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	 Background:	 It has been reported that p27Kip1 plays an important role not only in the inhibition of cyclin-dependent kinases 
but also in the regulation of autophagy under various metabolically related stress conditions, including glucose 
deprivation and endoplasmic reticulum stress. However, its effect on lipopolysaccharide (LPS)-induced cardio-
myocyte stress in vitro remains unclear. Here, we measured the increased expression of LC3-II and visualized 
autophagosomes in vitro by immunofluorescent assays after treatment with a p27 fusion protein.

	 Material/Methods:	 Cardiomyocyte contractile properties were assessed by measuring cell shortening and re-lengthening. Apoptosis 
was evaluated by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. Western blot, 
colorectal ligation puncture (CLP) surgery, silencing of Atg5 expression by small interfering RNA (siRNA), and 
immunofluorescent assays were also performed in this study.

	 Results:	 After exogenous delivery of the p27 fusion protein and overexpression of p27 in LPS-induced cardiomyocytes, 
we found lower expressions of caspase-3 and caspase-8 and reduced positive TUNEL staining. Improved cardio-
myocyte mechanical functions and reduced apoptosis were diminished after treatment with various autophagy 
inhibitors. Intravenous injections of p27-expressing adeno-associated virus serotype 9 (AAV9) vectors resulted 
in cardiac specific overexpression of p27, and echocardiography was used to assess cardiac function and struc-
ture in sepsis rat models. We observed improved cardiac function and reversed adverse ventricular remolding 
after the introduction of AAV9 vectors. Meanwhile, apoptosis was reduced, and expression of LC3-II was ele-
vated in septic rat models treated with AAV9 vectors compared to controls.

	 Conclusions:	 The study data demonstrated that the overexpression of p27 protects cardiomyocytes from sepsis-induced car-
diac depression via the activation of autophagy and inhibition of apoptosis.
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Background

Numerous studies have demonstrated that p27 plays an im-
portant role in regulating G0/G1 cell-cycle arrest and main-
taining quiescence, and hence, p27 has been deemed as a 
canonical tumor suppressor [1,2]. Thus, p27 inhibits cell prolif-
eration and organ enlargement via inhibition of cyclin-depen-
dent kinases (CDK), and it is regarded as a proliferative inhib-
itor and a gatekeeper of cell cycle entry in various malignant 
tumors [1,2]. However, in recent years, several non-canonical 
biological functions have been reported, including cell migra-
tion, regulation of autophagy, and cytoskeletal dynamics via 
CDK-independent signaling pathways [3–6]. The phosphoryla-
tion of p27, induced by the activation of the LKB1-AMPK sig-
naling pathway in breast cancer cells, stabilized p27 and pro-
moted cell survival in malnutrition conditions by improving 
the autophagic flux, which demonstrated that p27 could reg-
ulate autophagy and improve cell survival under stress condi-
tions [7]. Furthermore, p27 depletion in MCF-7 cells enhanced 
apoptosis in a manner not related to the regulation of cell-
cycle progression [7]. More intriguingly, p27 also protected 
cardiomyocytes from apoptosis via the activation of autoph-
agy after glucose deprivation [8]. In addition to the inhibition 
of cell proliferation, these novel studies demonstrated intri-
cated functions for p27, including autophagy regulation and 
cell survival in cells such as cardiomyocytes and cancer cells, 
which suggests that p27 may be involved in pathophysiolog-
ical processes in various diseases.

In other environmental stress conditions, including systemic 
inflammation in vivo or LPS-induced cell stress in vitro, the 
cytoprotective functions of p27, as observed in metaboli-
cally stressed models, are still unexplored. Septic animals in 
colorectal ligation puncture (CLP) models are characteristic 
of multiple organ dysfunction syndrome (MODs) and even 
multiple organ failure (MOF), including impaired cardiac con-
tractile dysfunction and cardiomyocyte apoptosis via Toll-like 
receptor 4 (TLR4)/nuclear factor kappa-B (NF-kB) signaling and 
oxidative stress. In clinical epidemiologic surveys, the pres-
ence of cardiac dysfunction in septic patients showed signifi-
cantly increased mortality, by 70–90%, compared to patients 
without cardiac depression [9]. However, the mechanism of 
cardiac depression in septic patients or septic animal models 
is rather complicated. According to previous studies, the pro-
duction of myocardial depressant substances and aberrant 
release of pro-inflammatory cytokines may be the main fac-
tors resulting in cardiac dysfunction [10,11]. More recent stud-
ies have demonstrated that autophagy is involved in cardiac 
contractile dysfunction in sepsis models, and an impairment 
of autophagy may contribute to cardiac depression and the 
death of cardiomyocytes [12,13]. Studies have shown that in 
the early stage of sepsis, the autophagic flux increased because 
of the increased expression of Beclin1 at 8 hours, whereas it 

