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Abstract. The aim of the present study was to investigate 
whether cyclosporine A (CSA) improved cardiac dysfunction 
at an early stage of sepsis. Male Wistar rats were randomly 
divided into the following three groups: the sham‑operated 
control group, the cecal ligation puncture (CLP) proce-
dure‑induced sepsis group and the CSA intervention group. 
Cecal ligation was performed to generate a sepsis model. At 
different time points (2, 6, 12, 24 and 72 h) following sepsis 
induction, blood pressure, cardiac function, and non‑esterified 
free fatty acid (NEFA) levels in the plasma and myocardia were 
measured, and the expression levels of components associated 
with the AMP‑activated protein kinase (AMPK)‑acetyl CoA 
carboxylase (ACC)‑carnitine palmitoyl transferase 1 (CPT1) 
signaling pathway were compared among the three groups. 
Sepsis induced a decrease in blood pressure and cardiac func-
tion at 24 h following sepsis induction in the CLP group, and 
CSA treatment ameliorated these pathophysiological altera-
tions. In addition, rats in the CLP group exhibited significant 
increases in calcineurin activity and NEFA accumulation in 
the heart when compared with those in the sham group. These 
effects were attenuated by CSA treatment. Mechanistically, 
the activity of the AMPK‑ACC‑CPT1 pathway was enhanced 
by CSA treatment. The present study revealed that CSA treat-
ment increases cardiac function at an early stage of sepsis in 
rats. This treatment partially suppresses calcineurin activity 
while activating the AMPK‑TCC‑CPT1 pathway.

Introduction

Sepsis is associated with a high level of mortality worldwide 
and is frequently associated with the functional failure of one 
or more organs (1,2). In the cardiovascular system, it is well 
known that sepsis induces myocardial dysfunction and heart 
failure, which is characterized by a significant decrease in 
cardiac output (1). In a clinical setting, cardiac dysfunction 
induced by sepsis accounts for ~15% of all cases of mortality, 
thus it is closely associated with the prognosis of sepsis (3,4). 
Therefore, it is critical to improve cardiac function in order 
to increase survival rates during sepsis, particularly at the 
early stages. Clinical studies have indicated that sepsis leads 
to functional depression of the heart without severe struc-
tural damage  (2,5), which suggests that sepsis‑associated 
myocardial dysfunction may be reversible. Despite previous 
studies investigating sepsis‑induced pathological alterations in 
human and animal models (1,6). the precise mechanisms by 
which sepsis induces myocardial depression during the early 
stages remains unknown. However, a number of molecules 
and signaling pathways, including those involved in oxidative 
stress, mitochondrial damage and energy metabolism disor-
ders, have been proposed to be involved (4).

Calcineurin, a Ca2+‑calmodulin‑activated serine‑threonine 
phosphatase, serves an important role in cardiovascular 
physiology and pathophysiology  (7). Overexpression of 
calcineurin in cardiomyocytes regulated by the myosin heavy 
chain promoter has been demonstrated to promote cardiac 
hypertrophy (8), which is reversible (9). In addition, inhibition 
of calcineurin by specific inhibitors, such as cyclosporine and 
FK506, protected the heart from pressure overload‑induced 
cardiac hypertrophy  (10). A previous study indicated that 
the activity of calcineurin was increased in cardiomyocytes 
upon exposure to lipopolysaccharides, one of the predominant 
molecule types released following sepsis (11). These molecules 
promote pathological alterations in sepsis‑associated 
myocardial dysfunction (12), indicating a potential role for 
calcineurin in the myocardial depression induced by sepsis. 
Cyclosporine A (CSA), an immunosuppressant and calcineurin 
inhibitor, has been widely used in the clinic to suppress 
immune responses against transplanted organs. However, to 
date, a relatively small number of studies have been performed 
to examine the efficacy of CSA in the treatment of sepsis, and 
the results generated have been controversial. One study in 
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particular demonstrated that CSA served a protective role in 
rats suffering from sepsis‑induced acute kidney injury (13), 
however, it was later reported to exacerbate mortality in a 
murine model of septic shock  (14). Previous studies have 
revealed that calcineurin is involved in sepsis‑associated 
myocardial dysfunction  (15), and that this dysfunction is 
improved by CSA treatment in animal models (16). However, 
the mechanisms underlying efficient CSA treatment are not 
fully understood.

