroRNAs (miRNAs, miRs) are endogenous small non-
coding RNAs that regulate gene expressions post-transcrip-
tionally with important roles in numerous cellular processes, 
including proliferation, apoptosis, differentiation, migration, 
and aging.12–15 Several miRNAs, including miR-15a, -16, 
-27a, -146a, -150, -223, -574-5p, and -4772-5p, have been 
demonstrated to be dysregulated in human or experimental 
septic cardiomyopathy, however, the relevant mechanisms 
are far from understood.16–24 The dysregulation of miR-155 
has recently been reported to play important roles in multiple 
cardiovascular diseases like atherosclerosis, hypertrophic 
cardiac remodeling, acute myocardial infarction, myocardial 

ischemia-reperfusion injury, and diabetic cardiomyopathy.25–30 
Additionally, miR-155 is a well-known immunomodulatory 
miRNA that can be induced by lipopolysaccharide (LPS) 
and control inflammatory processes in multiple cells and 
organs.31–34 However, the role of miR-155 in sepsis-induced 
myocardial dysfunction remains largely unknown.

To investigate the functional role and relevant mechanism 
of miR-155 in septic cardiac dysfunction, we exposed mice to 
intraperitoneal injection of LPS as previously described.35,36 
Interestingly, we found that miR-155 was markedly upregu-
lated in the myocardium of LPS-treated mice. We further 
demonstrated that pharmacological inhibition of miR-155 
was able to preserve cardiac ejection fraction (EF) and frac-
tional shortening (FS) as well as to reduce cardiac apopto-
sis in LPS-treated mice, while forced-expression of miR-155 
had inverse effects. Additionally, Pea15a was identified to 
be a novel target gene of miR-155. Finally, we showed that 
miR-155 was elevated in the plasma of patients with septic 
cardiac dysfunction compared with sepsis patients without 
cardiac dysfunction. These data suggest that miR-155 partic-
ipates in the pathogenesis of septic cardiac dysfunction. Inhi-
bition of miR-155 might be an effective strategy to improve 
cardiac function and reduce apoptosis in sepsis-induced 
cardiomyopathy.
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Sepsis-induced myocardial dysfunction represents a major cause of death in intensive care units. Dysregulated microRNAs 
(miR)-155 has been implicated in multiple cardiovascular diseases and miR-155 can be induced by lipopolysaccharide (LPS). 
However, the role of miR-155 in LPS-induced cardiac dysfunction is unclear. Septic cardiac dysfunction in mice was induced 
by intraperitoneal injection of LPS (5 mg/kg) and miR-155 was found to be significantly increased in heart challenged with LPS. 
Pharmacological inhibition of miR-155 using antagomiR improved cardiac function and suppressed cardiac apoptosis induced 
by LPS in mice as determined by echocardiography, terminal deoxynucleotidyl transferase nick-end labeling (TUNEL) assay, 
and Western blot for Bax and Bcl-2, while overexpression of miR-155 using agomiR had inverse effects. Pea15a was identified 
as a target gene of miR-155, mediating its effects in controlling apoptosis of cardiomyocytes as evidenced by luciferase 
reporter assays, quantitative real time-polymerase chain reaction, Western blot, and TUNEL staining. Noteworthy, miR-155 was 
also found to be upregulated in the plasma of patients with septic cardiac dysfunction compared to sepsis patients without 
cardiac dysfunction, indicating a potential clinical relevance of miR-155. The receiver-operator characteristic curve indicated 
that plasma miR-155 might be a biomarker for sepsis patients developing cardiac dysfunction. Therefore, inhibition of miR-155 
represents a novel therapy for septic myocardial dysfunction.
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Results
miR-155 is upregulated in the myocardium of LPS-
treated mice
LPS (5 mg/kg) was intraperitoneally administrated to mice 
to induce septic myocardial dysfunction as previously 
described.35,36 These mice were featured with increased 
myocardial volume at systole (LVIDs, LVVs) and decreased 
global left ventricular function (EF, FS) (Tables 1 and 2), 
which was consistent with previous reports.37,38 Using quanti-
tative real time-polymerase chain reactions (qRT-PCRs), we 
found that miR-155 expression level was markedly elevated 
in the myocardium as early as 5 hours post-LPS injection and 
at least persisted to 24 hours (Figure 1a), which promoted 
us to further investigate the functional role of miR-155 in 
LPS-induced septic cardiac dysfunction. Despite reduced left 
ventricular function, no obvious cardiac fibrosis was detected 
in LPS-treated mice as determined by Masson’s Trichrome 
staining (Figure 1b).

