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Abstract. Therapeutic agents used to treat sepsis‑induced 
cardiac dysfunction are designed to suppress tumor necrosis 
factor (TNF)‑α release and inhibit cell apoptosis. Exogenous 
administration of growth arrest‑specific  6  (Gas6) exerts 
several biological and pharmacological effects; however, 
the role of Gas6 in sepsis‑induced myocardial dysfunction 
remains unclear. In this study, H9C2 cardiomyocytes were 
stimulated with LPS (10  µg/ml) to mimic septic cardiac 
dysfunction and Gas6 (100 ng/ml) was applied exogenously. 
Subsequently, mitogen‑activated protein kinase (MAPK) and 
nuclear factor (NF)‑κB activation, TNF‑α expression, and 
apoptosis in the presence or absence of TP‑0903 (15 nM) 
and Wortmannin (3 nM) were evaluated. The morphological 
alterations of H9C2 cells were visualized by phase‑contrast 
microscopy. Cell viability was determined using the Cell 
Counting kit 8 assay and lactate dehydrogenase release, and 
TNF‑α release was analyzed by ELISA analysis. Cell apop-
tosis was analyzed by flow cytometry and TUNEL assay. 
Nuclear morphological alterations were detected by Hoechst 
staining and caspase‑3 activity was measured using biochem-
ical methods. The expression levels of Bax and Bcl‑2, and the 
phosphorylation and expression levels of Axl, Akt, IκB‑α, 
p65, c‑Jun N‑terminal protein kinase (JNK), extracellular 
signal‑regulated kinase (ERK) and p38 were determined by 
western blotting. Furthermore, immunofluorescence analysis 
was performed to visualize translocation of NF‑κB p65. The 
results demonstrated that Gas6 suppressed TNF‑α release and 
inhibited cell apoptosis, and attenuated nuclear factor (NF)‑κB 

and mitogen‑activated protein kinase (MAPK) activation via 
the Axl/PI3K/Akt pathway. Furthermore, the cardioprotec-
tive properties of Gas6 on the suppression of LPS‑induced 
TNF‑α release and apoptosis were abolished by treatment 
with TP‑0903 (an Axl inhibitor) and Wortmannin (a PI3K 
inhibitor). Pretreatment with TP‑0903 and Wortmannin 
abrogated the effects of Gas6 on phosphorylated‑IκB‑α, 
IκB‑α, NF‑κB, ERK1/2, JNK and p38 MAPK. These findings 
suggested that activation of Axl/PI3K/Akt signaling by Gas6 
may inhibit LPS‑induced TNF‑α expression and apoptosis, as 
well as MAPK and NF‑κB activation.

Introduction

Cardiac dysfunction is a major contributor to the significantly 
increased mortality rate in patients with sepsis compared with 
in septic patients without cardiac dysfunction (1,2). Previous 
studies have demonstrated that the mechanisms underlying 
sepsis‑induced myocardial dysfunction include inflammatory 
mediators, structural alterations, dysfunctional cardiomyocyte 
contractility, reduced energy metabolism and cell death (3‑5). 
However, the precise cause and molecular mechanism underlying 
the pathogenesis of septic cardiomyopathy are not completely 
understood. Lipopolysaccharide (LPS) from Gram‑negative 
bacteria uses the Toll‑like receptor 4 (TLR4) signaling pathway 
to mediate pro‑inflammatory and pro‑apoptotic activities and 
is recognized as the best characterized activator of sepsis; it 
has been reported that cardiomyocytes express TLR4  (6). 
Tumor necrosis factor (TNF)‑α is an inflammatory cytokine 
present in the circulation that can be produced locally by 
cardiomyocytes (7). Evidence has indicated that modulation 
of TNF‑α levels, either directly (8,9) or by downregulating 
TNF‑α (10), has therapeutic significance in sepsis‑induced 
myocardial dysfunction. Additionally, TNF‑α, as a death 
ligand, is responsible for death receptor‑induced apoptosis, 
which also contributes to sepsis‑induced cardiac dysfunc-
tion. Previous studies have reported that endotoxin injection 
activates apoptotic and survival pathways in the hearts of 
rats. Apoptotic regulatory factors are activated in the hearts 
of rats treated with endotoxin, and caspase inhibition (11) or 
Bcl‑2 overexpression (12) prevents myocardial dysfunction 
and cardiac apoptosis in rodent models of sepsis. It is well 
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established that nuclear factor (NF)‑κB and mitogen‑activated 
protein kinase (MAPK) serve critical roles in the inflamma-
tory response and apoptosis regulation, and participate in the 
pathogenesis of sepsis‑induced cardiac dysfunction.