During sepsis, free fatty acid metabolic disorders, such as 
those involving non‑esterified free fatty acids (NEFA), and the 
misregulation of hormones and cytokines have been observed to 
occur (17). The AMP‑activated protein kinase (AMPK)‑acetyl 
CoA carboxylase (ACC)‑carnitine palmitoyl transferase 1 
(CPT1) signaling pathway is one of the pathways involved 
in mediating myocardial energy metabolism  (18,19). The 
AMPK‑ACC‑CPT1 pathway is activated in response to hormone 
signaling and stressors, including low blood glucose levels, 
hypoxia and ischemia (20). A previous study demonstrated that 
elevated calcineurin activity interferes with AMPK‑ACC‑CPT1 
pathway function, whereas CSA ameliorated fatty acid metabo-
lism by inhibiting calcineurin activity in rodent hippocampi (3). 
However, whether the AMPK‑ACC‑CPT1 signaling pathway 
contributes to the sepsis‑induced alterations in the lipid metabo-
lism of the heart remains unclear.

The aim of the present study was to determine whether 
CSA might be an effective treatment for myocardial repression 
during the early stages of the septic process using a rodent 
model of sepsis. In addition, the present study investigated 
whether the AMPK‑ACC‑CPT1 pathway may be involved in 
CSA‑mediated protection against sepsis‑associated functional 
damage of the myocardium.

Materials and methods

Animals. A total of 135 male Wistar rats (age, 4‑6 weeks; 
weight, 250‑300 g). were purchased from the Experimental 
Animal Center of China Medical University (Shenyang, 
China). The rats, 3 per cage, were maintained at temperature 
at 22˚C, 45% humidity, and 12 h light/dark cycle, having free 
access to food and water.

All animal experiments were approved by the Institutional 
Animal Care and Use Committee of the Medical Ethics 
Committee of The First Hospital of China Medical University 
(Beijing, China).

Materials. CSA (Pharmaceuticals AG, Rothreuz ZG, 
Switzerland), a calcineurin activity measurement kit (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China), a free fatty 
acid assay kit (Nanjing Jiancheng Bioengineering Institute), 
a bicinchoninic acid (BCA) assay kit (Beyotime Institute of 
Biotechnology, Haimen, China), and primary antibodies 
against AMPK (cat. no. sc‑25792), phosphorylated (p)‑AMPK 
(cat. no. sc‑33524), ACC‑β (cat. no. sc‑26822), p‑ACC‑β (cat. 
no. sc‑30446‑R), CPT1 (cat. no. sc‑139482) and  β‑actin (cat. 
no. sc‑47778,  all from Santa Cruz Biotechnology Inc., Dallas, 
TX, USA) were used in the present study. In addition, 10% 
chloral hydrate, phosphate‑buffered saline, TBS solution and 
Tween‑20 were procured from Sinopharm Chemical Reagent 
Co., Ltd. (Shanghai, China).

Generation of the septic animal model using the cecal liga-
tion puncture (CLP) procedure. Rats were anesthetized with 
a subcutaneous injection of 10% chloral hydrate (4 ml/kg), 
fixed on a 22˚C warm pad and a section of abdominal skin 
was sterilized. A ventral midline incision of ~1.5 cm was 
made, followed by cecal ligation at one third of the distance 
from the end of the cecum. The cecum was pierced twice 
with a needle (no. 18) and fecal overflow was promoted by 
squeezing. The cecum was then ligated and placed back in 
the abdominal cavity before the opening was closed. A total 
of 5 ml saline was immediately injected into the abdomen to 
prevent shock.