miR-155 inhibition improves cardiac function and 
attenuates apoptosis in LPS-treated mice
The miR-155 antagomiR was via tail vein injected to mice 
for three consecutive days before LPS treatment, leading to 
a significant inhibition of miR-155 in hearts (Figure 2a). As 
measured by echocardiography,39 LPS-induced reduction 
in EF (%) and FS (%) and increase in LVVs were partially 
reversed by miR-155 antagomiR (Figure 2b and Table 1). 
Terminal deoxynucleotidyl transferase nick-end labeling 
(Tunel) staining demonstrated that miR-155 inhibition also 
reduced Tunel-positive nuclei in hearts challenged with LPS 
(Figure 2c), with increased Bcl-2/Bax ratio at protein level 
as determined by Western blot analysis (Figure 2d). In addi-
tion, LPS-induced increase in the cell size of cardiomyocytes 
was partially attenuated by miR-155 antagomiR (Figure 2e). 
These results suggest that inhibition of miR-155 could 
improve cardiac function and attenuate apoptosis in LPS-
treated mice.

miR-155 agomiR aggravates cardiac dysfunction and 
apoptosis in LPS-treated mice
The miR-155 agomiR was used to increase miR-155, which 
was carried out by tail vein intravenous injections of miR-155 
agomiR for three consecutive days before LPS treatment 
(Figure 3a). miR-155 agomiR aggravated the reduction of EF 
(%) and FS (%) in LPS-treated mice (Figure 3b and Table 2), 
and further increased Tunel-positive nuclei and reduced 
Bcl-2/Bax ratio at protein level in hearts challenged with LPS 
as examined by Tunel staining and Western blot, respectively 
(Figure 3c,d). These results suggest that miR-155 agomiR 

Table 1 Cardiac function measured by echocardiography in lipopolysac-
charide (LPS)-treated mice with miR-155 antagomiR

NC an-
tagomiR

miR-155 
antagomiR

NC antagomiR 
+ LPS

miR-155  
antagomiR + LPS

IVS; d 0.76 ± 0.01 0.75 ± 0.04 0.63 ± 0.01* 0.72 ± 0.04

IVS; s 1.17 ± 0.01 1.19 ± 0.04 0.93 ± 0.02* 1.00 ± 0.05**

LVID; d 4.23 ± 0.04 4.13 ± 0.10 4.13 ± 0.11 3.94 ± 0.09

LVID; s 2.90 ± 0.03 2.87 ± 0.07 3.47 ± 0.10* 3.32 ± 0.27**

LV Vol; d 79.23 ± 1.24 73.49 ± 3.90 73.92 ± 3.78* 70.92 ± 0.02**

LV Vol; s 31.88 ± 0.78 30.46 ± 1.62 48.85 ± 2.69* 37.66 ± 2.06***

EF 60.10 ± 0.78 59.80 ± 0.57 34.47 ± 1.18* 43.76 ± 2.24**,***

FS 31.56 ± 0.59 31.35 ± 0.42 16.25 ± 0.60* 21.15 ± 1.27 **,***

EF (%), ejection fraction; FS (%), fractional shortening; IVS, interventricu-
lar septum; LPS, lipopolysaccharide; LVID;d, left ventricular end diastolic 
internal dimension; LVID;s, left ventricular end systolic internal dimension; 
LV Vol;d, left ventricular end diastolic volume; LV Vol;s, left ventricular end 
systolic volume; NC, negative control.
*P < 0.05 NC antagomiR versus NC antagomiR+LPS. **P < 0.05 
miR-155 antagomiR versus miR-155 antagomiR+LPS. ***P <0.05 NC 
antagomiR+LPS versus miR-155 antagomiR+LPS.