The Tyro3, Axl and Mer (TAM) family comprises receptor 
tyrosine kinases, which initiate intracellular signaling cascades 
by binding to ligands, such as growth arrest‑specific 6 (Gas6) 
and protein S (13). Among the TAM family, Axl is expressed 
ubiquitously and has the highest affinity to Gas6  (14,15). 
Numerous studies have reported that the Gas6/Axl pathway 
exerts anti‑inflammatory and anti‑apoptotic effects (16,17). 
Specifically, Axl is expressed in the heart (18) and Gas6/Axl 
signaling exerts a protective effect against myocardial isch-
emia (19). However, the role of Gas6/Axl in cardiac myocytes 
treated with endotoxin remains unknown. Furthermore, the 
Gas6/Axl/PI3K/Akt pathway is well known for its anti‑apop-
totic effects  (20,21). Previous studies have demonstrated 
that the PI3K/Akt‑dependent pathway, which regulates cell 
proliferation and survival, is protective against sepsis‑induced 
myocardial injury in vitro and in vivo  (22,23). In addition, 
PI3K/Akt signaling activation ameliorates sepsis‑induced 
cardiac dysfunction and improves survival rates  (24,25). 
Therefore, it is reasonable to speculate that modulation of 
the Gas6/Axl/PI3K/Akt pathway may benefit sepsis‑induced 
myocardial dysfunction.

Gas6, which is structurally similar to protein S, is a vitamin 
K‑dependent protein. The levels of plasma Gas6 are increased 
in patients with sepsis (26,27); however, its biological effects 
may be hindered by increased Axl  (28). Recent studies 
have demonstrated that exogenous administration of Gas6 
arrests TNF‑α and interleukin‑1 in monocytes/macrophages 
stimulated with LPS (29), and exerts protective effects on the 
lung (30) and kidney (31) in rodent models of sepsis, which 
indicates a practical role for the exogenous use of Gas6.

This study hypothesized that Gas6 may protect against 
sepsis‑induced myocardial dysfunction via Axl/PI3K/Akt 
signaling, which is associated with the MAPK and NF‑κB 
pathways. H9C2 cells were stimulated with LPS to mimic 
sepsis‑induced cardiac dysfunction and Gas6 was applied 
exogenously. MAPK and NF‑κB activation, TNF‑α expression 
and apoptosis were then evaluated in the presence or absence 
of TP‑0903 (an Axl inhibitor) and Wortmannin (a PI3K 
inhibitor).

Materials and methods

Cell culture and treatments. Cardiomyoblasts (H9C2 cells) 
obtained from the Chinese Academy of Sciences Cell Bank 
were cultured in Dulbecco's modified Eagle's medium supple-
mented with 10% fetal bovine serum (Gibco; Thermo Fisher 
Scientific, Inc.), 100 IU/ml penicillin and 100 mg/ml strepto-
mycin at 37˚C in an atmosphere containing in 5% CO2. Cells 
were seeded onto 6‑well plates at a density of 1.5x105 cells/well. 
Recombinant mouse Gas6 (100 ng/ml) (R&D Systems, Inc.) 
was added 2 h prior to stimulation with LPS (10 µg/ml; from 
Escherichia coli; Sigma‑Aldrich; Merck KGaA). Inhibitors 
TP‑0903 (15 nM) and Wortmannin (3 nM) (Selleck Chemicals, 
LLC) were administered 15 min prior to Gas6 administration. 
Cells were incubated for 15 min‑24 h with LPS at 37˚C and 
were then harvested for analysis.

Cell counting kit 8 (CCK8) cell viability assay. Cells were 
seeded in a 96‑well plate (5x103 cells/well) and exposed to 
various treatments after reaching 50% confluence. CCK8 
reagent (10 µl; Dojindo Molecular Technologies, Inc.) and 
DMEM (100 µl) were then added and the plates were incu-
bated at 37˚C for 3 h. The absorbance was determined using a 
microplate reader (Tecan Group, Ltd.) at 450 nm.

Lactate dehydrogenase (LDH) assay. Cells were seeded in a 
96‑well plate (5x103 cells/well) and were exposed to various 
treatments after reaching 50% confluence. LDH release 
measurements were analyzed using the relative LDH assay kit 
(cat. no. A020‑2; Nanjing Jiancheng Bioengineering Institute) 
according to the manufacturer's protocol. Culture medium was 
retained to perform TNF‑α analysis.

Evaluation of TNF‑α release. The levels of TNF‑α in the 
culture medium were evaluated using a TNF‑α enzyme‑linked 
immunosorbent assay kit (cat. no. BPE10374‑09R; Shanghai 
Boyun Biotech Co., Ltd.) in accordance with the manufac-
turer's protocol.

Measurement of caspase‑3 activity. Caspase‑3 activity was 
determined using a commercial Caspase Activity kit (cat. 
no. BC3830‑50T; Beijing Solarbio Science & Technology Co., 
Ltd.) according to the manufacturer's protocol.

