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Hepatocyte growth factor upregulates nexilin 
gene expression in cardiomyocytes via JNK 
pathway
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ABSTRACT. Hepatocyte growth factor (HGF) is a protective factor 
in myocardial injury, but its mechanisms of action have not yet been 
fully elucidated. Nexilin, which locates specifically to the Z-disc, 
is a novel Z-disc protein that enables the Z-discs to persistently 
withstand the extreme mechanical forces generated during muscle 
contraction. Therefore, we investigated the role of HGF in 
modulating nexilin expression in hypoxia-reoxygenation (H/R)-
treated cardiomyocytes. We cultured neonatal cardiomyocytes and 
treated them with HGF. The mRNA and protein levels of nexilin 
were determined by RT-PCR and Western blotting. H/R treatment 
decreased nexilin mRNA expression and nexilin protein levels in 
cardiomyocytes. Furthermore, treatment with HGF upregulated 
nexilin expression and the JNK inhibitor SP600125 partly inhibited 
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HGF-induced nexilin upregulation. In conclusion, our results 
suggest that ischemia-reperfusion injury may downregulate nexilin 
expression in cardiomyocytes, and HGF may exert its protective role 
during myocardial ischemic injury through upregulation of nexilin 
expression in cardiomyocytes.
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Hypoxia-reoxygenation

INTRODUCTION

Hepatocyte growth factor (HGF), which is originally identified and cloned as a mi-
togen for primary hepatocytes (Nakamura et al., 1989; Ozaki et al., 2002), can regulate cell 
growth, motility, and morphogenesis of various types of cells via c-Met/HGF receptor tyrosine 
kinase. HGF is also able to prevent fibrosis in the lung and liver models (Matsuda et al., 1997; 
Yaekashiwa et al., 1997). Interestingly, HGF can protect against myocardial injury through its 
angiogenetic and antifibrotic actions (Taniyama et al., 2002). HGF also protects myocardium 
from ischemia/reperfusion injury through its antiapoptotic effect on cardiomyocytes (Naka-
mura et al., 2000; Chen et al., 2007). Administration of HGF reduces infarct size and increases 
cardiac performance in a rat model of acute ischemia/reperfusion (Nakamura et al., 2000). 
Although these studies suggest a protective role of HGF in the myocardial injury, the exact 
mechanisms have not been clearly understood.

Nexilin, comprising 675 amino acids, was previously recognized as an F-actin-bind-
ing protein at cell-matrix adherens junctions (Ohtsuka et al., 1998). Recently, it has been 
shown that nexilin is highly expressed in the heart and skeletal muscle and locates specifically 
to the Z-disc and that the deficiency or mutations of nexilin lead to perturbed Z-disc stability 
and heart failure (Hassel et al., 2009). Therefore, nexilin is considered as a novel Z-disc pro-
tein that enables the Z-discs to persistently withstand the extreme mechanical forces generated 
during muscle contraction (Hassel et al., 2009). Moreover, 1 deletion and 2 missense muta-
tions in NEXN have been identified in a large cohort of patients with dilated cardiomyopathy 
(Hassel et al., 2009). Wang et al. (2010) showed a correlation between nexilin mutation and 
hypertrophic cardiomyopathy (HTC).

In view of the unique role of nexilin in stabilizing and protecting Z-discs from 
mechanical trauma, the involvement of nexilin in the protective effect of HGF on cardiac 
function in ischemia/reperfusion injury remains unknown. Therefore, we aimed to observe 
the effect of HGF on nexilin expression in cardiomyocytes and to understand the potential 
mechanisms.

MATERIAL AND METHODS

Reagents

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Gibco (Life 
Technologies, Carlsbad, CA, USA). Enhanced chemiluminescent (ECL) substrate was 
purchased from ShineGene Bio-Technologies, Inc. (Shanghai, China). Polyvinylidene 
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difluoride (PVDF) membrane was purchased from Millipore Corporation (Billerica, MA, 
USA). GAPDH antibodies were purchased from Serotec (Raleigh, NC, USA). Rabbit anti-
mouse was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). M-MLV 
Reverse Transcriptase was purchased from Promega (Madison, WI, USA). TriPure re-
agent was purchased from Roche (Indianapolis, IN, USA).