was significantly decreased at 24 hours after CLP, which dem-
onstrated that the impairment of autophagy flux occurred in 
the late stages of sepsis; however, rapamycin could reverse 
depressed cardiac contractile function in the late stages of sep-
sis by the complete induction of autophagic flux [14,15]. In vitro, 
apoptosis occurred as soon as autophagy returned to base-
line levels after 24 hours of treatment with lipopolysaccharide 
(LPS), and silencing of ATG5 with specific small interfering RNA 
(siRNA) molecules accelerated cardiomyocyte apoptosis after 
the introduction of LPS via the inhibition of autophagy [14].

In the present study, we hypothesized that the dysfunction of 
autophagy could be restored by exogenously supplementing 
with p27 protein in cardiomyocytes treated with LPS, and we 
found that the enhanced autophagy protected cardiomyo-
cytes from sepsis and inhibited apoptosis in vivo and in vitro. 
These data suggest that p27 could be a potential therapeutic 
target in sepsis-induced cardiac depression and hemodynamic 
disturbances.

Material and Methods

Isolation of primary cardiomyocytes and cell culture

Primary cardiomyocytes from neonatal Wistar rats were isolated 
according to previously described protocols [16]. The hearts 
were removed, cut into pieces, and then enzymatically digested 
with Liberase TH (2.5 μg/mL; Roche, Switzerland) and pancreatin 
(1 mg/mL; Sigma) in Hank’s balanced salt solution as previ-
ously described. The supernatant was then added to com-
plete Dulbecco’s modified eagle medium (DMEM). Then 2 μL 
of dilute enzymatic solution was added to continue digesting 
the remaining tissue after the cell suspension was removed. 
The final cell suspension was filtered twice through 70 μm 
strainers and then plated in complete DEME cultured medium 
containing 10% fetal bovine serum and 1% penicillin/strep-
tomycin. Trypan blue staining was used for the assessment 
of cell viability. The highly active cardiomyocytes were used 
for the measurement of mechanical properties as described. 
Every procedure was approved by the Animal Care and Use 
Committee of the Renji Hospital, Shanghai Jiao Tong University 
School of Medicine and was in conformity with the guidelines 
of National Institute of Health (No81004).

Protein extraction and western blot

Proteins from cultured cardiomyocytes and hearts of sep-
tic rats were prepared in lysis buffer according to standard 
protocols. Equal amounts of protein were separated by SDS-
PAGE and transferred onto a PVDF membranes (Millipore). 
Membranes were blocked with 5% milk in Tris-Buffered Saline 
Tween-20 (TBST) for 2 hours at 37°C and incubated overnight 
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at 4°C with the following primary antibodies: anti-LC3 (1: 500, 
ab56810, Abcam), anti-GAPDH (1: 1000, sc-47778, Santa Cruz 
Biotechnology), anti-caspase-8 (1: 1,000, 9504, Abcam), anti-
caspase-3 (1: 1,000, 6992, Abcam). Membranes were washed 
and incubated with secondary antibody for 1 hour at 25°C. 
Chemiluminescence was used for the visualization of the 
blotted bands and the gray values of the protein bands were 
measured using the ECL Fuazon Fx (Vilber Lourmat).

Colorectal ligation puncture (CLP) surgery

The CLP surgery was performed as previously described [17]. 
Rats were anesthetized with 10 mg/mL ketamine (Gutian 
Pharmaceuticals) and the cecum was 100% ligated with sterile 
10 mm stainless steel surgical clips outside the abdominal 
cavity after exposure of the cecum site. The puncture was per-
formed 3 times with a 22-gauge needle. The intestinal tube 
was repositioned outside the abdominal cavity and the abdom-
inal cavity was closed with a 4-0 sterile suture. We opened the 
abdominal cavity only in sham-operated rats but without liga-
tion and puncture at the site of the cecum.

