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Abstract. The mechanism underlying sepsis‑induced cardio-
myopathy (SICM) remains unclear. The aim of the present 
study was therefore to illuminate the mechanisms and effects 
of apelin on SICM, using both patient clinical features 
and a sepsis rat model. A total of 73 adult patients with or 
without sepsis were analyzed. Male rats were used to generate 
the sepsis model through cecal ligation and puncture (CLP). 
The clinical analysis results demonstrated that sepsis induced 
cardiac dysfunction, including a decrease of left ventricular 
end‑diastolic dimension, fractional shortening, ejection 
fraction, left ventricular end‑systolic dimension, and stroke 
volume, compared with healthy controls. In addition, the 
results demonstrated that white blood cell count and inflamma-
tory cytokine expression increased in sepsis patients compared 
with healthy controls. ELISA analyses revealed that apelin 
was upregulated following sepsis. The animal model study 
demonstrated that rats treated with apelin had significantly 
reduced mortality and suppressed sepsis‑induced myocardial 
damage and inflammatory responses, through suppression of 
activation of the Toll‑like receptor 4 (TLR4) and NLR family 
pyrin domain containing  3 (NLRP3) signaling pathways. 
Taken together, the present results suggested that apelin had 
a protective effect against sepsis‑induced cardiac impair-
ment by attenuating TLR4 and NLRP3 signaling‑mediated 
inflammatory responses.

Introduction

Sepsis is a severe clinical syndrome resulting from a systemic 
host response to infection. Septic‑induced multiple organ 
dysfunctions or shock are usually the main causes of death 
in intensive care unit (ICU) patients  (1,2). Sepsis‑induced 
cardiomyopathy (SICM) is attributed to various mecha-
nisms, including mitochondrial dysfunction  (3), alteration 
of expression of nitric oxide synthase (4), and inflammatory 
cytokine overexpression‑induced cardiomyocyte (CM) apop-
tosis (5‑7). Increasing evidence has demonstrated that there 
are close links between inflammation and innate immune 
response, which promote the progression of SICM (8‑10). 
Inflammation involving inflammasome activation, mediated 
by NLR family pyrin domain containing 3 (NLRP3) and 
Toll‑like receptor 4 (TLR4), has recently been established as 
an important mechanism regulating cardiac dysfunction (11). 
TLR4 activation induces nuclear factor (NF)‑κB mediated 
proinflammatory cytokine expression  (12). Additionally, 
inflammatory responses are amplified with the induction of 
NLPR3 in the heart during SICM (13‑15). The NLRP3 inflam-
masome, as a member of the NOD‑like receptor (NLR) family, 
is comprised of apoptosis‑associated speck‑like protein (ASC), 
caspase‑1 and NLRP3. Previous studies have reported that the 
NLRP3 region, not only controls pro‑inflammatory cytokine 
production, but is also associated with the pathogenesis of 
inflammatory diseases (16‑18).

Apelin is a peptide hormone, which is widely expressed in 
various tissues, and was recently identified as an endogenous 
ligand for a G‑protein‑coupled receptor (19,20). Apelin has an 
important role in regulating phosphoinositide 3‑kinase/Akt 
signaling‑mediated angiectasis, inflammatory responses and 
cell proliferation (21). A recent study has also reported that 
anti‑inflammatory effects were regulated by apelin/NF‑κB 
signaling (22).

In the present clinical study, apelin was demonstrated to 
be upregulated in SICM and the myocardial function was 
impaired with an enhanced inflammatory response following 
sepsis induction. To elucidate the protective mechanism 
of apelin, a cecal ligation and puncture (CLP)‑induced 
sepsis‑induced myocardial injury model was established in 
rats. The TLR4 and NLRP3 signaling pathway‑related protein 
levels were then measured by western blot analysis, and the 
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inflammatory factor levels were analyzed by ELISA. The 
present study identified potential new targets for the clinical 
treatment of sepsis.