Animal grouping. The rats were randomly divided into 
the following 3 groups: the control group (sham) where an 
abdominal incision was performed without cecal ligation; the 
sepsis group (CLP group), whereby abdominal incision and 
cecal ligation were performed; the CSA intervention group 
(CSA group), whereby 10 mg/kg CSA was administered by 
intraperitoneal injection at 30 min following anesthesia, which 
was followed by abdominal incision and cecal ligation. Each 
group was observed at 2, 6, 12, 24 and 72 h following the 
operation. Rats that did not survive over course of the study 

Figure 1. CSA significantly attenuated the sepsis‑induced decrease in blood 
pressure and cardiac function. (A) CSA inhibited the sepsis‑induced decrease 
in blood pressure in male Wistar rats. Blood pressure was measured at 2, 6, 12, 
24 and 72 h following establishment of the sepsis model. CSA improved the 
(B) +dP/dtmax and (C) ‑dP/dtmax values in rats with sepsis at 6 and 12 h when 
compared with the CLP group thereby ameliorating sepsis‑induced cardiac 
dysfunction. Data are presented as the mean ± standard deviation (n=6). 
*P<0.05 vs. sham; #P<0.05 vs. CLP. Sham, sham‑operated rats; CLP, cecal 
ligation puncture procedure sepsis model group; CSA, cyclosporine A‑treated 
sepsis model group; +dP/dtmax, maximal rate of left ventricle systolic pressure 
rise; ‑dP/dtmax, the maximal rate of the left ventricle diastolic pressure decrease.
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were excluded (control, 0; CLP, 23; CSA, 19) from the sample 
collection and data analysis.

Determination of cardiac function. Cardiac function was 
measured via catheterization. Briefly, each rat was anesthe-
tized with 10% chloral hydrate (4 ml/kg, i.p.), fixed with the 
strip wrapped around the limbs on a supine position on a small 
operation table, and the right common carotid artery was 
exposed. The proximal end of the catheter, which was connected 
to a computer monitored by a Biopac polygraph (Biopac UK 
Ltd., Pershore, UK), was inserted into the left ventricle via 
the proximal end of the right common carotid artery. The full 
procedure was guided by the computer‑aided imaging system 
AcqKnowledge 4.0 (Biopac UK Ltd.). Following several min 
of stabilization, the left ventricular end‑diastolic pressure, the 
maximal rate of left ventricle systolic pressure rise (+dP/dtmax) 
and the maximal rate of the left ventricle diastolic pressure 
decrease (‑dP/dtmax) were measured using the Biopac poly-
graph. Rat cardiac function was measured at 2, 6, 12, 24 and 
72 h following the operation.

Blood sample collection. After the rats were anesthetized, 
blood samples were collected from the carotid artery using an 
arterial clamp at 2, 6, 12, 24 and 72 h following the operation. 
The collected blood (5  ml) was centrifuged at 1,566  x  g 
for 10  min at room temperature and the supernatant was 
immediately frozen at ‑80˚C for future use.

Determination of the plasma and cardiac tissue homogenate 
index. Following blood sample collection, the rat chest was 
immediately opened, the heart was isolated and the left 
ventricle was removed and immediately frozen at ‑80˚C. 
The cardiac calcineurin activity assay, NEFA concentration 
determination, and the BCA protein quantification assay 
were performed based on the protocols provided by the 
manufacturers. Briefly, left ventricles from rats were collected 
and snap‑frozen at ‑80˚C. For protein purification, the heart 
tissues were homogenized in RIPA buffer (25 mM Tris•HCl 
pH 7.6, 150 mM NaCl, 1% NP‑40, 1% sodium deoxycholate, 
0.1% SDS) and protease inhibitors PMSF (ST505, Beyotime 
Institute of Biotechnology, Haimen, China were added prior 
to the purification. Protein concentrations were determined 
with a BCA kit (Beyotime Institute of Biotechnology). cardiac 
calcineurin activity assays were performed with a calcineurin 
activity assay kit (according to the protocol provided by the 
manufacturers. NEFA concentrations were determined with a 
commercial kit.