Annexin V‑FITC/propidium iodide (PI) staining for phos‑
phatidylserine translocation. Annexin V‑FITC/PI staining 
kit (BD Biosciences) was used to detect apoptosis, according 
to the manufacturer's protocol. Cells were harvested and 
resuspended in 150 ml binding buffer, followed by staining 
with 5 µl FITC‑conjugated Annexin V and 5 µl PI in the dark 
for 15 min at room temperature. The mixture was detected 
by flow cytometry (FACSCalibur BD Biosciences). In the 
early stage of apoptosis, cell membranes were stained with 
FITC‑conjugated Annexin V, whereas nuclei were not stained 
with PI. In the late stage of apoptosis, cells were stained with 
both FITC‑conjugated Annexin V and PI. The results were 
analyzed by FlowJo vX.0.7 (FlowJo LLC).

TUNEL assay. Cell apoptosis was also detected using the 
TUNEL method. The assay was carried out with a commer-
cial Cell Death Detection kit (cat. no. 11684817910; Roche 
Molecular Diagnostics) in accordance with the manufacturer's 
protocols. Images of the cells were captured using a fluores-
cence microscope.

Hoechst staining for nuclear morphology. Cells were fixed 
with 4% paraformaldehyde for 30 min at room temperature 
and washed twice with PBS. Cells were incubated with 
Hoechst 33342 (Beijing Solarbio Science & Technology Co., 
Ltd.) at room temperature for 5 min and washed with PBS 
three times. Images of the cells were captured using a fluores-
cence microscope.

Immunofluorescence analysis. Cells from the various treatment 
groups were fixed with 4% paraformaldehyde at 4˚C for 1 h and 
were permeabilized with 0.5% Triton X‑100 for 10 min. After 
blocking with 1% bovine serum albumin (BSA; Beyotime 
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Institute of Biotechnology) at 4˚C for 30 min, the cells were 
incubated with anti‑P65 (cat. no. 8242S; 1:100; Cell Signaling 
Technology, Inc.) at 4˚C overnight. Subsequently, samples 
were incubated with DyLightFluor® 488‑conjugated donkey 
anti‑rabbit IgG secondary antibodies (1:400; cat. no. BYE026; 
Shanghai Boyun Biotech Co., Ltd.) for 1 h at room tempera-
ture and were stained with DAPI for 7 min in the dark. The 
representative images were captured using an Olympus BX51 
microscope (Olympus Corporation).

Western blotting. Cells were harvested with RIPA lysis buffer 
(Beyotime Institute of Biotechnology) on ice once cell treat-
ment was completed. The protein concentration was measured 
using a bicinchoninic acid protein assay kit (Beyotime 
Institute of Biotechnology). Equal amounts of protein 
(5 µg/µl, 10 µl per lane) were separated by 8‑12% SDS‑PAGE 
and were transferred onto PVDF membranes using Bio‑Rad 
western blot analysis apparatus (Bio‑Rad Laboratories, Inc.). 
The membranes were then blocked with 5% BSA at room 
temperature for 1  h and incubated at 4˚C overnight with 
antibodies against Axl (cat. no. BZ12291), phosphorylated 
(p)‑Axl (cat. no. BS64021), Akt (cat. no. BS1810), p‑Akt (cat. 
no. BS4006), IκB‑α (BS3601; Bioworld Technology, Inc.), 
p‑IκB‑a (cat. no. 2859T), P65 (cat. no. 8242S), p‑P65 (cat. 
no. 3033S), extracellular signal‑regulated kinase 1/2 (ERK1/2) 
(cat. no. 4695T), p‑ERK1/2 (cat. no. 4370T), c‑Jun N‑terminal 
protein kinase (JNK) (cat. no. 9252T), p‑JNK (cat. no. 4668T), 
p38 MAPK (cat. no. 8690T), p‑p38 MAPK (cat. no. 4511T), 
Bcl‑2 (cat. no. 2870T) (Cell Signaling Technology, Inc.), Bax 
(cat. no. ab32503; Abcam) (dilutions, 1:1,000) or GAPDH (cat. 
no. BS60630; 1:8,000; Bioworld Technology, Inc.), followed 
by incubation at room temperature for 1 h with corresponding 
secondary antibodies (1:5,000; cat. no. BL003A; Biosharp Life 

Science, Inc.). Protein bands were detected with an enhanced 
chemiluminescence kit (Thermo Fisher Scientific, Inc.) and 
were semi‑quantified using Quantity One v4.6.6 software 
(Bio‑Rad Laboratories, Inc.).