Table 2 Cardiac function measured by echocardiography in  
lipopolysaccharide (LPS)-treated mice with miR-155 agomiR

NC agomiR
miR-155 
agomiR

NC 
agomiR+LPS

miR-155 
agomiR+LPS

IVS;d 0.76 ± 0.02 0.71 ± 0.01 0.62 ± 0.01* 0.62 ± 0.01**

IVS;s 1.18 ± 0.05 1.12 ± 0.03 0.90 ± 0.01* 0.83 ± 0.01**

LVID;d 4.17 ± 0.04 3.82 ± 0.13 4.09 ± 0.10 3.90 ± 0.08

LVID;s 2.97 ± 0.03 2.71 ± 0.12 3.38 ± 0.09* 3.48 ± 0.16**

LV Vol;d 77.40 ± 2.04 70.52 ± 1.37 74.70 ± 3.45 70.58 ± 2.84

LV Vol;s 34.04 ± 0.34 31.44 ± 0.94 47.41 ± 2.61* 47.54 ± 2.68**

EF 55.86 ± 1.22 52.21 ± 1.17 36.31 ± 1.66* 26.82 ± 1.84**,***

FS 28.79 ± 0.78 26.30 ± 0.77 17.12 ± 0.88* 12.25 ± 0.89**,***

EF (%), ejection fraction; FS (%), fractional shortening; IVS, interventricu-
lar septum; LPS, lipopolysaccharide; LVID;d, left ventricular end diastolic 
internal dimension; LVID;s, left ventricular end systolic internal dimension; 
LV Vol;d, left ventricular end diastolic volume; LV Vol;s, left ventricular end 
systolic volume; NC, negative control.
*P < 0.05 NC agomiR versus NC agomiR+LPS. **P < 0.05 miR-155 
agomiR versus miR-155 agomiR+LPS. ***P < 0.05 NC agomiR+LPS 
versus miR-155 agomiR+LPS.

Figure 1  Lipopolysaccharide (LPS) treatment increases miR-
155 expression level in mice hearts. (a) Mice were exposed to 
5 mg/kg body weight of LPS via intraperitoneal injection to induce 
septic cardiac dysfunction. At the indicated time points after LPS 
treatment, mice hearts were harvested and miR-155 expression 
level was found to be increased in LPS-treated mice versus control 
mice (n = 6 per group). (b) No obvious cardiac fibrosis was induced 
by LPS as determined by Masson’s Trichrome staining. Original 
magnification: 100×. *P < 0.05.
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Figure 2 miR-155 antagomiR improves cardiac function and abrogates apoptosis in lipopolysaccharide (LPS)-treated mice.  
(a) Relative miR-155 expression level was decreased in mice hearts after miR-155 antagomiR treatment for three consecutive days as 
determined by quantitative real time-polymerase chain reaction (qRT-PCR) (n = 4). (b) Left ventricular fractional shortening (%) and ejection 
fraction (%) as measured by echocardiography (n = 4). (c) Terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) assay 
for apoptosis in heart tissues (n = 4). Original magnification: 200×. (d) Western blot for Bax and Bcl-2, and quantitative analysis for Bcl-2/Bax 
ratio. Actin was used as a loading control (n = 4). (e) Wheat germ agglutinin staining for myocardium (n = 4). Original magnification: 400×.  
*P < 0.05; **P < 0.01; ***P < 0.001.
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could aggravate cardiac dysfunction and increase apoptosis 
in LPS-treated mice.

Pea15a is a target gene of miR-155
To further investigate the downstream target responsible 
for the role of miR-155 in LPS-induced cardiac dysfunction, 
miRWalk and miRTarBase were searched to obtain a list of 
predicted miR-155 targets. Using qRT-PCRs, we found that 

Pea15a, Fgf7, and Jarid2 were downregulated, while Ikbke, 
Ripk1, Socs1, and Sfpi1 were upregulated in mice hearts 
challenged with LPS (Figure 4a). As miR-155 expression 
level was found to be increased in LPS-treated mice, only 
genes downregulated with LPS treatment were selected for 
further examination as putative targets of miR-155. Due to 
the fact that Jarid2 and Fgf7 have previously been reported 
as miR-155 targets in pathological cardiac remodeling and 