Immunofluorescent assays

For immunostaining, cardiomyocytes and heart sections from 
septic rats were fixed in 4% paraformaldehyde at 25°C for 
10 minutes and then permeabilized with 0.01% Triton X-100 
for 10 minutes at room temperature. Subsequently, the fixed 
cells were incubated with 5% bovine serum albumin for 30 
minutes at 25°C. The cells were then treated with a rabbit 
polyclonal antibody against LC3 (1: 1500, ab58610, Abcam,), 
used to measure the expression of LC3 in primary cardiomy-
ocytes cells after induction with LPS. Further, the cells were 
incubated for 1 hour at 37°C with fluorescein isothiocyanate 
(FITC)-labeled anti-rabbit IgG (H+L) secondary antibody (072-
01-15-06, KPL). Finally, the cells were visualized by confocal 
laser scanning microscopy (Leica, Wetzlar, Germany).

TUNEL (terminal deoxynucleotidyl transferase dUTP nick 
end labeling)

TUNEL staining was performed as previously described. 
Apoptosis in cultured cardiomyocytes and heart tissues was 
assessed using the In Situ Cell Death Detection Kit (Roche, 
Mannheim, Germany) according to the manufacturer’s 
instructions. In brief, the cells and tissue sections (3 sections 
per rat) were fixed in 4% paraformaldehyde at room tempera-
ture for 15 minute and then the membranes and karyothecas 
were permeabilized with 0.01% Triton X-100 for 10 minutes 
at room temperature. After addition of the TUNEL reaction 
mixture, the sections were incubated for 60 minutes at 37°C. 
Subsequently, diphenyl phenylindole (DAPI) staining was per-
formed to observe the cell nucleus. Finally, the cells and sections 

were rinsed with phosphate buffered saline (PBS) buffer solu-
tion 3 times and visualized by confocal laser scanning micros-
copy (Leica, Wetzlar, Germany).

Transfection of adeno-associated virus vectors

The construction of adeno-associated virus serotype 9 (AAV9) 
vector, characterized by partial cardiac specificity, encoding 
p27 and green fluorescent protein (GFP) was carried out by 
the Shanghai Jikai Gene Chemical Technology Co., Ltd. (China, 
Shanghai). The AAV9 vector was used for the overexpression of 
p27 in primary cardiomyocytes and in hearts of septic rats via 
intravenous injection at the jugular vein. The negative control 
was constructed using a scrambled sequence not capable of 
encoding the target protein. The protocol for transfection was 
performed according to the standard procedure as previously 
described. Primary cardiomyocytes were seeded on 24-well 
plates at a density of ~5000 cells/well and incubated at 37°C. 
On the second day, the cells were transfected with AAV9 vec-
tors for 10 to 12 hours using Lipofectamine 2000 (Invitrogen) 
according to the standard manufacturer’s instructions. The cells 
with green fluorescence indicated stable transfection with the 
AAV9-mediated vector. In total, >85% of cells were positive for 
green fluorescence as visualized by fluorescence microscopy, 
thereby indicating the successful establishment of cell models, 
classified as negative control and AAV9-p27 (overexpression), 
respectively. The green fluorescent signals in hearts observed 
by fluorescent microscopy indicated the establishment of p27 
overexpression in heart tissues of septic rats as well.

Silencing of Atg5 expression by siRNA

Five nanomole siRNA specific for Atg5 or scramble control 
(Invitrogen) was used to transfect cardiomyocytes using 
Lipofectamine 2000 (Invitrogen) according to the standard man-
ufacturer’s instructions after treatment with TAT-p27 and LPS. 
After 24 hours of siRNA incubation, cardiomyocytes were har-
vested to measure the expression of proteins related to apop-
tosis and mechanical properties.