Materials and methods

Subjects. A total of 73 subjects were recruited from Pudong 
New Area Gongli Hospital (Shanghai, China) from April 
2016 to June 2017. The normal control subjects (n=34) 
that were included in this study, had no family history of 
sepsis or other chronic diseases, were free of any major 
organ disease, and had a stable body weight for at least 
1 year. In the ICU, sepsis was defined as an acute change 
in the total Sequential Organ Failure Assessment score ≥2 
points as a result of the infection (n=39). The definition of 
sepsis‑induced cardiomyopathy (SICM) was based on an 
ejection fraction (EF) <50% and a ≥10% decrease compared 
with the baseline EF that recovered within 2 weeks (7). If 
the baseline was unknown, the baseline was defined as an 
increase of >10% compared with the initial EF assessed on 
admission. The EF improving to baseline within 2 weeks 
was the definition of recovery. Inotropic agents, such as 
dobutamine and epinephrine, were not used prior to trans-
thoracic echocardiography assessment. All clinical data 
were gathered from the electronic medical records written 
by residents or attending physicians of the emergency and 
critical care departments. The clinical characteristics of 
the patients are listed in Table I. To identify the relative 
expression of apelin in sepsis, 2 ml plasma samples from 
each sepsis patient or healthy volunteer were collected. An 
informed consent was signed by each participant.

Sepsis model and treatment. Male Sprague Dawley rats (age, 
7‑8 weeks old; weight, 200‑250 g) were provided by Shanghai 
SLAC Laboratory Animal Co. (Shanghai, China). Rats were 
provided with irradiated food, free access to sterile acidified 
water, and were housed in individual micro‑isolators. For 
sepsis induction, animals were anesthetized by intraperitoneal 
injection of 2% sodium pentobarbital in saline (40 mg/kg; 
Sigma‑Aldrich; Merck  KGaA, Darmstadt, Germany) and 
placed on a warming pad (37˚C). CLP was performed as 
described previously (23). Briefly, the rat abdomen was shaved 
before a 2 cm long midline abdominal incision was made. In 
order to prevent bowel obstruction, the cecum was carefully 
isolated and ~60% of the total cecum length was ligated 
below the ileocecal valve. Two punctures were made on the 
opposite side of the mesenteric with a sterile 18‑gauge needle. 
The cecum was then gently pressed to expel a small amount 
of stool from the puncture site to ensure a full‑thickness 
perforation. The cecum was returned to the peritoneal cavity, 
and the abdominal incision was closed in two layers. The 
cecums of sham‑operated rats were not ligated or punctured, 
but underwent the same procedure as aforementioned. All rats 
were subcutaneously injected with normal saline (5 ml/100 g) 
immediately following surgery in order to resuscitate. They 
were then group‑housed in a temperature‑controlled room 
(22˚C) in cages with dry sawdust bedding. Fluid blocks and 
soft food were provided. The mortality and behavioral signs 
were monitored and recorded every day following the CLP 
procedure.

To identify the effect of apelin on sepsis‑induced cardio-
myopathy, apelin (2 mg/kg/day; American Peptide, Sunnyvale, 
CA, USA) or an equal dose of normal saline were administered 
daily intraperitoneally after the sepsis model was induced 
for 3 days. Each group was comprised of 10 rats. Seven days 
post‑surgery, the heart and blood from the rats were collected 
for subsequent experiments.

ELISA. Plasma inflammatory factors, interleukin (IL)‑1β 
(cat. no. RAB0273), IL‑6 (cat. no. RAB0306), tumor necrosis 
factor (TNF)‑α (cat. no. RAB1089), and apelin, were measured 
with commercially available ELISA kits (Sigma‑Aldrich; 
Merck KGaA). All procedures were performed according to 
the manufacturer's instructions.

Immunohistochemical analysis. Myocardial tissue samples were 
fixed in 10% formalin solution prior to embedding in paraffin. 
The 4 µm thickness sections were stained with hematoxylin and 
eosin (H&E) or terminal deoxynucleotidyl transferase (TdT) 
dUTP nick‑end labeling (TUNEL) at room temperature. Nuclear 
were stain with DAPI. The results were observed using an 
Axiophot light microscope (Zeiss AG, Oberkochen, Germany) 
and photographed with a digital camera. A total of 10 random 
fields in each group were selected for statistical analysis.