Figure 3 miR-155 agomiR further impairs cardiac function and increases apoptosis in lipopolysaccharide (LPS)-treated mice. 
(a) Relative miR-155 expression level was increased in mice hearts after miR-155 agomiR treatment for three consecutive days as determined 
by quantitative real time-polymerase chain reaction (qRT-PCR) (n = 4). (b) Left ventricular fractional shortening (%) and ejection fraction (%) 
as measured by echocardiography (n = 4). (c) Terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) assay for apoptosis 
in heart tissues (n = 4). Original magnification: 200×. (d) Western blot for Bax and Bcl-2, and quantitative analysis for Bcl-2/Bax ratio. Actin was 
used as a loading control (n = 4). *P < 0.05; **P < 0.01; ***P < 0.001.
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Hodgkin’s lymphoma,29,40 we decided to explore if Pea15a 
was a novel target gene of miR-155. Accordingly, Pea15a 
was also downregulated at protein level in mice hearts chal-
lenged with LPS (Figure 4b). Moreover, at both mRNA 
and protein levels, Pea15a was downregulated in miR-
155 agomiR-treated mice, while upregulated in miR-155 
antagomiR-treated mice, suggesting an inverse correlation 
between Pea15a and miR-155 expressions (Figure 5a,b). 
In luciferase reporter assay, we found that compared with 
the negative control, the luciferase activity was decreased 
by miR-155 agomiR and if the predicted miR-155 binding 
site on Pea15a 3′UTR was mutated, the binding of miR-155 
to Pea15a 3′UTR was prevented and the decrease in lucifer-
ase activity was abrogated, indicating that Pea15a is a direct 
target gene of miR-155 (Figure 5c,d). To further determine 
if miR-155 inhibition could protect the apoptosis of isolated 
cardiomyocytes and if Pea15a was responsible for its effect, 
we treated cardiomyocytes with miR-155 antagomiR and/
or Pea15a siRNA and subjected them to LPS (Figure 6). 
Tunel staining and Western blot analysis of Bcl-2/Bax ratio 
showed that LPS could significantly increase the apoptosis 
of cardiomyocytes while miR-155 antagomiR attenuated 
that, indicating that the beneficial effect of miR-155 inhibi-
tion in septic cardiac dysfunction might mainly come from its 
antiapoptotic effect on cardiomyocytes (Figure 6). Moreover, 
Pea15a siRNA blocked the antiapoptotic effect of miR-155 
antagomiR in LPS-treated cardiomyocytes (Figure 6), fur-
ther confirming that Pea15a is a target gene of miR-155 in 
cardiomyocytes.

Plasma miR-155 level is elevated in patients with septic 
cardiac dysfunction
The plasma level of miR-155 was examined in a total of 25 
patients with septic cardiac dysfunction versus 21 sepsis 
patients without cardiac dysfunction. Noteworthy, miR-155 was 
found to be markedly elevated in the plasma of patients with 
septic cardiac dysfunction (Figure 7a), suggesting a poten-
tial clinical relevance of elevation of miR-155 in sepsis-asso-
ciated cardiac dysfunction. The clinical characteristics of these 
patients were reported in our previous study.36 The receiver-
operator characteristic curve analysis indicated that plasma 
miR-155 might be a biomarker for sepsis patients with cardiac 
dysfunction with an area under the curve of 0.863 (95% confi-
dence interval 0.760 –0.965, P < 0.001) (Figure 7b).

Discussion

Sepsis-associated myocardial dysfunction leads to high 
morbidity and mortality in critically ill patients. Accumulat-
ing evidence has revealed the critical regulatory effect and 
the potential clinical value of multiple miRNAs, including 
miR-15a, -16, -27a, -146a, -150, -223, -574-5p, -21-3p, and 
-4772-5p, in sepsis-induced cardiac dysfunction, although 
the mechanisms are far from elucidated.16–24,36 miR-155 is a 
critical miRNA that regulates inflammation, and can be highly 
induced by LPS treatment in vitro and in vivo.41–43 However, 
the role of miR-155 in LPS-induced myocardial dysfunction 
is still unclear. To the best of our knowledge, this study firstly 
demonstrates a notable increase in miR-155 expression 
level in hearts challenged with LPS. Also, we detected a sig-
nificant elevation of miR-155 expression level in the plasma 
of patients with septic cardiac dysfunction, suggesting a 
clinical relevance of circulating miR-155 in sepsis-induced 
cardiomyopathy.

Actually, the roles of miR-155 in cardiovascular injuries 
are controversial depending on different experimental mod-
els. Some studies have indicated that inhibition of miR-
155 protects the heart from pathological hypertrophy and 
improves cardiac function in animal models of hypertensive 
cardiac injury and ischemia-reperfusion injury.29,30 In contrast, 
other studies have reported that forced expression of miR-
155 reduces cardiovascular injury in certain pathological 
conditions such as acute viral myocarditis and atheroscle-
rosis.27,28,44 Thus it is highly needed to clarify the functional 
roles of miR-155 in sepsis-cardiac dysfunction. Interestingly, 
our data show that pharmacological inhibition of miR-155 
improves EF and FS in hearts challenged with LPS, while 
overexpression of miR-155 aggravates cardiac dysfunction, 
indicating a protective effect of miR-155 inhibition for hearts 
with sepsis.