Oil red O staining. Oil red O staining was performed as 
previously described  (21,22) with some modifications. 
Briefly, frozen myocardial tissues were sectioned to produce 
8‑µm‑thick tissue slices. The sections were fixed in 4% 
formaldehyde for 10 min at room temperature. The slides 
were then rinsed with distilled water and dried, before they 
were by incubated with Oil red O dye (Oil red, 0.5 g; dissolved 
in 60% isopropronol) at 37˚C for 20 min. The slides were 
subsequently submersed in 60% isopropanol for 10 s, washed 
with water, and stained with 0.5% hematoxylin for 30 sec at 
room temperature. The slides were mounted in glycerogelatin 
and sealed.

Western blot analysis. Western blotting was performed to 
determine the expression levels of AMPK, p‑AMPK, ACC, 
p‑ACC and CPT1 in the myocardium. Briefly, proteins 
were extracted from the myocardial tissues using a protein 
extraction reagent (Beyotime Institute of Biotechnology) and 
protein concentration was measured using the BCA Assay kit 
(Beyotime Institute of Biotechnology). Heat‑denatured protein 
(60 µg) was loaded onto a 10% SDS‑PAGE gel, followed by 
protein transfer to a nitrocellulose membrane. The membrane 
was subsequently blocked with 5% non‑fat dried milk for 1 h 
at room temperature, before it was probed overnight with the 
diluted primary antibody of interest (AMPK, 1:500; p‑AMPK, 
1:500; ACC, 1:1,000; p‑ACC, 1:1,000; CPT1, 1:500) at 4˚C. The 
PVDF membrane was then washed with TBS‑Tween solution 
and incubated with horseradish peroxidase‑conjugated goat 
anti‑rabbit or rabbit anti‑mouse immunoglobulin G (1:10,000; 
OriGene Technologies, Beijing, China) at room temperature 
for 1 h. Actin expression levels were used as a control. Protein 
bands were visualized using an enhanced chemiluminescence 
developer (MicroChemi, DNR, Israel) and relative densitom-
etry was performed using ImageJ version 1.63 (imagej.nih.
gov/ij/).

Statistical analysis. Data are expressed as the mean ± stan-
dard deviation. Statistical significance was analyzed using 
SPSS statistical software (version, 19.0; IBM SPSS, Armonk, 
NY, USA). Independent sample t‑tests were used for 
comparing the statistical significance between two groups. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

CSA significantly attenuated the sepsis‑induced decrease 
in blood pressure and cardiac function. As expected, sepsis 
induced a significant decrease in blood pressure at 6, 12 and 
24 h in the CSA group, respectively, when compared with the 
CLP group (P<0.05; Fig. 1A). At 72 h following the induction 
of sepsis, the blood pressure of the CLP rats recovered to the 
same level as that observed in the sham group, suggesting that 
this decrease in blood pressure occurred at an early stage in 
the septic model. CSA treatment significantly attenuated this 
decrease at 6 and 12 h; however, not at 24 h when compared 
with the CLP group (P<0.05; Fig. 1A). Sepsis‑induced cardiac 
dysfunction was evident at 6 h and persisted for up to 24 h, 
as demonstrated by the decreased +dP/dtmax and ‑dP/dtmax 

values in the CLP group when compared with the sham group 
(Fig. 1B and C). The CSA group demonstrated significantly 
improved cardiac function when compared with the CLP 
group at 6 and 12 h following the operation (+dP/dtmax, P<0.05 
at both time points; ‑dP/dtmax, P<0.05 at both time points; 
Fig. 1B and C). At 72 h following the induction of sepsis, no 
significant difference was observed between the +dP/dtmax and 
‑dP/dtmax values of the CLP and CSA groups when compared 
with those of the sham group (Fig. 1B and C). Therefore, this 
sepsis model may facilitate the study of the effects of sepsis 
on myocardial function during the early stages of sepsis. The 
results demonstrated that CSA administration efficiently 
attenuated the decrease in blood pressure and cardiac func-
tion typically induced by sepsis.