Western blot analysis. Western blot analyses for TLR4 and 
NLRP3 signaling pathway proteins in myocardial tissues were 
performed as previously described (24). Briefly, proteins in 
myocardial tissue lysates were separated by electrophoresis 
and transferred to a polyvinylidene difluoride membrane. 
The membranes were blocked and then incubated with 
antibodies against GAPDH (cat. no. G5262; 1:200), NLRP3 
(cat. no. HPA012878; 1:200), ASC (cat. no. SAB4501315; 1:200), 
caspase‑1 (cat. no. C5482; 1:200), TLR4 (cat. no. SAB1301541; 
1:200), NF‑κB inhibitor α (IκBα; cat. no. SAB36552; 1:200), 
phosphorylated (p)‑IκBα (cat.  no.  SAB625455; 1:200), 
RELA proto‑oncogene NF‑κB subunit (also known as P65) 
(cat. no. SAB251154; 1:200), and p‑P65 (all from Sigma‑Aldrich; 
Merck KGaA) (cat. no. SAB4536551; 1:200), in TBST buffer over-
night at 4˚C. The membranes were then incubated with secondary 
antibody linked to horseradish peroxidase (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). Immunoreactive 
bands were developed using an enhanced chemiluminescence 
reagent (Pierce; Thermo Fisher Scientific, Inc.). Band densi-
ties were normalized to the density of GAPDH and quantified 
with scanning densitometric analysis using ImageJ software 
(National Institutes of Health, Bethesda, MD, USA).

Statistical analysis. All data are presented as the 
mean ± standard deviation. Differences between treatment 
groups were analyzed using one‑way analysis of variance 
followed by Tukey's multiple comparisons test, using GraphPad 
Prism 6.0 software (GraphPad Software Inc., La Jolla, CA, 
USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Inflammatory factors and cardiac functional analyses in 
patients with SICM. In total, 73 participants with or without 
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sepsis were studied. Of these, 39  patients had sepsis and 
34 subjects were healthy controls. The sex distribution of 
each group was uniform. In total, 26 patients with SICM were 
male (66.7%; Table I). There was a significant difference in 
age between patients with SICM and those without SICM 
(Table I). Among the patients with SICM, the 28‑day survival 
in‑hospital was 59% and the average ICU stay was 23 days. 
Among the patients with SICM, 26 (66.7%) had respiratory 
infections, two (5.1%) had intra‑abdominal infections, two 
(5.1%) had urinary tract infections, five (12.8%) had muscu-
loskeletal or soft tissue infections, and one (2.6%) had an 
intravascular infection (Table I). The blood culture was posi-
tive in 35 patients with SICM; five (7.7%) had Gram positive 
bacterial infections, 23 (59%) had Gram negative bacterial 
infections, and 7 (17.9%) had fungal infections (Table I).

Table I. Comparison of the clinicopathological characteristics in SICM patients and healthy controls.