Statistical analysis. The results are presented as the 
mean ± standard deviation from at least three independent 
experiments. Statistical comparisons were analyzed by one‑way 
analysis of variance and Tukey's test using GraphPad Prism 5 
software (GraphPad Software, Inc.). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Gas6 attenuates LPS‑induced cytotoxicity in H9C2 cardio‑
myocytes. The present study determined the effects of 
Gas6 on LPS‑stimulated H9C2 cells using phase‑contrast 
microscopy. Notably, H9C2 cells treated with LPS for 24 h 
were markedly shrunk in size and decreased in number 
compared with untreated cells (Fig. 1A). Treatment with 
Gas6 (100 ng/ml) induced a significant improvement in cell 
morphology and decreased cell death compared with in the 
LPS‑treated group. To further investigate the role of Gas6 
in H9C2 cells challenged with LPS, CCK8 and LDH assays 
were performed as indicators of cytotoxicity. Treatment 
with LPS (10  µg/ml) decreased cell viability by 32.3% 
compared with the control group (P<0.01). Pretreatment 
with Gas6 induced a marked increase (41.3%) in the viability 
of cells compared with the LPS group (P<0.01; Fig. 1B). 
Furthermore, treatment of H9C2 cells with LPS increased 
LDH release by 476.1% compared with the control cells 
(P<0.01), which was reduced by 60.4% with co‑treatment 
with Gas6 (P<0.05; Fig. 1C).

Figure 1. Gas6 suppresses LPS‑induced cytotoxicity in H9C2 cardiomyocytes. H9C2 cells were pretreated with Gas6 for 2 h and were then stimulated with 
LPS for 24 h. After LPS administration, H9C2 cells were harvested for detection and analysis. (A) Morphological alterations in H9C2 cells were visualized 
using phase‑contrast microscopy (scale bar, 200 µm). Cell viability was determined using the (B) CCK8 assay and (C) LDH release assay. Data are presented as 
the mean ± standard deviation. **P<0.01 vs. the control group; #P<0.05, ##P<0.01 vs. the LPS group. Gas6, growth arrest‑specific 6; LDH, lactate dehydrogenase; 
LPS, lipopolysaccharide.
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Gas6 activates the Axl/PI3K/Akt pathway in LPS‑challenged 
H9C2 cardiomyocytes. The association between Gas6/Axl and 
PI3K activation in is well known various cell types (20,21). 
To identify the signaling pathway associated with the protec-
tive effects of Gas6 on LPS‑treated H9C2 cells, this study 
investigated whether Gas6 activated the Axl/PI3K/Akt 
pathway. Western blotting results demonstrated that Gas6 
alone had no effect on the phosphorylation and expression of 
Axl and Akt. However, Gas6 enhanced the phosphorylation 

and expression of Axl and Akt in the presence of LPS. To 
determine whether Gas6‑activated PI3K/Akt signaling was 
mediated by Axl, TP‑0903, an Axl inhibitor, was adminis-
tered. Pretreatment with TP‑0903 abolished the enhanced 
phosphorylation and expression of Axl and Akt induced by 
Gas6 (Fig. 2A and C‑H). These results suggested that Axl may 
mediate Gas6‑induced activation of the PI3K/Akt signaling 
pathway. To determine the effects of Wortmannin (PI3K 
inhibitor) on the phosphorylation and expression of Akt, cells 

Figure 2. Gas6 activates the Axl/PI3K/Akt signaling pathway in LPS‑stimulated H9C2 cells. After pretreatment with or without TP‑0903 or Wortmannin 
for 15 min, the cells were incubated with Gas6 for 2 h, followed by treatment with LPS for 15 min. After LPS administration, H9C2 cells were harvested 
for analysis. (A and B) Representative western blots and (C‑H) semi‑quantification of p‑Axl, Axl, p‑Akt and Akt in each group. Data are presented as the 
mean ± standard deviation. #P<0.05, ###P<0.001 vs. the LPS group; $P<0.05, $$P<0.01 vs. the LPS + Gas6 group. Gas6, growth arrest‑specific 6; LPS, lipopoly-
saccharide; p‑, phosphorylated.
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were treated with Wortmannin prior to Gas6. Wortmannin 
decreased the phosphorylation and expression of Akt induced 
by Gas6 treatment (Fig. 2B and F‑H).

Gas6 suppresses the release of TNF‑α via the Axl/PI3K/Akt 
pathway in LPS‑challenged H9C2 cells. TNF‑α (death 
receptor ligand) binds to TNF‑receptor 1 (TNF‑R1; 
membrane‑bound death receptor) and triggers the death 
receptor‑mediated apoptotic pathway, which has been reported 
to be involved in the pathogenesis of sepsis‑induced myocardial 
dysfunction (32). As shown in Fig. 3, LPS significantly increased 
the release of TNF‑α by 193.4% compared with in the control 
group (P<0.01). Conversely, Gas6 treatment decreased the 
release of TNF‑α by 43.8% in H9C2 cells stimulated with LPS 
(P<0.01). To confirm the relevance of the Axl/PI3K/Akt 
pathway on the ability of Gas6 to decrease the production of 
TNF‑α in response to LPS, H9C2 cells were treated with 
TP‑0903 or Wortmannin in the presence of Gas6. TP‑0903 and 
Wortmannin eliminated the attenuating effects of Gas6 
on TNF‑α release by 83.6 and 58.9%, respectively (P<0.01).