In addition to impaired cardiac function, apoptosis is also a 
crucial process during sepsis.45–47 In fact, it has been proved 
that sepsis-associated myocardial apoptosis could be attenu-
ated by several agents such as cortistatin, cyclosporin A, and 
simvastatin.48–50 Impressively, this study further reveals that 
inhibition of miR-155 also attenuates LPS-induced myocar-
dial apoptosis as evidenced by reduced Tunel-positive nuclei 
and increased ratio of Bcl-2/Bax in the myocardium, while 

Figure 4 Pea15a is downregulated in hearts challenged with 
lipopolysaccharide (LPS). (a) Quantitative real time-polymerase 
chain reactions (qRT-PCRs) for a list of predicted target genes of 
miR-155 obtained from miRWalk and miRTarBase in mice hearts 
challenged with LPS or saline (n = 6 per group). (b) Western blot 
for Pea15a in mice hearts challenged with LPS or saline (n = 6 per 
group). *P < 0.05; **P < 0.01; ***P < 0.001.
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overexpression of miR-155 has inverse effects. Besides that, 
our data also showed that miR-155 inhibition could protect 
the apoptosis of isolated cardiomyocytes, indicating that the 
beneficial effect of miR-155 inhibition in septic cardiac dys-
function might be mainly associated with its antiapoptotic 
effects on cardiomyocytes. However, the cell type of apop-
totic cells in the heart in LPS in vivo model is unclear and this 
should be acknowledged as a limitation of this study. These 
data suggest that miR-155 might be a novel target to reduce 
apoptosis during sepsis.

Since Pea15a was predicted as a putative target gene 
of miR-155, we further examined the expression level of 
Pea15a in hearts challenged with LPS. As expected, Pea15a 
was found to be downregulated in hearts of LPS-treated 
mice, and was negatively regulated by miR-155 in vivo. 
Luciferase reporter assays further confirmed Pea15a as a 
direct target of miR-155. Although Pea15 has previously 
been shown to be involved in various biological processes 
including cell proliferation, migration, differentiation, and 
apoptosis, and participates to regulate neurodegenerative 

Figure 5 miR-155 directly targets Pea15a. (a) Pea15a was inversely regulated by miR-155 at mRNA level in heart tissues (n = 4). (b) Pea15a 
was inversely regulated by miR-155 at protein level in heart tissues (n = 4). (c) Sequences of miR-155 binding site on Pea15a 3′UTR as well 
as mutated Pea15a 3′UTR are shown here. (d) HEK293 cells were transfected with the wild-type or the mutated Pea15a 3′UTR together with 
miR-155 agomiR or miRNA negative control, and luciferase activities were measured as described in “Materials and methods” (n = 3). *P < 
0.05; **P < 0.01; ***P < 0.001.
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diseases and cancers,51–57 little is known about its role in 
cardiovascular diseases. Here we identify Pea15a as a 
novel target gene of miR-155 potentially contributing to 
sepsis-induced cardiac dysfunction by targeting apoptosis, 
thus suggesting that the miR-155/Pea15a pathway might 
serve as a potential therapeutic target for septic myocardial 
dysfunction.

Several limitations of this study should be highlighted. 
First, the mechanisms for miR-155 induction by LPS are still 
unclear. It has previously been reported that the Ets2 tran-
scription factor was required for upregulation of miR-155 in 
response to LPS, while induction of IL-10 by LPS reduced 
miR-155 via suppression of Ets2 (in ref. 58). More recently, 
it has been shown that miR-155 could be delivered within 

Figure 6 Pea15a mediates the effects of miR-155 on the apoptosis of cardiomyocytes. (a) Terminal deoxynucleotidyl transferase-
mediated nick end labeling (TUNEL) staining of cardiomyocytes treated with lipopolysaccharide (LPS) (n = 4). Original magnification: 200×. 
(b) Quantitative real time-polymerase chain reactions (qRT-PCRs) for gene expression of Pea15a (n = 4). (c) Western blotting analysis of 
Bcl-2 and Bax (n = 3). *P < 0.05; ***P < 0.001.
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exosomes between immune cells in response to LPS treat-
ment both in vitro and in vivo.59 Thus, it would be of great 
interest to further clarify the upstream mechanisms for miR-
155 induction as well as the origin of upregulated miR-155 in 
sepsis-induced cardiac dysfunction. Second, although inhi-
bition of miR-155 has been demonstrated to prevent cardiac 
injury after LPS treatment, the interaction between cardiac 
dysfunction and myocardial apoptosis regulated by miR-
155 during sepsis still remains to be clarified. Finally, more 
clinical plasma samples of patients are needed to confirm 
if miR-155 could be a biomarker for sepsis-induced cardiac 
dysfunction.