Measurements of cell shortening and re-lengthening

Mechanical properties of cardiomyocytes were assessed using 
the SoftEdge MyoCam system (IonOptix Corporation, Milton, 
MA, USA) as previously described [18]. In brief, cardiomyo-
cytes were placed in a chamber equipped on platforms of an 
inverted microscope and incubated at 25°C with a buffer con-
taining 131 mM NaCl, 4 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 
10 mM glucose, and 10 mM HEPES, at pH 7.4. The cells were 
stimulated with a suprathreshold voltage at a frequency of 
0.5 Hz, for a 3 ms duration, which provokes muscle contrac-
tions (FHC Inc, Brunswick, NE, USA). The myocyte was visual-
ized on a computer monitor using an IonOptix MyoCam camera. 
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The corresponding SoftEdge software was applied to monitor 
the changes in cell length during shortening and re-lengthening. 
Cell shortening and re-lengthening were assessed using the 
following indices: peak shortening (PS), maximal velocities of 
cell shortening and re-lengthening (±dL/dt), time-to-PS (TPS), 
and time-to-90% re-lengthening (TR90).

Statistical analysis

All experiments were repeated at least 5 times and the data 
are presented as the mean ± standard deviation (SD). Unpaired 
t-tests were used to determine the statistical differences 
between 2 groups in each analysis. A one-way analysis of 
variance (ANOVA) was used for multiple comparisons. P<0.05 
was considered to be statistically significant. All data were 
analyzed by the log-rank test. All statistical analyses were per-
formed with SPSS 13.0.

Results

Exogenous delivery of TAT-p27 and overexpression of p27 
promoted autophagy in LPS-induced cardiomyocytes in 
vitro

To verify if p27 promotes autophagy when cultured cardio-
myocytes are exposed to environmental stresses, including 
exposure to LPS, we exogenously delivered a p27 fusion pro-
tein (TAT-p27) and overexpressed p27 using AAV9 expressing 
the gene encoding human p27 in primary cardiomyocytes 
isolated from rats. We then measured the expression of 
microtubule-associated protein (LC3)-I and LC3-II, protein 
markers of autophagosomes, by western blot in in vitro exper-
iments. We found that both the exogenous delivery of TAT-p27 
and AAV-overexpression of p27 (AAV9-p27) in cardiomyocytes 
increased the expression of LC3-II (Figure 1A), a biomarker of 
active autophagosome formation, with an increase in the LC3-
II/LC3-I ratio (Figure 1B), demonstrating that p27 promoted 
autophagy flux in LPS-induced cardiomyocytes. Furthermore, we 
performed immunofluorescent assays to detect the formation 
of LC3-II positive puncta during the process of autophagic flux. 
We found that p27 increased the accumulation of LC3-II posi-
tive puncta in LPS-induced cardiomyocytes after introduction 
of TAT-p27 or overexpression with AAV9-p27 (Figure 1C). These 
results demonstrate that p27 indeed promotes autophagy in 
cardiomyocytes after treatment with LPS.

p27 suppressed apoptosis in cardiomyocyte treated with 
LPS in vitro

Autophagy is a highly conserved mechanism related to cell sur-
vival, and dysfunction of autophagy and low expression of p27 
are considered to be involved in various forms of heart disease, 

including heart failure and myocardial infarction [19–21]. In 
previous studies, Wu et al. found that recombinant p27 protein 
inhibited cardiac apoptosis and improved adverse remolding 
after coronary artery occlusion [22]. Nakai et al. found that 
cardiac specific silencing of Atg5 leads to increased apop-
tosis and a deteriorative cardiac function in basal and pres-
sure overload conditions, which suggests that a deficiency in 
autophagy leads to the impairment of cell survival and pro-
motion of apoptosis [23]. Therefore, we considered that p27 
could also suppress apoptosis in LPS-induced cardiomyocytes 
according to these previous studies. We measured cleaved cas-
pase-3 and caspase-8 in cardiomyocytes preconditioned with 
TAT-p27 and in non-preconditioned cardiomyocytes, used as a 
negative control, after treatment with LPS. We found that pre-
conditioning with TAT-p27 reduced the expression of apoptosis-
related proteins as expected (Figure 2A, 2B). Subsequently, we 
measured the number of TUNEL-positive cells in cardiomyo-
cytes pretreated with TAT-p27 after exposure to LPS to measure 
the level of apoptosis. We found a decrease in the number of 
TUNEL-positive cells, which demonstrated that p27 inhibited 
apoptosis in LPS-induced cardiomyocytes (Figure 2C, 2D). To 
further investigate whether the enhanced autophagy con-
tributed to the inhibition of apoptosis, we utilized different 
autophagy inhibitors, including bafilomycin A1, 3-methylade-
nine, and chloroquine to repress the autophagic flux and detect 
the apoptosis after administration of autophagic inhibitors. We 
observed that the utilization of all the autophagy inhibitors 
resulted in increased apoptosis compared to the absence of 
these inhibitors (Figure 2A–2D). These data demonstrate that 
p27 protected cardiomyocytes from apoptosis after exposure 
to LPS via the activation of autophagy.