Gas6 suppresses apoptosis via the Axl/PI3K/Akt pathway in 
LPS‑challenged H9C2 cells. The present study examined the 
protective effects of Gas6 on H9C2 cells exposed to LPS. 
Annexin V‑PI staining and TUNEL assay were applied to 
assess the early and late stages of apoptosis in H9C2 cells, 
respectively. LPS exposure led to an incremental increase in 
the percentage of early stage apoptotic cells from 4.4 to 29.4% 
compared with in the control group (P<0.01); Gas6 attenuated 
the percentage of early stage apoptotic cells to 10.1% (P<0.01; 
Fig.  4A  and  B). Similar results were observed using the 
TUNEL assay. As shown in Fig. 4C and D, LPS stimulation 
significantly increased the number of apoptotic H9C2 cells to 
46.4% (P<0.01), whereas pretreatment with Gas6 decreased 
the percentage of apoptotic cells to 20.6% (P<0.01). To further 
assess the role of Axl/PI3K/Akt signaling in the protective 
effect of Gas6 on H9C2 cells stimulated with LPS, Hoechst 
staining, Annexin  V‑PI staining, and TUNEL assay were 
performed in LPS‑treated cells incubated with Gas6 in the 
presence or absence of TP‑0903 and Wortmannin. As shown 
in Fig. 5A, TP‑0903 and Wortmannin reversed the amelioration 
of nuclear morphological alterations by Gas6 in H9C2 cells 
challenged with LPS. Axl and PI3K inhibitors also abolished 
the protective effect of Gas6 and increased the percentage of 
apoptotic cells to 29.8% (P<0.01) and 32.4% (P<0.05), respec-
tively, as assessed by Annexin V‑PI staining (Fig. 4A and B). 
TUNEL analysis also revealed that the protective effects of 
Gas6 on H9C2 cells treated with LPS were abrogated by treat-
ment with Axl and PI3K inhibitors; these inhibitors enhanced 
the percentage of apoptotic cells to 43.1 and 37.7%, respectively 
(P<0.01; Fig. 4C and D). Hoechst staining, which detects nuclear 
condensation and fragmentation, revealed that apoptosis was 
markedly increased following treatment with LPS, which was 
ameliorated by pretreatment with Gas6 (Fig. 5A).

Axl/PI3K/Akt inhibition reverses the effects of Gas6 on 
caspase‑3 activity, and Bax and Bcl‑2 expression. Since 
caspase‑3 is considered a central regulator of apoptosis (33), 
caspase‑3 activity was examined to confirm apoptosis. In addi-
tion, Bax and Bcl‑2 expression levels were determined, as these 

are Bcl‑2 family members that are involved in the intrinsic 
apoptotic pathway (34). As shown in Fig. 5B‑D, caspase‑3 
activity and Bax expression were increased by LPS treatment 
compared with the control, whereas they were decreased by 
Gas6 pretreatment when compared with cells stimulated with 
LPS. Conversely, Gas6 elevated the expression levels of the 
anti‑apoptotic protein Bcl‑2, which were decreased by LPS. To 
determine the role of Axl/PI3K/Akt inhibition and the effects 
of Gas6 on caspase‑3 activity, and Bax and Bcl‑2 expression, 
TP‑0903 and Wortmannin were used to treat cells. Caspase‑3 
activity was attenuated by Gas6 from 117.9 to 103.2% (P<0.01); 
this effect was reversed with the addition of TP‑0903 and 
Wortmannin, and caspase‑3 activity was increased to 114.3 and 
113.8%, respectively (both P<0.01). TP‑0903 and Wortmannin 
also reversed the effects of Gas6 on the proapoptotic protein 
Bax and the anti‑apoptotic protein Bcl‑2 (Fig. 5C‑E).

Axl/PI3K/Akt inhibition abolishes the inhibitory effects of 
Gas6 on activation of NF‑κB in LPS‑challenged H9C2 cells. 
Activation of NF‑κB signaling is thought to be a key event 
in the pathogenesis of sepsis and sepsis‑induced myocardial 
dysfunction (35). Therefore, this study investigated the role 
of Gas6 in activation of the NF‑κB pathway in the presence 
of LPS. Pretreatment of cells with Gas6 resulted in inhibition 
of the phosphorylation and degradation of IκB‑α at 15 min 
(Fig. 6A‑D). Additionally, Gas6 suppressed the phosphory-
lation and expression of P65 at 2.5 h (Fig. 6A, B and E‑H). 
Furthermore, the prominently enhanced nuclear translocation 
of P65 caused by LPS was inhibited by Gas6 at 1 h (Fig. 6I). 
Gas6 alone did not affect the phosphorylation and expres-
sion of P65 or IκB‑α, or the localization of P65. In addition, 
to examine whether Gas6 blocked the activation of NF‑κB 
signaling via the Axl/PI3K/Akt pathway, H9C2 cells were 
pretreated with TP‑0903 or Wortmannin in the presence 
or absence of Gas6. The effects of Gas6 on LPS‑induced 
phosphorylation and degradation of IκB‑α were blocked by 