LIU et al:  CSA ATTENUATES SEPSIS-INDUCED CARDIAC DYSFUNCTION3742

CSA significantly inhibited the increased activity of calci-
neurin by sepsis in the myocardium. As CSA is a specific 
inhibitor of calcineurin, and calcineurin has been implicated 
in the maintenance of cardiac homeostasis (23), the present 
study investigated whether sepsis may alter the activity of 
calcineurin in the myocardium. As shown in Table I, calci-
neurin activity was significantly higher in the CLP group when 
compared with the sham group at 6, 12, 24 and 72 h following 
induction of sepsis (P<0.05, CLP group vs. the sham group). 
However, CSA treatment significantly inhibited the increase 
in calcineurin activity at 6, 12 and 24 h when compared with 
the CSP group (P<0.05; Table I). No significant difference 
in calcineurin levels were observed in the CSA group when 
compared with the CLP group at 72 h (Table I). These results 
indicated that sepsis is associated with elevated calcineurin 
activity in the myocardium, which may be suppressed by CSA 
treatment.

CSA significantly decreased the sepsis‑induced increase in 
NEFA levels in the myocardium but not in the serum. It has 

been previously reported that sepsis alters energy metabolism 
in tissues and organs (5). Therefore, the authors of the present 
study investigated whether cardiac lipid metabolism was 
altered in the rat model of sepsis. As the levels of NEFA are a 
useful indicator of altered lipid oxidation, the concentration of 
NEFA in the myocardium and plasma of rats with and without 
sepsis was measured. As shown in Fig. 2, the levels of NEFA 
were significantly elevated in the plasma and myocardium at  
6, 12 and 24 h in the CLP group when compared with those in 
the sham group (P<0.05). Although CSA treatment was asso-
ciated with a significant increase in NEFA concentration in the 
myocardium at 6, 12 and 24 h when compared with the sham 
group, no significant difference in plasma NEFA concentra-
tions was observed in the CSA group when compared with 
the CLP group at any time point (Fig. 2). Thus, CSA treatment 
substantially diminished the levels of NEFA in the myocar-
dium but not in the serum of rats with sepsis.

To confirm the altered levels of NEFA in the myocardium 
of rats in the three experimental groups, the myocardia were 
stained using Oil red O. The sham group exhibited no obvious 
Oil red O staining at any of the time points examined (Fig. 3A 
and B, and data not shown). As early as 2 h following sepsis 
induction, the myocardia in the CLP group exhibited marked 
red staining, which peaked at 24 h and persisted for at least 72 h 
(Fig. 3C‑G). Despite positive red staining in the myocardia of 
the CSA group, the intensity of red staining was lower when 
compared with that of the CLA group at each time point 
examined (Fig. 3H‑L). Oil red O staining reflects free fatty acid 
accumulation in the myocardium. Therefore, these results indi-
cate that CSA may facilitate free fatty acid metabolism in the 
myocardium, thus reducing the accumulation induced by sepsis.

CSA treatment activated the AMPK‑ACC‑CPT1 signaling 
pathway. In order to investigate whether sepsis induced altera-
tions in lipid metabolism, the present study investigated whether 
the AMPK‑ACC‑CPT1 signaling pathway may be involved. 
The AMPK‑ACC‑CPT1 pathway has been proposed to be 
an important regulator of lipid metabolism in the heart (24). 
Therefore, the expression levels of AMPK, ACC and CPT1 
in the heart tissues from rats in all three experimental groups 
were analyzed by western blotting. As shown in Fig. 4, the 
protein expression levels of AMPK and ACC did not exhibit 
any significant differences among the three groups at 6, 24 and 
72 h time points. However, the active forms of the two proteins, 
p‑AMPK and p‑ACC, were significantly elevated in the CLP 
group when compared with the sham group at all time points 

Figure 2. CSA significantly decreased the sepsis‑induced increase NEFA 
levels in the myocardium but not in the serum. (A)  CSA significantly 
reduced the NEFA concentration in the myocardium between 2 and 24 h 
when compared with the CLP group, but failed to restore them to normal 
levels. (B) CSA did not significantly affect the NEFA levels in serum when 
compared with the CLP group. Data are presented as mean ± standard devia-
tion (n=6). *P<0.05 vs. sham; #P<0.05 vs. CLP. NEFA, non‑esterified fatty 
acids; sham, sham‑operated rats; CLP, cecal ligation puncture procedure 
sepsis model group; CSA, cyclosporine A‑treated sepsis model group.