p27 improved cardiac mechanical contractile functions 
after treatment with LPS

Although numerous studies have reported that autophagy may 
play a role in the regulation of cardiac functions in various 
disease models and pathological conditions, the results have 
been inconsistent. The effect of autophagy on cardiac contrac-
tile function and cell death is still not clear in LPS-induced car-
diomyocytes, even if autophagy was deemed as a protective 
factor in septic animal models and a vital cellular mechanism 
contributing to cell survival [24,25]. A previous study dem-
onstrated that a deficiency in autophagic flux impaired the 
recovery of cardiac functions in ischemia-reperfusion injury, 
which suggested that autophagy may have a positive effect on 
cardiomyocytes exposed to cardiovascular stress [20]. To inves-
tigate and clarify the effect of p27 on cardiomyocytes stimu-
lated by LPS, we performed an assessment of the mechanical 
properties in LPS-induced cardiomyocytes. We found that the 
exogenous delivery of p27, or overexpression of p27, did not 
change the resting cell length but improved mechanical con-
tractile function (Figure 3A), represented by an increase in 
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Figure 1. �Administration of TAT-p27 and overexpression of p27 promote autophagy in LPS-induced cardiomyocytes in vitro. 
(A) Representative figures and quantitative analyses of immunoblots reflect the expression of LC3-I and LC3-II in LPS-induced 
primary cardiomyocytes with or without exogenous TAT-p27 and overexpression of p27 by the AAV9 vector. (B) The ratio of 
the relative expression of LC3-II to LC3-I (GAPDH used as a reference protein) in LPS-induced primary cardiomyocytes with 
or without exogenous TAT-p27 and AAV9-p27. (C) Representative figures and quantitative analyses of immunofluorescent 
assays of LC3-II in primary cardiomyocytes treated with exogenous TAT-p27, AAV9-p27, and negative control. The bright 
green puncta represent the formation of autophagosomes and the expression levels of LC3-II in primary cardiomyocytes. 
The experiments were replicated 3 times. Data are presented as the mean ±SD. ** P<0.01, * P<0.05.
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Figure 2. �Administration of TAT-p27 represses cardiomyocyte apoptosis dependent on the autophagy process. (A, B). Expression of 
apoptosis-related proteins in preconditioned cardiomyocytes with TAT-p27. Representative figures (A) and quantitative 
analyses (B) of immunoblot assays demonstrate the expression of caspase-3 and caspase-8. The administration of 
bafilomycin A1 (BA1), 3-methyladenine (3-ME), and chloroquine (autophagy inhibitors) was used to prove the involvement 
of autophagy in the anti-apoptotic effects of p27. (C, D) Representative figures of TUNEL staining in the preconditioned 
cardiomyocytes using TAT-p27 (C) and quantitative analyses (D). The green fluorescence represents TUNEL-positive LPS-
induced cardiomyocytes. The experiments were replicated 3 times. Data are presented as the mean ±SD. ** P<0.01, * P<0.05. 
TUNEL – terminal deoxynucleotidyl transferase dUTP nick end labeling.
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peak shortening (PS) and maximal velocity of shortening/re-
lengthening in primary cultured cardiomyocytes pretreated 
with LPS (Figure 3B, 3C). The time-to-PS and time-to-90% re-
lengthening (TR90) were also increased in cardiomyocytes 
treated with TAT-p27 and infected with AAV9-p27, compared 
to controls (Figure 3D, 3E). Intriguingly, the autophagy inhib-
itors aforementioned abolished the improvements in cardiac 
mechanical properties due to the introduction of p27. These 
findings suggest that p27 improved cardiac mechanical prop-
erties and contractile functions via the activation of autophagy 
in LPS-stimulated cardiomyocytes.