Figure 3. The Axl/PI3K/Akt pathway is involved in Gas9‑induced suppres-
sion of TNF‑α in LPS‑stimulated H9C2 cardiomyocytes. After pretreatment 
with TP‑0903 or Wortmannin for 15 min, the cells were incubated with Gas6 
for 2 h, followed by LPS incubation for 24 h. After LPS administration, H9C2 
cells were harvested for detection and analysis. TNF‑α release was deter-
mined using ELISA. Data are presented as the mean ± standard deviation. 
**P<0.01 vs. the control group; ##P<0.01 vs. the LPS group; $$P<0.01 vs. the 
LPS + Gas6 group. Gas6, growth arrest‑specific 6; LPS, lipopolysaccharide; 
TNF‑α, tumor necrosis factor‑α.
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TP‑0903 and Wortmannin (Fig. 6A‑D). Similarly, the effects 
of Gas6 on the phosphorylation, expression and translocation 
of P65 were reversed by TP‑0903 and Wortmannin treat-
ment (Fig. 6A, B and E‑I).

Axl/PI3K/Akt inhibition eliminates the suppressive effects of 
Gas6 on activation of MAPKs in LPS‑challenged H9C2 cells. 
To further investigate the cardioprotective mechanism under-
lying the effects of Gas6, the role of MAPKs in H9C2 cells 
pretreated with Gas6 in the presence of LPS was evaluated. 
Western blotting results demonstrated that Gas6 significantly 

decreased the phosphorylation of JNK and p38 MAPK 
induced by LPS stimulation at 15 min and 2 h, respectively, 
whereas it did not affect the expression of total JNK and p38 
MAPK (Fig. 7A‑D). Conversely, Gas6 increased the phosphor-
ylation and expression of ERK at 15 min (Fig. 7A, B and E‑G). 
Gas6 alone had no effect on the phosphorylation of JNK, ERK 
or p38 MAPK. To determine whether Gas6 inhibited activation 
of MAPKs via the Axl/PI3K/Akt pathway, LPS‑stimulated 
cells were incubated with TP‑0903 and Wortmannin in the 
presence or absence of Gas6. The results revealed that inhi-
bition of Gas6/Axl signaling by TP‑0903 and inhibition of 

Figure 4. The Axl/PI3K/Akt pathway is involved in the suppression of apoptosis by Gas6 in LPS‑stimulated H9C2 cardiomyocytes. After pretreatment with 
TP‑0903 or Wortmannin for 15 min, the cells were incubated with Gas6 for 2 h, followed by LPS incubation for (A and B) 18 h or (C and D) 24 h. Subsequently, 
H9C2 cells were harvested for analysis. The protective effects of Gas6 against LPS‑induced apoptosis were determined by (A and B) flow cytometry and 
(C and D) TUNEL assay (scale bar, 100 µm). Data are presented as the mean ± standard deviation. **P<0.01 vs. the control group; ##P<0.01 vs. the LPS group; 
$P<0.05, $$P<0.01 vs. the LPS + Gas6 group. Gas6, growth arrest‑specific 6; LPS, lipopolysaccharide; PI, propidium iodide.
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Figure 5. The Axl/PI3K/Akt pathway is involved in suppression of alterations in nuclear morphology, attenuation of Bax expression and caspase‑3 activa-
tion, and enhancement of Bcl‑2 by Gas6 in LPS‑stimulated H9C2 cardiomyocytes. After pretreatment with TP‑0903 or Wortmannin for 15 min, cells were 
incubated with Gas6 for 2 h, followed by treatment with LPS for (A) 24 h or (B‑E) 12 h. (A) Cells were harvested for Hoechst staining (scale bar, 50 µm), 
(B) caspase‑3 activity determination and (C‑E) western blotting. (C) Representative western blots and (D and E) semi‑quantification of Bax and Bcl‑2. Data 
are presented as the mean ± standard deviation. **P<0.01 vs. the control group; ##P<0.01 vs. the LPS group; $P<0.05, $$P<0.01 vs. the LPS + Gas6 group. 
Gas6, growth arrest‑specific 6; LPS, lipopolysaccharide.

Figure 6. Inhibition of NF‑κB signaling by Gas6 is Axl/PI3K/Akt‑dependent in LPS‑treated H9C2 cells. After pretreatment with TP‑0903 or Wortmannin for 
15 min, the cells were incubated with Gas6 for 2 h, followed by treatment with LPS for the appropriate times. Following LPS administration, H9C2 cells were 
harvested for analysis. (A and B) Representative western blots and (C and D) semi‑quantification of p‑IκBα, IκBα, p‑P65 and P65.
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Figure 6. Continued. (E-H) Semi‑quantification of p‑IκBα, IκBα, p‑P65 and P65. (I) Translocation of NF‑κB P65 was visualized by immunofluorescence 
analysis (scale bar, 50 µm). Data are presented as the mean ± standard deviation. *P<0.05, **P<0.01 vs. the control group; #P<0.05, ##P<0.01 vs. the LPS group; 
$P<0.05, $$P<0.01 vs. the LPS + Gas6 group. Gas6, growth arrest‑specific 6; LPS, lipopolysaccharide; NF‑κB, nuclear factor‑κB; p‑, phosphorylated.
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PI3K/Akt signaling by Wortmannin modified Gas6‑induced 
suppression of JNK and p38 MAPK phosphorylation in cells 
stimulated with LPS, and reversed the effect of Gas6 on ERK 
phosphorylation and expression.