Cell culture and hypoxia-reoxygenation (H/R) treatment

Neonatal rat ventricular cardiomyocytes were isolated and cultured as described pre-
viously (Date et al., 2002). Briefly, the cells were seeded in rat type I collagen-coated dishes at 
a density of 2.0 x 105 cells/cm2 and maintained in DMEM supplemented with 10% fetal bovine 
serum (FBS), at 37ºC in a humidified incubator gassed with 95% air and 5% CO2. After cul-
ture in normoxic DMEM for about 5-6 days, the medium was replaced with 1% FBS-DMEM, 
and the cardiomyocytes were transferred to a hypoxic incubator that was continuously gassed 
with 5% CO2 and 95% N2 (PO2 range maintained at <1%) for 24 h, and then, the cells used for 
reoxygenation were set to a normal condition for the indicated times. Thus, hypoxic cells were 
grouped according to the time of reoxygenation. Corresponding control cells were planted 
with the same cell number as the hypoxic cells and maintained in a 95% air, 5% CO2 incubator 
throughout the experiment.

RT-PCR

Total RNA was extracted from cardiomyocytes using TriPure reagent and reverse-
transcribed with M-MLV reverse transcriptase. The cDNA was subjected to PCR with 2 sepa-
rate sets of oligonucleotide primers for nexilin and β-actin. PCR products were separated on 
1% agarose gel and visualized with GelStar nucleic acid stain (Quantity One).

Western blot analysis

The cells were scraped off the plates and lysed in radioimmunoprecipitation assay 
(RIPA) buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet-P40, 0.5% deoxycholic 
acid, and 0.1% sodium dodecyl sulfate). Cell lysates (50 μg protein) were electrophoresed on 
SDS-PAGE gel and transferred to a PVDF membrane. These membranes were incubated with 
antibodies against GAPDH or β-actin. After incubation, the corresponding secondary antibody 
signals were detected by the enhanced chemiluminescence reagents. The intensity of various 
protein bands was quantified by densitometry.

Statistical analysis

Data are reported as means ± SD. Statistical significance was determined using SPSS 
11.0 for Windows (SPSS Inc., Chicago, IL, USA). One-way ANOVA was performed for mul-
tiple comparisons followed by Fisher LSD post-hoc comparisons. Differences were deemed 
significant if P < 0.05.
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RESULTS

H/R inhibited nexilin expression

As shown in Figure 1A and B, the expression of nexilin was decreased after H/R. A 
time-dependent decrease in nexilin expression was also observed after H/R.

Figure 1. Nexilin was decreased in cardiomyocytes after H/R. Cardiomyocytes were treated with H/R for different 
times. A. Western blot analysis was performed to determine the expression of nexilin. GAPDH was used as an 
internal control. B. Quantities for densitometric analysis of nexilin. Each bar represents the means ± SD of 3 
independent experiments. *P < 0.05, **P < 0.01, compared with control.

HGF upregulated nexilin expression in H/R-treated cardiomyocytes

To determine the effect of HGF on nexilin expression in H/R-treated cardiomyocytes, 
Western blot and RT-PCR were performed. After 24-h treatment with HGF, Nexilin protein 
level significantly increased (Figure 2A). The nexilin mRNA level was also upregulated after 
HGF treatment in a dose-dependent manner (Figure 2B).