Table I. CSA significantly inhibited the sepsis‑induced increase in calcineurin activity in the myocardium.

Group	 2 h	 6 h	 12 h	 24 h	 72 h

Sham (unit/mg protein)	 0.67±0.042	 0.57±0.037	 0.37±0.058	 0.5±0.046	 0.52±0.074
CLP (unit/mg protein)	 0.77±0.096	  0.93±0.076a	  1.38±0.077a	  1.6±0.085a	 1.12±0.102a

CSA (unit/mg protein)	 0.61±0.069	  0.59±0.056b	  0.87±0.059b	 1.04±0.072b	 1.03±0.06

Calcineurin activity was measured at different time points following induction of sepsis. Data are expressed as the mean ± standard deviation 
(n=6). aP<0.05 vs. sham; bP<0.05 vs. CLP. Sham, sham‑operated rats; CLP, cecal ligation puncture procedure sepsis model group; CSA, 
cyclosporine A‑treated sepsis model group.
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(P<0.05; Fig. 4). In addition, CPT1 expression was elevated in 
the CLP group when compared with the sham group at all time 
points (P<0.05; Fig. 4). CSA treatment increased the activity 
of p‑AMPK, p‑ACC and CPT1 at 6, and 24 h, when compared 
with the CLP and sham groups (Fig. 4, P<0.05). Collectively, 
these data suggest that sepsis may increase the activity of the 
AMPK‑ACC‑CPT1 signaling pathway, and CSA may further 
enhance the activation of this pathway by increasing the levels 
of the active, phosphorylated forms or the total protein levels 
of these components.

Discussion

Hemodynamic alterations serve a crucial role in the occurrence 
and development of shock and multiple organ dysfunction 
syndrome in the pathophysiology of sepsis (25). In particular, 
left ventricular function is an important contributor to hemo-
dynamic alterations, and significantly affects the prognosis of 

sepsis (26). A previous study demonstrated that early sepsis 
may lead to decreased heart function, which is attributable to 
myocardial ischemia and hypoxia as well as altered myocar-
dial energy metabolism (27).

The present study investigated how early stage sepsis 
affected cardiac function and whether CSA may be able 
to exert any significant protective effects. The sepsis model 
induced a decrease in blood pressure and impaired cardiac 
function; the latter of which was demonstrated by decreased 
+dP/dtmax and ‑dP/dtmax values at 6 and 24 h following sepsis 
induction. However, these functional indices returned to levels 
comparable to those of the sham group, suggesting that the 
sepsis model applied in the current study may be a short‑term 
model that is only appropriate for studying the effects of 
early‑stage sepsis on the heart. In addition, CSA treatment was 
observed to substantially improve blood pressure and cardiac 
function at 6 and 12 h following sepsis induction. Thus, CSA 
may be an effective drug in facilitating the treatment of sepsis 
at the early stages of infection, in order to ameliorate cardiac 
function.

Previously, CSA has been widely used as an immunosup-
pressant to repress immune responses against transplanted 
organs in the clinic  (28). However, previous studies have 
indicated that CSA is a specific inhibitor of calcineurin; a 
calcium‑sensitive phosphatase, which serves a well‑defined 
role in cardiac physiology and pathophysiology (12,15). In 
addition, calcineurin may be involved in sepsis‑induced 
cardiac dysfunction (12,15). The present study demonstrated 
that calcineurin activity was elevated following induction of 
sepsis. This elevated activity of calcineurin was repressed 
by CSA treatment. In the CLP group, calcineurin activity 
was significantly increased between 6 and 72 h following 
sepsis induction, and CSA treatment efficiently suppressed 
this increase during the 6‑24 h period. This coincided with 
cardiac functional recovery at 6 to 24 h by CSA treatment. The 
results indicated that CSA treatment may alleviate the cardiac 
dysfunction induced by sepsis, in part, through suppression 
of calcineurin activity. Cardiac function was normal in the 
CLP group at 72 h. However, at this time point, calcineurin 
activity remained significantly higher in the CLP group when 
compared with the sham group. Therefore, it is possible that 
additional mechanisms, other than calcineurin activity, may be 
involved in mediating myocardial repression during the early 
stages of sepsis. Alternatively, it is possible that the elevated 
calcineurin levels at 72 h may not have been sufficient to 
induce cardiac dysfunction.