Discussion

The present study demonstrated that Gas6 suppressed TNF‑α 
release and apoptosis in LPS‑treated H9C2 cells, and inhibited 

Figure 7. Inhibition of MAPK signaling by Gas6 is Axl/PI3K/Akt‑dependent in LPS‑treated H9C2 cells. After pretreatment with TP‑0903 or Wortmannin 
for 15 min, the cells were incubated with Gas6 for 2 h, followed by LPS for the appropriate times. Following LPS administration, H9C2 cells were harvested 
for analysis. (A and B) Representative western blots and (C‑G) semi‑quantification of p‑JNK, JNK, p‑ERK, ERK, p38 and p‑p38. Data are presented as 
the mean ± standard deviation. *P<0.05, **P<0.01 vs. the control group; #P<0.05 vs. the LPS group; $P<0.05 vs. the LPS + Gas6 group. ERK, extracellular 
signal‑regulated kinase; Gas6, growth arrest‑specific 6; JNK, c‑Jun N‑terminal protein kinase; LPS, lipopolysaccharide; p‑, phosphorylated.
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their related regulators NF‑κB and MAPKs. TP‑0903 and 
Wortmannin abrogated the inhibitory effects of Gas6 on 
LPS‑challenged H9C2 cells. Therefore, these findings indi-
cated that Gas6‑attenuated LPS‑induced TNF‑α release and 
apoptosis in H9C2 cells may involve inhibition of NF‑κB and 
MAPK activation via the Axl/PI3K/Akt signaling pathway.

Previous studies have demonstrated that apoptosis (36) 
and TNF‑α (37) produced by cardiomyocytes contribute to 
septic cardiomyopathy, and an increased Gas6 concentration 
is observed in the circulation of patients with sepsis  (27). 
TNF‑α, as a death receptor ligand, participates in the extrinsic 
apoptotic pathway. After binding with the death receptor 
TNF‑R1, TNF‑α increases the expression of caspase‑8 and 
TNF receptor‑related death domain protein, which leads to 
formation of the death‑inducing signaling complex, followed 
by activation of the apoptotic cascade (32). In the intrinsic 
pathway, Bcl‑2 family proteins (Bax, Bak and Bid) are first 
activated and combine with each other, and are inserted into 
the outer membrane, leading to the release of key enzymes 
(such as cytochrome c), followed by the formation of apoptotic 
bodies, amplification of the death signal, and apoptosis (38). 
Additionally, previous studies have demonstrated that 
exogenous administration of Gas6 prevents the release of 
inflammatory cytokines and exerts anti‑apoptotic effects on 
models of sepsis (29‑31). Therefore, this study investigated the 
effects of Gas6 on TNF‑α release and apoptosis, and analyzed 
the underlying mechanism, in order to further improve 

existing therapies and treatments for septic cardiomyopathy. 
In the human circulatory system, the concentration of Gas6 
is subnanomolar (20‑50 ng/ml or 0.25 nM) and increases 
~2‑fold in patients with sepsis (28,39). This study confirmed 
the effects of 100 ng/ml Gas6 on TNF‑α release and apoptosis 
in LPS‑challenged H9C2 cells. The present study provided 
evidence to suggest that Gas6 may attenuate production of the 
proinflammatory cytokine TNF‑α as well as apoptosis.

The Axl/PI3K/Akt pathway is known to be involved in the 
pro‑survival and anti‑apoptotic effects of Gas6 (21,40). Axl is 
a TAM receptor, which is mainly expressed on the cell surface. 
After binding with its ligands (e.g. Gas6), Axl is activated 
and autophosphorylated to initiate signaling (41). Among the 
signaling cascades, the PI3K/Akt pathway is necessary for the 
Gas6/Axl‑dependent anti‑apoptotic effect (21). The PI3K/Akt 
pathway serves a central role in cell growth and survival. 
Activation of Akt directly regulates apoptotic regulatory 
factors, such as Bax, Bad and caspase‑9 (42,43), or facilitates 
its interaction with transcription factors such as NF‑κB. To 
determine whether Axl/PI3K/Akt participated in the action of 
Gas6 in LPS‑induced H9C2 cells, an Axl selective inhibitor 
(TP‑0903) and a PI3K inhibitor (Wortmannin) were used; the 
results demonstrated that these inhibitors abrogated the inhibi-
tory effects of Gas6 on TNF‑α production and apoptosis in 
LPS‑stimulated H9C2 cells. The present study revealed that 
Gas6 enhanced the phosphorylation and expression of Axl 
and Akt, whereas TP‑0903 and Wortmannin reversed the 