The protective effect of exogenous p27 was lost after 
the silencing of Atg5 with siRNAs in LPS-induced 
cardiomyocytes

To reliably verify that autophagy is indispensable for the protec-
tive effect of p27 in cardiomyocytes induced with LPS due to the 
non-specificity of the autophagy inhibitors, we silenced Atg5, an 
essential gene for the formation of autophagosomes [26,27], to 
block autophagic flux and measured apoptosis after treatment 

with exogenous p27. We found an increase in the levels of apop-
tosis-related proteins and a greater number of TUNEL-positive 
nuclei in Atg5-silenced cardiomyocytes (Figure 4A, 4B), which 
demonstrated that the loss of Atg5 abrogated the protection 
by p27 in cardiomyocytes. As for cardiac mechanical contractile 
functions, we performed an assessment of mechanical proper-
ties and also found that the inhibition of autophagy repressed 
the improvement in mechanical contractile functions. We 
observed reduced PS and maximal velocity of shortening/re-
lengthening in LPS-induced cardiomyocytes with Atg5 silencing 
compared to only the introduction of p27 (Figure 4C, 4D). 
A similar change also occurred in other contractile function 
parameters, including time-to-PS and TR90 re-lengthening 
(Figure 4E, 4F). The block in autophagy impaired cardiac con-
tractile functions and increased apoptosis by LPS stimula-
tion in our study. These results showed that autophagy was 
important for the protective effects of p27, and that a direct 
inhibition of autophagy diminished the anti-apoptotic effects 
and improvements of mechanical properties attributed to the 
introduction of p27 in LPS-induced cardiomyocytes.
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Figure 3. �p27 improves cardiac mechanical contractile functions after treatment with LPS. LPS-induced cardiomyocyte contractile 
properties from Wistar rats treated with control and TAT-p27: (A) Resting cell length; (B) peak shortening (PS, normalized 
to cell length); (C) maximal velocity of shortening (+dL/dt); (D) time-to-PS (TPS); and (E) time-to-90% re-lengthening (TR90). 
Data are presented as the mean ±SD, n=100 to 120 cells induced by LPS from 4 Wistar rats per group. ** P<0.01, * P<0.05 
versus control. LPS – lipopolysaccharide.
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p27 inhibited cardiomyocyte apoptosis and improved 
cardiac function in septic animal models via activation of 
autophagy in vivo

To identify the anti-apoptosis effect of p27 and the effect of 
p27 on cardiac function in septic animal models, we performed 

intravenous injections of AAV9 viruses to achieve a partially spe-
cific transfection and overexpression of p27 in cardiac tissue. 
The efficiency of transfection was assessed by first visualizing 
the GFP marker by fluorescence microscopy to localize the 
intramyocardial overexpression of p27 (Figure 5A). We then 
detected apoptosis in septic rats infected with AAV9-p27 and 
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Figure 4. �The protective effect of exogenous p27 fusion protein disappears after transfection with Atg5-siRNAs in LPS-induced 
cardiomyocytes. (A) Representative figures and quantitative analyses of western blots reflect the expression of caspase-3 
and caspase-8 in LPS-induced cardiomyocytes preconditioned with TAT-p27 in different groups, including control, TAT-p27, 
and Atg5-silenced + TAT-p27 groups. (B) Representative figures of TUNEL staining in preconditioned cardiomyocytes 
and quantitative analyses in different groups, including control, TAT-p27, and Atg5-silenced + TAT-p27 groups. 
(C–F) Cardiomyocyte contractile properties among control, TAT-p27, and Atg5-silenced + TAT-p27 groups: (C) Peak shortening 
(PS, normalized to cell length); (D) Maximal velocity of shortening (+dL/dt); (E) Time-to-PS (TPS); and (F) Time-to-90% re-
lengthening (TR90). The experiments were replicated 3 times. Data are presented as the mean ±SD. ** P<0.01, * P<0.05. 
TUNEL – terminal deoxynucleotidyl transferase dUTP nick end labeling.
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AAV9-control by TUNEL nuclear staining and western blotting. 
We found that the transfection of AAV9-p27 reduced cardio-
myocytes apoptosis based on the lower frequency of TUNEL-
positive nuclei compared to the control group (Figure 5B). 
A reduced expression of cleaved caspase-3 and caspase-8 was 
also detected in rats with a partially specific transfection of 
AAV9-p27 along with enhanced expression of LC3-II and an 
increased LC3-II/LC3-I ratio (Figure 5C, 5D). These data demon-
strated that p27 inhibited apoptosis and activated autophagy 
in septic animals, consistent with the results from the in vitro 
experiments. Furthermore, we measured cardiac structure and 