Clinical parameter	 SICM	 Healthy control	 P‑value

Sex
  Male	 26 (66.7%)	 20 (58.8%)
  Female	 13 (33.3%)	 14 (41.2%)
Age	 71.6±10.7	 51.6±15.9	 0.0188
HR (bpm)	 65.6±7.7	 76.4±8.7	 0.082
EF (%)	 32.8±4.6	 57.7±6.6	 0.003
FS (%)	 21.6±3.2	 30.1±4.7	 0.005
LVESD (mm)	 29.3±2.8	 33.2±7.0	 0.067
LVEDD (mm)	 37.2±4.4	 46.7±5.7	 0.023
SV (µl)	 24.6±3.6	 57.7±13.1	 0.0032
Long of ICU Stay (days)	 23.0±22.9	 0	‑
28 d survival (days)	 23 (59.0%)	‑	‑ 
PCT (ng/ml)	 3.5±3.1	 78.6±58.6	 0.0001
WBC (x109/l)	 15.5±10.2	 6.5±1.1	 0.0001
CRP (mg/dl)	 128.1±54.4	 8.7±11.2	 0.0001
Blood culture
  G (+)	 5 (7.7%)	 0	‑
  G (‑)	 23 (59.0%)	 0	‑
  Fungus	 7 (17.9%)
Sources of infection
  Lower respiratory tract	 26 (66.7%)	 0	‑
  Upper respiratory tract	 0	 0	‑
  Urinary tract	 2 (5.1%)	 0	‑
  Intra‑abdominal	 2 (5.1%)	 0	‑
  Musculoskeletal/soft tissue	 5 (12.8%)	 0	‑
  Intravascular 	 1 (2.6%)	 0	‑
Inflammatory cytokines
  IL‑6 (pg/ml)	 63.5±25.5	 14.8±6.5	 0.001
  IL‑1β (pg/ml)	 124.6±84.1	 22.5±11.6	 0.001
  TNF‑α (pg/ml)	 22.8±16.6	 5.6±3.5	 0.001

Data are expressed as the mean  ±  standard deviation. SICM, sepsis‑induced cardiomyopathy; HR, heart rate; EF, ejection fraction; 
FS, fractional shortening; LVESD, left ventricular end‑systolic dimension; LVEDD, left ventricular end‑diastolic dimension; SV, stroke 
volume; ICU, intensive care unit; PCT, procalcitonin; WBC, white blood cell; CRP, C‑reactive protein; G (+), Gram positive; G (‑), Gram 
negative; IL, interleukin; TNF, tumor necrosis factor. 

Figure 1. Expression of apelin in plasma from patients with sepsis and from 
healthy controls. Apelin levels were determined with an ELISA kit. The 
data are expressed as mean ± standard deviation. **P<0.01 compared with 
control.
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Cardiac functional analyses revealed that, compared 
with healthy controls, fractional shortening (FS), EF, 
stroke volume (SV), left ventricular end‑diastolic dimen-
sion (LVEDD) and left ventricular end‑systolic dimension 
(LVESD) were significantly decreased in SICM patients, but 
the heart rate have no significant difference between the two 
groups (Table I).

Both C‑reactive and white blood cells, which are biomarkers 
used in the diagnosis of sepsis and inflammation response in 
SICM patients  (25), were significantly increased in SICM 
patients compared with healthy controls (Table I), suggesting 
an inflammatory response in SICM patients. ELISA analyses 
confirmed that plasma levels of IL‑6, TNF‑α and IL‑1β were 
significantly increased following sepsis (Table I), compared 
with healthy controls. Apelin, which has anti‑inflammatory 
effects, was also significantly increased in SICM (Fig. 1), 
suggesting that the expression of apelin might have had a 
protective effect against SICM.

Apelin treatment improves survival and attenuates CLP 
sepsis‑induced myocardial injury. To determine the protec-
tive effects of apelin on cardiac functions during sepsis, 

apelin (2  mg/kg/day) was intraperitoneally administered 
for 3  consecutive days post‑surgery, and the mortality % 
was monitored every day for 7  days before the rats were 
euthanized. The results demonstrated no deaths in the 
control sham‑operated group. Apelin treatment attenuated 
the mortality of CLP‑induced sepsis rats by 30‑70%, demon-
strating that apelin treatment increased the survival of these 
animals (Fig. 2).

To identify pathological changes, myocardial tissue was 
collected for H&E and TUNEL staining at 7 days post‑surgery. 
Fig. 3A illustrates that the cell structures in the hearts of 
control sham‑operated rats were normal. However, the heart 
tissues of rats from the CLP group, at seven days post‑CLP, 
exhibited blurring of myocardial stripes, myocardial fiber 
disarray, unclear cell boundary, small necrosis focus, inflam-
matory cell infiltration and interstitial edema (Fig. 3A). These 
pathological changes were partially decreased following 
apelin treatment (Fig. 3A). Previous studies have reported that 
sepsis‑induced cardiac dysfunction was positively correlated 
with myocardial apoptosis (26,27). Thus, the TUNEL assay 
was used to examine the rate of myocardial apoptosis in the 
experimental groups. As illustrated in Fig.  3B, a marked 
increase in apoptotic cells was observed in the heart tissues 
of the CLP rats compared with the control sham‑operated rats, 
confirming that CLP sepsis significantly increased myocardial 
apoptosis. The numbers of apoptotic cells were obviously 
decreased with apelin treatment (Fig. 3B), further confirming 
that apelin had a protective effect on myocardial tissue.