Figure 8. Schematic representation depicting the potential molecular mechanisms underlying the protective effects of Gas6 on LPS‑stimulated cardiomyocytes 
via the Axl/PI3K/Akt pathway. ERK, extracellular signal‑regulated kinase; Gas6, growth arrest‑specific 6; JNK, c‑Jun N‑terminal protein kinase; LPS, lipo-
polysaccharide; TLR4, Toll‑like receptor 4.
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phosphorylation and expression of Axl and Akt, respectively. 
In other studies, only the phosphorylation of Axl and Akt were 
affected, whereas the expression of Axl and Akt remained 
unaffected by inflammatory injury or drugs. However, Gas6 
increased both the phosphorylation and expression of Axl 
and downstream signaling molecules in a model of neuro-
inflammation (17). TP‑0903 has also been shown to inhibit 
both the phosphorylation and expression of Axl and Akt in 
lymphocytic leukemia B cells (44). Various cell origins and 
stimulations may explain the distinctions in the expression of 
Axl and Akt in different studies. In the present study, the ratios 
of p‑Axl/Axl, p‑Akt/Akt, p‑p65/p65 and p‑ERK/ERK were 
almost the same in the different groups, which indicated that 
alterations in the expression of phosphorylated proteins were 
due to alterations in the expression of the total proteins. Taken 
together, the findings indicated that Gas6 exerted its protective 
effect via the Axl/PI3K/Akt pathway in LPS‑challenged H9C2 
cells.

Accumulating evidence has indicated that activation of 
NF‑κB (45) and MAPK (22) contributes to enhanced cardio-
myocyte TNF‑α production and apoptosis in the presence of 
LPS. Generally, the transcription factor NF‑κB is inactive due 
to its binding with the inhibitory protein IκB, which exists in 
the cytoplasm. Once activated by LPS, NF‑κB translocates 
to the nucleus, subsequently triggering the transcription of 
various inflammatory‑ and apoptosis‑associated genes (46). In 
the present study, NF‑κB was activated in the presence of LPS, 
whereas Gas6 reversed the phosphorylation and expression of 
NF‑κB in response to LPS treatment in cardiomyocytes. The 
MAPK family consists of at least three members: ERK1/2, 
JNK1/2 and p38 MAPK. JNK and p38 MAPK contribute to 
endotoxin‑induced enhanced cardiomyocyte TNF‑α produc-
tion and apoptosis. A previous study reported that ERK has 
the opposite effect of JNK and p38 MAPK (47). The present 
findings indicated that LPS induced an increase in JNK and 
p38 MAPK phosphorylation, but marginally decreased the 
phosphorylation and expression of ERK. Administration of 
Gas6 reversed the effects of LPS on H9C2 cells at different 
time-points. However, other studies have demonstrated that 
LPS activates ERK, JNK and p38 MAPK phosphorylation (48). 
The cell origin and time-point may explain this discrepancy.

Numerous studies have revealed that Gas6/Axl activa-
tion suppresses inflammation by inhibiting NF‑κB (17,49). 
Gas6 also promotes cardiac hypertrophy via ERK1/2, which 
indicates a relationship between Gas6/Axl and MAPK (50). 
Additionally, compelling evidence has revealed cross talk 
between PI3K/Akt and NF‑κB and MAPK in LPS‑challenged 
cardiomyocytes (25,48). To further investigate the mechanism 
underlying the protective effects of Gas6 on LPS‑treated 
H9C2 cells, Axl and PI3K inhibitors were applied. TP‑0903 
and Wortmannin reversed the effects of Gas6 on MAPK and 
NF‑κB in LPS‑stimulated cardiomyocytes, suggesting that 
Gas6 may attenuate MAPK and NF‑κB in LPS‑stimulated 
cardiomyocytes via the Axl/PI3K/Akt pathway.

In conclusion, the present findings demonstrated that the 
Axl/PI3K/Akt pathway may be essential for Gas6‑mediated 
suppression of MAPK and NF‑κB activation, as well as the 
attenuation of TNF‑α production and apoptosis, in response 
to LPS stimulation in H9C2 cardiomyoblasts (Fig. 8). These 
findings provide evidence regarding the specific molecular 

signaling events that participate in the protective effect of 
Gas6 on LPS‑challenged H9C2 cardiomyocytes and support 
the hypothesis that Gas6 may emerge as a pharmacological 
therapy for the treatment of sepsis‑induced myocardial 
dysfunction. Further studies are required to determine the 
protective effects of Gas6 against sepsis‑induced myocardial 
injury in vivo and to identify its potential clinical applications.
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