Long-term hypoxia exposure enhanced IGFBP3 protein synthesis and secretion resulting in cell apoptosis in H9c2 myocardial cells 
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Abstract

Myocardial infarction (MI) usually results in myocardial ischemia, remodeling and hypoxia that lead to cell death. To date, the insulin-like growth factor binding protein 3 (IGFBP3) is known to play an important role in insulin growth factor (IGF) bioavailability. Previous studies have found that hypoxia results in cell apoptosis. However, the detailed mechanism and roles of IGFBP3 in long-term hypoxia (LTH) regulated heart cell apoptosis remains unknown. In this study H9c2 cardiomyoblast cells were treated with long-term hypoxic exposure with the possible mechanisms involved investigated. The results showed that LTH enhanced IGFBP3 protein synthesis and induced its secretion. The accumulated IGFBP3 sequestered Insulin growth factor 1 (IGF-1) away from the type I IGF receptor (IGF-1R), which blocked the IGF1R/PI3K/Akt survival signaling pathway, resulting in cell apoptosis. According to our findings, IGFBP3 could be a valuable target for developing treatments for cardiac diseases in long term hypoxia exposure patients.
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Introduction

Hypoxia is usually implicated in several diseases including diabetes mellitus (DM), chronic degenerative disorders 
 ADDIN EN.CITE 

[1]
, myocardial infarction (MI), chronic obstructive pulmonary disease and ischemic heart disease (IHD)2[]
. When the myocardium is deprived of blood, a process involving ischemia, infarction and myocardial remodeling is initiated that leads to myocardial hypoxia 
 ADDIN EN.CITE 

[3]
. Evidence from several studies indicated that hypoxia can trigger apoptosis in cardiomyocytes 
 ADDIN EN.CITE 

[4, 5]
. Our previous studies showed that long-term intermittent hypoxia could result in eccentric cardiac hypertrophy in rats 
 ADDIN EN.CITE 

[6]
 and induce both mitochondrial dependent apoptotic and Fas death receptor dependent apoptotic pathways in rat hearts 
 ADDIN EN.CITE 

[7]
. Results from several studies suggested that cardiomyocyte apoptosis is a critical factor in the initiation and progression of many types of cardiac disease 
 ADDIN EN.CITE 

[8]
 such as ischemia/reperfused heart MI and end-stage heart failure 
 ADDIN EN.CITE 

[9-11]
.
In addition to their traditional role in regulating ligands activities by prolonging their half-life, the six IGF-binding proteins (IGFBPs) regulate cell activity in various ways. By sequestering IGFs away from the type I IGF receptor, IGFBPs may inhibit IGF-stimulated cell proliferation such as mitogenesis, differentiation and survival 12[]
. Insulin like growth factor binding protein-3 (IGFBP3), the most abundant of the six IGFBPs13[]
, is a key mediator of insulin-like growth factor (IGF) biological activity 12[]
. Several studies have shown that IGFBP3 could regulate cell proliferation by inducing its anti-proliferative and pro-apoptotic effects in different types of cancer cells 
 ADDIN EN.CITE 

[14-16]
. However, the IGFBP3 effects on the normal cell were relatively unclear.
Several studies have shown that numerous cellular responses to low oxygen condition are mediated at the molecular level by the hypoxia inducible factors (HIFs) transcriptional activity 
 ADDIN EN.CITE 

[17]
, which plays a central role in oxygen homoeostasis. Under normoxia, prolyl hydroxylase post-translationally modifies HIF-1, resulting in the degradation of HIF-1α. Hypoxia stabilizes the HIF-1α protein and increases its nuclear translocation  
 ADDIN EN.CITE 

[18]
 which further stimulates downstream proteins such as IGFBP3 expression 
 ADDIN EN.CITE 

[19]
.
Previously studies showed that long-term intermittent hypobaric hypoxia resulted in increased wall thickness and abnormal myocardial architecture 
 ADDIN EN.CITE 