In conclusion, this study shows that miR-155 is upregu-
lated in sepsis-induced cardiomyopathy. Pharmacological 
inhibition of miR-155 improves cardiac function and reduces 
apoptosis in hearts with sepsis. The miR-155/Pea15a path-
way might be a potential novel therapeutic target for septic 
myocardial dysfunction.

Materials and methods

Animals. Male C57BL6/J mice, aged 10–12 weeks old, were 
purchased from Model Animal Research Center of Nanjing 
University. Mice were maintained in autoclaved cages under 
a 12 hours light/12 hours dark cycle and had free access to 
standard chow and water. Mice were exposed to LPS (5 mg/
kg) via intraperitoneal injection to induce septic cardiac 
dysfunction as previously described.35,36 Control mice were 
treated with equal volumes of saline. At the indicated time 
points after LPS or saline treatment, mice were harvested 
and heart samples were fixed in 4% paraformaldehyde (PFA) 
or snap frozen in azote nitrite and stored at −80ºC for further 
analysis. This study was approved by the ethical committees 
of Nanjing Medical University and all animal experiments 
were conducted under the established guidelines on the 
use and care of laboratory animals for biomedical research 
published by National Institutes of Health (No. 85-23, revised 
1996).

miR-155 agomiR or antagomiR treatment in mice.  miR-
155 agomiR and antagomiR were synthesized by Ribobio 
(Guangzhou, China). To examine the functional role of miR-
155 in LPS-induced cardiac dysfunction, miR-155 agomiR 
(a 2′OME + 5′chol modified miR-155 agonist, Ribobio) or 
antagomiR (a 2′OME + 5′chol modified miR-155 inhibitor, 
Ribobio) was used to regulate miR-155 expression level in 
mice. In brief, mice received on three consecutive days, tail 
vein intravenous injections of miR-155 agomiRs or their con-
trols at a dose of 30 mg/kg body weight to increase miR-155 
before LPS treatment. Inhibition of miR-155 was carried out 
by tail vein intravenous injections of miR-155 antagomiRs or 
their controls at a dose of 80 mg/kg body weight for three con-
secutive days before LPS treatment. The effects of miR-155 
agomiR or antagomiR treatment were confirmed by measur-
ing miR-155 expression level in the myocardium using quan-
titative real time polymerase chain reactions.

Echocardiography. After 5 hours of LPS or saline admin-
istration, mice were subjected to echocardiography using 
Vevo2100 (VisualSonics, Ontario, Canada) as our previously 
described.36 The left ventricular EF (%) and FS (%) were mea-
sured from M-mode images took from the parasternal short-
axis view at papillary muscle level. Echocardiography data 
were recorded and analyzed blinded to different treatments.

Masson’s Trichrome staining.  Cardiac fibrosis was deter-
mined using Masson’s Trichrome staining. Briefly, heart was 
perfused with 20 ml phosphate buffered saline, harvested, 
embedded with paraffin, and sectioned into 4 μm slides. Mas-
son’s Trichrome staining was performed according to instruc-
tions. Images were taken under light microscopy at 100× 
magnification for analysis.

Tunel assay. Heart samples were fixed in 4% paraformalde-
hyde, embedded with paraffin, and sectioned into 4 μm-thick 
slides. Apoptosis was determined by the terminal deoxyri-
bonucleotidyl transferase (TdT)-mediated dUTP nick end 