Apelin treatment attenuates the sepsis‑induced produc‑
tion of inflammatory cytokines by suppressing TLR4 and 
NLRP3 signaling. Inflammatory cytokines, such as IL‑1β, 
IL‑6 and TNFα, have been reported to suppress myocardial 
function (28). Thus, the effect of apelin on CLP‑induced and 
sepsis‑mediated inflammatory cytokine production was exam-
ined. Fig. 4 demonstrates that the expression of inflammatory 
cytokines IL‑1β, IL‑6 and TNFα were significantly increased 
following CLP‑induced sepsis compared with the sham 
controls. By contrast, apelin treatment significantly reduced 
IL‑1β, TNFα and IL‑6 levels in plasma (Fig. 4).

Figure 3. Effects of apelin treatment on histopathological changes in myocardial tissue. (A) Representative images from H&E staining of heart tissue sections 
from the three experimental groups. Magnification, x200. (B) Myocardial apoptosis was measured using TUNEL staining of the heart tissue sections. 
Magnification, x200. H&E, hematoxylin and eosin; TUNEL, terminal deoxynucleotidyl transferase dUTP nick‑end labeling; CLP, cecal ligation and puncture.

Figure  2. Survival of rats in different groups were analyzed using the 
Kaplan‑Meier method and compared using the log‑rank test. The survival 
of rats treated with apelin (n=10) was improved compared with the untreated 
CLP group (n=10) within 10 days post‑surgery (70 vs. 30%, respectively). 
Sham‑operated rats were used as control. The data are expressed as the 
mean ± standard deviation. ***P<0.001 vs. control; ###P<0.001 vs. CLP group. 
CLP, cecal ligation and puncture.
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In order to determine the possible mechanism and relation-
ship between CLP sepsis‑induced inflammatory responses and 

apelin, TLR4/NF‑kB pathway‑related proteins were analyzed 
by western blotting. Fig. 5 demonstrates that, compared with 

Figure 5. Apelin treatment inhibits the sepsis‑induced TLR4 expression and NF‑κB activation. The protein expression levels of TLR4 signaling pathway‑related 
proteins were analyzed by western blotting in tissues from the three experimental groups. Representative blots and quantification of relative protein levels 
are shown. GAPDH was used as a loading control. The data are expressed as the mean ±  standard deviation. *P<0.05, **P<0.01 and ***P<0.001 compared with 
control; ###P<0.001 compared with CLP group. TLR4, Toll‑like receptor 4; NF, nuclear factor; CLP, cecal ligation and puncture; p‑, phosphorylated; IκBα, 
NF‑κB inhibitor α; P65, RELA proto‑oncogene NF‑κB subunit.

Figure 4. Effects of apelin treatment on sepsis‑mediated inflammatory cytokine production. The levels of TNF‑α, IL‑6 and IL‑1β were measured in the plasma 
of the experimental rats by ELISA. The data are expressed as the mean ± standard deviation. *P<0.05, **P<0.01 and ***P<0.001 compared with control; #P<0.05, 
##P<0.01 and ###P<0.001 compared with CLP group. TNF, tumor necrosis factor; IL, interleukin; CLP, cecal ligation and puncture.

Figure 6. Apelin treatment inhibits sepsis‑induced NLRP3 activation. The expression levels of the NLRP3 inflammasome‑related proteins were analyzed by 
western blotting in tissues from the three experimental groups. Representative blots and quantification of relative protein levels are shown. GAPDH was used as 
a loading control. The data are expressed as the mean ± standard deviation. ***P<0.001 compared with control; ###P<0.001 compared with CLP group. NLRP3, 
NLR family pyrin domain containing 3; ASC, apoptosis‑associated speck‑like protein; CLP, cecal ligation and puncture.
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the CLP group, apelin treatment significantly reversed the 
sepsis‑induced upregulation of TLR4, and the sepsis‑induced 
phosphorylation of P65, and IκBα.