Sepsis‑induced alterations in myocardial energy 
metabolism serve an important role in the development 
of cardiac dysfunction  (29). Altered myocardial energy 
metabolism is characterized by impaired mitochondrial 
function, reduced lipid metabolism and glucose metabolism 
disorders in patients and mouse models  (20). Myocardial 
NEFA accumulation is an important manifestation of 
myocardial metabolic dysregulation (20). Under physiological 
conditions, cardiomyocytes do not synthesize and store a 
significant quantity of NEFA; instead, myocardial cells take 
up NEFA from the circulating serum. Following uptake, 
NEFA is predominantly transported to the mitochondria 
to provide energy, and to participate in triglyceride and 
lysophospholipid synthesis. Myocardial energy is primarily 

Figure 3. CSA significantly decreased NEFA accumulation in the myocar-
dium. Oil red O staining was performed on heart tissue sections prepared 
from rats in sham, CLP and CSA groups at different time points (2, 6, 12, 24 
and 72 h). Representative images are shown (scale bar, 20 µm; magnification, 
x400). Sham group at (A) 2 h and (B) 72 h; CLP group at (C) 2 h, (D) 6 h, 
(E) 12 h, (F) 24 h and (G) 72 h; CSA group at (H) 2 h, (I) 6 h, (J) 12 h, 
(K) 24 h and (L) 72 h. NEFA, non‑esterified fatty acids; sham, sham‑operated 
rats; CLP, cecal ligation puncture procedure sepsis model group; CSA, cyclo-
sporine A‑treated sepsis model group.
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obtained via mitochondrial oxidative metabolism, where fatty 
acid oxidation contributes 60‑80% of the energy generated, 
whereas pyruvate oxidation generates 10‑40% and glycolysis 
contributes the remainder  (30,31). However, during the 
development of sepsis, glycolysis, instead of free fatty acid 
oxidation (using NEFA), serves as the major source of energy, 
which leads to the accumulation of NEFA in cardiomyocytes. 
Excessive NEFA accumulation in the heart induces the 
inhibition of mitochondrial oxidative phosphorylation 
and adenosine triphosphate (ATP)‑to‑inorganic phosphate 
conversion, leading to heart damage  (32,33). However, 
how NEFA metabolism is regulated in the myocardium of 
rats in the septic model is unknown. In the present study, 
the CLP group exhibited elevated concentrations of NEFA 
in the plasma and an increased accumulation of NEFA in 
cardiomyocytes at 6‑24 h following sepsis induction when 
compared with the sham group. Notably, CSA treatment 
decreased NEFA accumulation in cardiomyocytes at 6, 
12 and 24  h. However, no significant effects on plasma 
NEFA concentrations were observed at any of the time 
points examined. In cardiomyocytes, a decrease in NEFA 
accumulation was observed alongside the recovery of 
cardiac function achieved by CSA treatment. These findings 
indicated that the CSA‑induced improvement in cardiac 
function in the rat sepsis model may be partially reduced 
following NEFA storage in cardiomyocytes. In addition, the 
increase in the calcineurin activity in plasma observed in rats 
with sepsis may have been induced via different mechanisms 

compared with calcineurin induction in the heart and were 
therefore CSA‑independent. As CSA efficiently decreased 
NEFA accumulation in cardiomyocytes but not in plasma, 
and CSA is a specific inhibitor for calcineurin, it is possible 
that increased NEFA accumulation in cardiomyocytes may 
involve calcineurin‑associated signaling pathways. However, 
further investigation is required to evaluate this hypothesis.