Table 3 Primer sequences used in this study

Gene Species Forward primer Reverse primer

Fadd Mouse GCGCCGA CACGA TCTACTG TTAC CCGCT CACTCA GACTTC

Ikbke Mouse ACAAGG CCCGAAA CAAG AAAT ACTG CGAA TAGCT TCACG ATG

Ripk1 Mouse GACAGA CCTAGA CAGC GGAG CCAG TAGCTT CACCACT CGAC

SHIP1 Mouse ACTCT GCGTGCTG TTCCG GA CCTT CGGAT GCCTGAA CAGTG

Socs1 Mouse CTGCG GCTTCT ATTG GGGAC AAA AGGCA GTCGAA GGTCTCG

Tab2 Mouse AGATCT ATGGCC CAAGG AAGC CACC AGA AATG CCGAGG CAT CTCAC

Sfpi1 Mouse AGAA GCTGA TGGCT TGGAGC GCGAATC TTTTT CTTG CTGCC

Pea15a Mouse GACC AA CAACA TCACC CTTGA TCTCCAG GAAGC TAAA CCAGG

Fgf7 Mouse ACCT GAGGA TTGA CAAACG AGG CCACGGTC CTGA TTTC CATGA

Jarid2 Mouse GGTGCA GGTA CAAACA GTGCC AAA GTGGTGGT TGGGTT TGGTT TCCTT

Inpp5d Mouse GAGACA CTGT TTCAGC GTCT AC CGTCTT CAAAA AGTCGG AATCCA

Rhoa Mouse GAA ACTGG TGAT TGT TGGT GATG ACCGT GGGC ACATA GACCT

Rheb Mouse GGTC TGTG GGAA AGTC CTCAT GGTGA ACGTG TTCTCT ATGGTT

Trp53inp1 Mouse CTGCA TCTTT GGAAT GCTT CGACG GAGACC ATTT CTGTT

Abhd16a Mouse TGGAA GCCAC ACAT AGG AACC CCTGTT GAGAAA CGTGT CTGC

Myb Mouse AGACC CCGA CAC AGCA TCTA CAGCAG CCCAT CGTA GTCAT

Gapdh Mouse CCTT CC GTGT TCCTA CCCC GCC CAAG ATGCC CTTC AGT
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labeling (TUNEL) assay using in situ cell death detection Kit 
(Roche Diagnostics, Mannheim, Germany) in accordance 
with the kit instructions. Images were taken using fluores-
cence microscope under a magnification of 200×.

Wheat germ agglutinin staining.  Wheat germ agglutinin 
staining was used to determine the cell size of cardiomyo-
cytes. The frozen heart tissues were sectioned into 4 μm 
slides, fixed in 4% paraformaldehyde, rinsed with phosphate 
buffered saline, and then stained for cardiomyocyte mem-
branes with fluorescein isothiocyanate-conjugated wheat 
germ agglutinin (Invitrogen, Eugene, OR). The myocyte 
cross-sectional area was imaged with confocal microscope 
(Carl Zeiss, Thuringia, Germany) at 400× magnification for 
analysis and measured with Zeiss software.

Quantitative RT-PCRs. Total RNAs of heart tissues were 
isolated using TRIZOL RNA extraction kit (Invitrogen) and 
reverse transcribed to cDNAs using iScript cDNA Synthesis 
Kit (Bio-Rad, Hercules, CA) according to the manufacturer’s 
instructions. A miR-155 expression level was detected using 

Bulge-Loop miRNA qPCR Primer Set (RiboBio, Guangzhou, 
China) with Takara SYBR supermix Kit (Bio-Rad, Hercules, 
CA) on ABI 7900HT fast Real-Time PCR System (Applied 
Biosystems, Foster City, CA). U6 was used as an internal 
control. For gene expressions, qPCRs were performed on ABI 
7900HT fast Real-Time PCR System (Applied Biosystems) 
for 40 cycles with SYBR-Green supermix Kit (Bio-Rad, Her-
cules, CA). The sequences of primers were listed in Table 3.  
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used as an internal control. The relative miRNA or gene 
expression levels were calculated using the 2−∆∆Ct method.

Western blot analysis. Heart samples were lysed in Radio 
Immunoprecipitation Assay (RIPA) lysis buffer (P0013C, Bey-
otime, Nantong, China) and quantified using Pierce BCA Pro-
tein Assay Kit (NCI3225CH, Thermo Scientific, Milford, MA). 
The same quantity of protein was separated by 10% sodium 
dodecyl sulfate (SDS)-polyacrylamide gel electrophore-
sis (PAGE) gels and transferred to polyvinylidene fluoride 
(PVDF) membranes. The membranes were blocked 1 hour 
in 5% milk and incubated overnight at 4ºC with the follow-
ing antibodies: anti-Bax (1:1,000; Cat. 2772, Cell Signaling 
Technology, Boston, MA), anti-Bcl-2 (1:1,000; Cat. 2876, Cell 
Signaling Technology), and anti-Pea15a (1:1,000; Cat. 2780, 
Cell Signaling Technology). Actin (1:1,000; Cat. 4967, Cell 
Signaling Technology) was used as a loading control. Mem-
branes were then incubated with the appropriate horserad-
ish peroxidase -conjugated secondary antibody in 5% milk. 
Detection for protein bands were performed using enhanced 
chemiluminescence system.