function 14 days after the CLP operation. We subsequently 
found an increased left ventricular ejection fraction and frac-
tional shortening in septic rats transfected with AAV9-p27 
compared to the control rats, but the left ventricular internal 
diastolic diameter showed no differences between the groups, 
which demonstrated that the overexpression of p27 in the 
heart improved cardiac systolic function but did not alter the 
slight adverse remolding in septic models (Figure 5E, 5F). These 
results demonstrate the protective effects of p27 in septic ani-
mals and that the overexpression of p27 indeed improved car-
diac function in vivo.
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Figure 5. �p27 inhibits cardiomyocyte apoptosis and improves cardiac function in septic animal models via the activation of autophagy 
in vivo. (A) Result of immunofluorescent assays of GFP in heart tissues of septic Wistar rats after tail vein injections of 
AAV9-p27 and isovolumetric PBS medium (n=5). (B) Representative figures of TUNEL staining in heart tissues from septic rats 
and quantitative analyses among control, empty vector, and AAV9-p27 groups (n=6). (C) The expression of apoptosis-related 
proteins in heart tissues from septic Wistar rats measured by western blot. The representative figures and quantitative 
analyses of immunoblot assays present, respectively, the expression of caspase-3 and caspase-8 among the different treated 
groups (n=6). (D) The expression of LC3-II and the ratio of the relative expression of LC3-II to LC3-I (GAPDH used as the 
reference protein) in heart tissues from septic rats treated with empty AAV9 vector or AAV9-p27 (n=6). (E, F) Cardiac size and 
cardiac systolic function: (E) left ventricular diastolic diameter; (F) left ventricular ejection fraction and fractional shorting 
(n=6). Data are presented as the mean ± SD. The Student’s t-test was used for the statistical analysis. ** P<0.01, * P<0.05. 
GFP – green fluorescent protein; PBS – phosphate buffered saline; TUNEL – terminal deoxynucleotidyl transferase dUTP nick 
end labeling; AAV9 – adeno-associated virus serotype 9.
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Discussion

The presence of cardiac dysfunctions in sepsis results in 
increased mortality and a poor prognosis, and septic cardiac 
dysfunctions could lead to the occurrence of hemodynamic 
disorders and even septic shock. The precise mechanism of 
septic cardiac dysfunction remains unclear [9,10]. Some patho-
physiological factors are considered to be involved in cardiac 
contractile dysfunction, including lipid peroxidation and free 
oxygen radical injuries, activation of a cascade of inflamma-
tory response via LPS and its binding to TLR4, high concen-
trations of nitric oxide, regional ischemia, and activation of 
the coagulation process [28,29]. In recent years, several novel 
mechanisms have emerged after further research into septic 
cardiac depression. In the early stages of sepsis, high autophagy 
was activated but was followed by a decreased phase with 
impaired autophagy function. A significant decrease in the 
expression of LC3-II and an impaired autophagic flux in sepsis 
were observed [24,30]. The application of rapamycin reversed 
the impaired autophagy, improved the left ventricular ejec-
tion fraction suppressed apoptosis in septic models. Several 
groups assumed that inadequate autophagy may be one of the 
adverse factors in septic animal models and patients because 
the protective effects of autophagy have been shown in other 
organ dysfunctions and failures, including acute lung injury 
and acute renal failure, by meditating the programmed cell 
death pathway [31,32].