In the present  study,  the AMPK‑ACC‑ CPT1 
calcineurin‑mediated signaling pathway, which is a key 
pathway for the mediation of energy metabolism (NEFA 
oxidation in particular)  (34), was investigated. Activation 
of the AMPK pathway in the heart may facilitate NEFA 
oxidation, thereby improving the energy supply and 
enhancing cardiac function  (35). By contrast, inhibition 
of the AMPK pathway has been observed to reduce 
NEFA oxidation, thereby increasing NEFA accumulation 
and the associated toxicity to cardiomyocytes  (36). 
In addition, NEFA accumulation may induce cardiac 
endoplasmic reticulum stress, together with decreased 
ATP production, thereby inducing heart failure  (21,37‑39). 
Calcineurin is one of the factors that regulate the AMPK‑ 
ACC‑CPT1 pathway (40). Cardiac injuries induced by external 
stimuli, such as H2O2‑activated calcineurin and repression 
of the AMPK‑ACC‑CPT1 pathway, lead to altered lipid 
metabolism and the accumulation of NEFA (3,40). By contrast, 
inhibition of calcineurin through the use of inhibitors, such as 
CSA and FK506, has been observed to improve the activity 
of AMPK‑ACC‑CPT1 signaling and alleviate myocardial 

Figure 4. CSA treatment activated the AMPK‑ACC‑CPT1 signaling pathway. Western blots were performed using heart tissue protein lysates from rats 
in the sham, CLP and CSA groups to detect levels of the AMPK‑ACC‑CPT1 pathway components at (A) 6 h, (B) 24 h and (C) 72 h. Actin was used as a 
loading control. p‑AMPK and p‑ACC levels but not total AMPK and ACC levels were significantly elevated by CSA treatment. Data are presented as the 
mean ± standard deviation (n=6). *P<0.05 vs. sham; #P<0.05 vs. CLP. p‑AMPK, phosphorylated AMP‑activated protein kinase; p‑ACC, phosphorylated acetyl 
CoA carboxylase; CPT1, carnitine palmitoyl transferase 1; sham, sham‑operated rats; CLP, cecal ligation puncture procedure sepsis model group; CSA, 
cyclosporine A‑treated sepsis model group. 
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injury (3,40). The present study demonstrated that, during the 
early stages of sepsis, the total protein levels of AMPK and 
ACC were not significantly altered. However, the levels of 
their activated forms, p‑AMPK and p‑ACC, were significantly 
increased in the initial 72 h‑period following sepsis induction. 
In addition, a similar increase in the protein levels of CPT1, 
was observed. However, the sepsis‑induced activation of the 
AMPK‑ACC‑CPT1 pathway was not sufficient to inhibit 
NEFA accumulation. By contrast, CSA treatment increased the 
activity of this pathway, which was associated with a significant 
reduction in NEFA accumulation. Therefore, sepsis may alter 
lipid metabolism in the heart, thereby activating calcineurin 
and the AMPK‑ACC‑CPT1 pathway simultaneously. 
However, in the presence of activated calcineurin activity, 
AMPK‑ACC‑CPT1 signaling may have been unable to 
facilitate the efficient mobilization of NEFA metabolism in the 
myocardium. CSA treatment may have partially diminished 
NEFA accumulation by further upregulating the activity 
of the AMPK‑ACC‑CPT1 pathway. Of particular note, the 
myocardial function in rats with sepsis was comparable to rats 
in the sham group at 72 h, whereas calcineurin activity and 
NEFA concentration in the myocardium of rats in the CLP 
group remained significantly higher at the same time point, 
which suggests that there may be alternative mechanisms 
involved in mediating myocardial function at the early stages 
of sepsis progression.

In conclusion, the results of the present study indicate that 
sepsis may induce cardiac dysfunction, calcineurin activation 
and abnormal lipid metabolism. Improved cardiac function by 
CSA was evidenced by the observed decrease in calcineurin 
activity and reduced NEFA accumulation in cardiomyocytes. 
Calcineurin and AMPK signaling are involved in altered lipid 
metabolism, and CSA reduced NEFA accumulation in the 
myocardium potentially via partial suppression of calcineurin 
activity and increased AMPK signaling. Therefore, the results 
of the present study provide a greater insight into the mecha-
nisms by which CSA is able to alleviate myocardial repression 
induced by sepsis. In addition, the results present a potential 
therapeutic treatment for sepsis‑induced cardiac dysfunction, 
at least at the early stages of infection.
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