SP600125 blocked HGF-induced nexilin upregulation in cardiomyocytes

To clarify the mechanism involved in HGF-induced nexilin upregulation, SP600125, 
SB203580, PD 98059, and U0126 were used to treat the cells, along with HGF. After HGF 
treatment for 24 h, nexilin expression was obviously increased, as shown in Figure 3. HGF-
induced nexilin upregulation was partly blocked by SP600125, a JNK inhibitor. However, 
co-treatment with SB203580, a p38 MAPK inhibitor; PD 98059, an MAPKK inhibitor; and 
U0126, an MEK1/2 inhibitor, showed little effect on HGF-induced nexilin upregulation, indi-
cating that only JNK pathway is involved in HGF-induced nexilin upregulation.
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DISCUSSION

In the present study, we demonstrated that HGF improved nexilin expression in H/R-treat-
ed cardiomyocytes. This effect was partly mitigated by a JNK inhibitor, SP600125, indicating that 

Figure 2. Nexilin expression was elevated by HGF in H/R-treated cardiomyocytes. Cardiomyocytes were cultured 
in a hypoxic incubator with or without indicated concentrations of HGF for 24 h, and then cells were replaced to 
a normal condition for indicated times. A. Western blot analysis was performed to determine the expression of 
nexilin. B. RT-PCR was used to determine the mRNA levels of nexilin.

Figure 3. The upregulation of nexilin was mitigated by SP600125. Cardiomyocytes were treated with HGF (20 ng/
mL) and SB203580 (10 μM), SP600125 (10 μM), PD98059 (10 μM) or U0126 (10 μM) in a hypoxic incubator for 
24 h, and then cells were replaced to a normal condition for another 24 h. Western blot analysis was performed to 
determine the expression of nexilin.
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the protective effect of HGF on cardiomyocytes is mediated, at least partially, by the JNK pathway.
Heart failure due to dilated cardiomyopathy is among the most common causes of cardio-

vascular mortality. Recently, Frank and Frey (2011) suggest that Z-discs are critical elements in-
volved in dilated cardiomyopathy. Nexilin, a newly discovered Z-disc protein, plays an important 
role in the pathogenesis of cardiomyopathies. Expression of nexilin proteins encoded by NEXN 
mutant alleles or deficiency of nexilin in zebrafish results in Z-disk damage and heart failure, 
indicating a dominant-negative effect of nexilin mutations (Hassel et al., 2009; Frank and Frey, 
2011). In the present study, we found that H/R decreased the expression of nexilin mRNA and 
protein. The in vitro model of H/R of cardiomyocytes mimics the in vivo ischemia-reperfusion 
injury of myocardia. Since there is no in vivo evidence about the expression of nexilin in the isch-
emia-reperfusion injury of myocardia yet, our data may provide a new insight into the understand-
ing of myocardial ischemic injury. More interestingly, HGF treatment upregulated the expression 
of nexilin, indicating HGF may exert a protective role through modulating nexilin expression.

HGF has been shown as a cardioprotective agent due to its antiapoptotic effect on 
cardiomyocytes for many years (Nakamura et al., 2000). Accumulating evidence highlights a 
central role for MAPK family in the protective effect of HGF on cardiomyocytes (Nakamura 
et al., 2000; Kitta et al., 2001; Pietronave et al., 2010). However, these results are not consis-
tent with each other. Nakamura et al. (2000) showed that HGF significantly increased phos-
phorylated ERK-1/2 in cardiomyocytes. Kitta et al. (2001) also found that HGF could activate 
MEK-ERK pathway and that pretreatment with PD98059 partially blocked HGF signaling for 
protection against hydrogen peroxide-induced cardiac myocyte apoptosis. However, a previ-
ous study (Wang et al., 2004) suggested that the inhibition of Bid/Bax-induced cell death 
by HGF primarily involved p38 MAPK, and in part, Akt-dependent pathways, but not ERK1/
ERK2 pathway. This inconsistency may be due to the difference in the cell types. In the pres-
ent study, the inhibitor of JNK pathway, but not those of p38 MAPK, MAPKK, and MEK1/2 
pathways, inhibited the expression of Nexilin, indicating that JNK pathway is involved in the 
HGF-mediated induction of nexilin expression.

In summary, our data suggest that HGF upregulates nexilin expression in H/R-treated 
cardiomyocytes, and that JNK pathway is involved, at least partially, in this process. To our 
knowledge, this is the first documentation of HGF upregulating nexilin expression through 
JNK pathway. However, this is an in vitro study. Further studies are needed to investigate 
whether HGF can exert similar effects in myocardial ischemic injury.
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