In metabolically stressed conditions, autophagy promotes cell 
survival as an evolutionally conserved mechanism related to 
environmental adaption [33]. In pressure load-induced heart 
failure, the activation of autophagy protected cardiomyocytes 
from apoptosis and improved cardiac function, but Atg5 dele-
tion deteriorated cardiac hypertrophy with impaired cardiac 
function [19]. Autophagy also inhibited myocardial ischemia/
reperfusion (I/R) injury and improved the cell survival of I/R 
stressed cardiomyocytes in the border zone, which demon-
strated that autophagy served as a conventional mechanism to 
improve cardiomyocyte survival in stressed conditions [20]. In 
the terminal stage of dilated cardiomyopathy, the dysfunction 
of autophagy might be a possible adverse factor for the sur-
vival of cardiomyocytes [34]. These studies all suggested that 
autophagy may be beneficial to protect cardiomyocytes from 
programmed cell death and improve cardiac function in sep-
tic cardiac depression and LPS-induced cardiomyocyte injury, 
the effect of autophagy has been gradually verified by several 
investigations [13]. LPS-induced oxidation was inhibited after 
the activation of autophagy by rapamycin, and subsequently, 
the cardiomyocytes were protected from increased reactive 
oxygen production and peroxidative damage [14]. Zou X et al. 
found that endoplasmic reticulum stress promoted the acti-
vation of autophagy in LPS-induced HL-1 cardiomyocytes and 
inhibited cellular apoptosis [13]. The 2 studies aforementioned 
demonstrated that autophagy not only has a positive influence 
on various stressed pathological conditions but also in mimetic 
septic cardiac depression models of cultured cardiomyocytes.
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In recent years, studies have shown that p27Kip1, which serves 
as a key gatekeeper and regulator for the specific entrance to 
the cell cycle, plays a role in other important biological process, 
including autophagy and cell differentiation [1–3]. The LKB1-
AMPK pathway directly regulates the phosphorylation of the 
downstream factor p27 to enhance its stability, and induces 
autophagy to facilitate cell survival under low nutrient condi-
tions, suggesting that p27 promotes autophagy and improves 
cell survival when cells are exposed to adverse conditions [7]. 
A subsequent study further showed that in cardiomyocytes 
suffering from glucose deprivation, p27 protected cells from 
apoptosis via the enhancement of autophagy [8]. Cardiac over-
expression of p27 improved cardiac function, but the inhibi-
tion of autophagy abrogated this improvement, which proved 
that p27 protected cardiomyocytes from apoptosis when suf-
fering from environmental stresses both in vitro and in vivo. 
These studies further verified the widespread involvement of 
p27 in crucial biological mechanisms beyond the regulation 
of the cell cycle and cell proliferation.

Conclusions

In our study, as well according to previous studies afore-
mentioned, we hypothesized that p27 activates autophagy 
to protect primary cardiomyocytes isolated from neonatal 
rats, when treated by LPS to imitate septic cardiac injury. We 

analyzed the levels of LC3-II expression to assess the levels 
of autophagic flux and evaluated cell apoptosis after treat-
ment with a p27 fusion protein. Our results were in line with 
research in metabolically stressed conditions, and suggest 
that p27 upregulates the activation of autophagy and inhibits 
apoptosis due to adverse environmental factors, as observed 
in previous studies. In addition, we evaluated the mechan-
ical properties of LPS-induced cardiomyocytes. Surprisingly, 
we found that p27-induced autophagy improved cardiomyo-
cyte mechanical properties, which was not consistent with a 
previous study showing that metallothionein (MT) improved 
cardiac contractile functions via the alleviation of oxidative 
damage and inhibition of endoplasmic reticulum stress with-
out a correlation to autophagy. Our study found that p27 did 
indeed improve mechanical properties dependent on the acti-
vation of autophagy, which may be attributed to the fact that 
we directly activated autophagy by the introduction of p27, 
while metallothionein did not activate autophagy but rather 
inhibited other adverse biological mechanisms involved in car-
diac function. In conclusion, our study demonstrated that p27 
improved cardiac functions and protected cardiomyocytes de-
pendent on the activation of autophagy and provides a novel 
potential therapeutic target in septic cardiac depression.
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