miR-155 target gene prediction. A list of putative target genes 
of miR-155 was created by searching in the miRWalk and 
miRTarBase. qRT-PCRs were then performed to examine 
whether these genes were inversely correlated with miR-155 
regulation in hearts challenged with LPS, and whether these 
genes could be negatively regulated by miR-155 agomiR 
or antagomiR treatment in mice. Potential target was sub-
sequently validated using a luciferase reporter assay as 
described in detail below.

Luciferase reporter assay. Human embryonic kidney (HEK) 
293 cells were seeded at 2 × 104 cells per well in 24-well 
plates the day prior to transfection. All transfections were car-
ried out with Lipofectamine 2000 (Invitrogen, Eugene, OR) 
according to the manufacturer’s instructions. Cells were trans-
fected with pGL3 luciferase expression construct containing 
the 3′UTR of Pea15a pRL-TK Renilla luciferase vector (Pro-
mega, Beijing, China), and miR-155 agomiR or negative con-
trol (Ribobio). Forty-eight hours after transfection, luciferase 
activities were measured using the Dual-Luciferase Reporter 
Assay System (Promega) and normalized to Renilla lucifer-
ase activity. Meanwhile, we mutated the predicted miR-155 
binding site on Pea15a 3′UTR, and examined whether this 
mutation could abrogate the decrease in luciferase activity by 
miR-155 agomiR.

Cell culture and treatment.  Primary neonatal rat cardiac 
myocytes were isolated and cultured as our previously 
described.36 Neonatal rat cardiac myocytes were treated with 

Figure 7 Plasma miR-155 is elevated in patients with septic 
cardiac dysfunction. (a) Quantitative real time-polymerase chain 
reaction (qRT-PCRs) showed that miR-155 expression level was 
increased in the plasma of patients with septic cardiac dysfunction  
(n = 25) compared with sepsis patients without cardiac dysfunction 
(n = 21). (b) The receiver-operator characteristic curve for the 
plasma miR-155 as a potential biomarker for sepsis patients 
developing cardiac dysfunction. *P < 0.05.
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miR-155 antagomiR and/or siRNAs for Pea15a using Lipo-
fectamine2000 according to the manufacturers’ instructions 
in the presence or absence (controls) of 1 μg/ml LPS. For 
detection of apoptotic cells, cells were scored by nuclear 
morphology from randomly selected fields using In Situ Cell 
Death Detection Kit (Roche 12156792910). At least 100 cells 
per sample were examined.

Plasma miR-155 level in patients with septic cardiac dysfunc-
tion. To evaluate the clinical relevance of miR-155 in sepsis-
associated cardiac dysfunction, the plasma level of miR-155 
was examined in a total of 25 patients with septic cardiac 
dysfunction versus 21 sepsis patients without cardiac dys-
function. In brief, total RNAs were isolated from 200 μl of 
plasma using a mirVana PARIS isolation kit (Ambion, Austin, 
TX) following the manufacturer´s instructions. Caenorhabditis 
elegans miR-39 (cel-miR-39) of 50 pmol/l was added as the 
spike-in control after the equal volume of denaturing solu-
tion was added. miR-155 was quantified using qRT-PCRs on 
7900HT Fast Real-Time PCR System (Applied Biosystems). 
All participants gave written informed consent before enroll-
ment in the study. All human investigation conformed to the 
principles outlined in the Declaration of Helsinki and was 
approved by the institutional review committees of Nanjing 
Medical University.

Statistical analysis. Results were presented as mean ± stan-
dard error of mean (SEM). An independent-student’s t-test 
was used to compare between two groups. One-way analy-
sis of variance (ANOVA) test was used to compare among 
three or more groups, followed by Bonferroni’s post-hoc test. 
The receiver-operator characteristic curve analysis was per-
formed with plasma miR-155 distinguishing between septic 
patients with or without cardiac dysfunction. All analyses 
were carried out using SPSS 19.0. P-values <0.05 were con-
sidered statistically significant.
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