The present study demonstrated that apelin treatment reduced 
the IL‑1β, IL‑6 and TNF‑α expression in CLP‑induced sepsis 
rats. A previous study has reported that the inactive cytoplasmic 
precursors pro‑IL‑1β, pro‑IL‑6 and pro‑TNF‑α can be cleaved into 
their active forms by caspase‑1 (12). The NLRP3 inflammasome 
also serves an important role in caspase‑1 activation. Therefore, 
in order to determine the role of the NLRP3 inflammasome 
in the inflammatory responses of the myocardium, the levels 
of NLRP3 inflammasome‑related proteins were analyzed by 
western blotting. The results demonstrated that ASC, NLRP3 and 
caspase‑1 protein expression levels were significantly increased 
following sepsis, but apelin treatment significantly reversed these 
effects (Fig. 6). Taken together, the present results suggested that 
apelin inhibited the expression of inflammatory cytokines by 
suppressing TLR4 and NLRP3 inflammasome signaling.

Discussion

The present study revealed that expression of inflamma-
tory cytokines increased in SICM patients who were prone 
to myocardial dysfunction. The results also revealed the 
increased expression of plasma apelin in SICM patients, 
and in vivo experiments demonstrated that apelin treatment 
reduced the heart damage induced by CLP‑mediated sepsis in 
a rat model. Apelin treatment decreased the plasma levels of 
IL‑6, TNF‑α and IL‑1β, inhibited myocardial apoptosis, and 
protected against CLP sepsis‑induced myocardial dysfunction 
by inhibiting the TLR4 and NLRP3 signaling pathways.

Inflammatory factors, including IL‑6, TNF‑α and IL‑1β, 
have been recognized to have critical roles in the pathogenesis 
of CLP‑induced sepsis (29,30). Several studies have reported 
that IL‑6, TNF‑α and IL‑1β are involved in myocardial dysfunc-
tion (31,32). Furthermore, previous studies have demonstrated 
that inhibition of the expression of these inflammatory cytokines 
had a protective effect against SICM (9,33,34). The effects of 
apelin on inflammatory cytokine production were investigated in 
the present study. The results demonstrated that apelin protected 
against CLP sepsis‑induced myocardial dysfunction by inhib-
iting inflammatory cytokine production.

The TLR4 signaling pathway has an important role in 
pathogenesis of sepsis, which subsequently induces NF‑κB 
activation and releases inflammatory cytokines. Previous 
studies have reported that sepsis‑induced cardiomyopathy 
is induced through the TLR4 signaling pathway (35,36). A 
variety of inflammatory genes are regulated by transcriptional 
factor NF‑κB (37), and a previous study has demonstrated that 
the development of cardiomyopathy is closely associated with 
NF‑κB activation (9). In addition, the activation of NF‑κB 
was observed in a CLP‑induced rat sepsis model (38,39). The 
present results suggested a role of apelin in anti‑inflammatory 
responses and revealed an association between apelin and the 
TLR4 signaling pathway. The present results demonstrated that 
CLP sepsis‑induced TLR4 expression and NF‑κB activation 
were inhibited following apelin treatment. The present study 
also demonstrated that apelin treatment significantly inhibited 
NLRP3 inflammasome‑induced myocardial dysfunction. 
NLRP3 is a multiprotein complex, which can promote the 

secretion of IL‑1β by activating caspase‑1 (40). A previous 
study has demonstrated that inhibition of NLRP3 inflam-
masome expression attenuated the adverse factor‑induced 
myocardial remodeling (41). In conclusion, the findings of the 
present study provided evidence that apelin may have protec-
tive effects against SICM, most likely through the inhibition of 
the TLR4 and NLRP3 signaling pathways.
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