[20]
, and enhanced apoptotic effects 
 ADDIN EN.CITE 

[7]
. These findings suggested that excessive hypoxia may exert deleterious effects in heart diseases. Moreover, our previous data found that the upregulation of the HIF-1α and IGFBP3 proteins is essential for hypoxia induced cell apoptosis. However, the detailed mechanisms underlying IGFBP3 secreted regulation and the upregulation of IGFBP3 protein expression by hypoxia remain unknown.
This study was designed to investigate the cellular mechanisms relating to IGFBP3 on long-term hypoxia (LTH)-induced cell apoptosis.
Materials and Methods
Cell culture and treatment. H9c2 cardiomyoblasts from the American Type Culture Collection (ATCC,CRL-1446) (Rockville, MD) were cultured in 100-mm culture dishes in Dulbecco’s modified Eagles medium (DMEM, Sigma-Aldrich, USA) supplemented with 100μg/ml penicillin (Gibco), 100μg/ml streptomycin (Gibco), 2 mM glutamine (Gibco), and 10% Clontech fetal bovine serum (Hyclon). For each experiment H9c2 cardiomyoblast cells were placed in a hypoxia chamber inside a humidiﬁed incubator at 37 ºC for the indicated time. This chamber was filled with a gas mixture (95% N2 and 5% CO2) and calibrated in 1% oxygen concentration using an oxygen analyzer. The control group was maintained in normoxia (21% O2-5% CO2) at 37 ºC.  
Whole cell extraction. After hypoxic treatment H9c2 cells were scraped and washed twice with PBS. The cell suspension was spun down and cell pellets were lysed with lysis buffer (50 mM Tris (pH 7.5), 0.5 M NaCl, 1.0 mM EDTA (pH 7.5), 10 % glycerol, 1 mM BME, 1 % IGEPAL-630 and protease inhibitors) for 30 minutes and spun down 12,000 rpm for 20 minutes. The supernatant was collected in a new eppendorf tube and stored at -80ºC.
Collection of secreted IGFBP3. H9c2 cells were seeded at 10 cm plates and exposed to normoxic or hypoxic treatments for the indicated time (15 min, 30 min, 1 hr, 2 hr, 4 hr, 8 hr, 12 hr, 24 hr). Then, the culture medium was collected and the samples were quantized by Bradford assays for further analysis. 
Western Blot. The cell lysates were quantized by Bradford assays and 30 μg of extracted proteins for each sample was separated by 8% and 10% gradient sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene diﬂuoride (PVDF) membranes. Nonspecific protein binding was blocked in Tris-buffered saline Tween-20 (TBS-T) containing 5 % skim-milk for 1 h. The membranes were blotted with 1:1000 diluted primary antibodies against HIF-1α, IGFBP3, IGF1R, pS473-Akt, β-actin (santa cruze) at 4 ºC overnight and incubated with secondary antibodies at RT for 1 h. The antibody interactions were visualized with enhanced chemiluminescence (ECL) horseradish peroxidase (HRP) substrate. The densitometric analysis of protein expression was performed by LAS 3000 imaging system.
Annexin V-FITC / PI staining. H9c2 cells were seeded at 6 cm plates and exposed to normoxia or hypoxia for the indicated time (15 min, 30 min, 1 hr, 2 hr, 4 hr, 8 hr, 12 hr, 24 hr). Apoptotic cells were monitored by ﬂow cytometry using the Annexin V-FITC Apoptosis Detection Kit. Cells were collected, washed once and incubated for 15 min with 1 × binding buffer containing Annexin V-conjugated FITC and propidium iodide (PI). Annexin V-FITC staining was used to detect cell membrane exposure of phophatidylserine (PS). Cells that lost their cell membrane were stained with PI. Annexin V positive cells were considered as early apoptotic cells. Cells with Annexin V and PI positive were considered as late apoptotic and/or necrotic cells.

Statistical analysis. All experiments were performed at least three times. Statistical analysis was performed using the SigmaPlot 2001 statistical software. Differences were considered significant when p < 0.05. Multiple comparisons of the data were analyzed by the ANOVA assay. All results were quantified by Image J (NIH, Bethesda, MA, USA) and processed using Adobe Photoshop.
Results
Long-term hypoxia resulted in cell apoptosis in H9c2 cells. Our previous studies demonstrated that long-term hypoxia (LTH) might regulate cell apoptosis. To determine the hypoxia effects on cell apoptosis, we treated H9c2 cells with normoxia (21 % O2-5 % CO2) or hypoxia (1 % O2-5 % CO2) for the indicated time and measured the levels of cell damage using FITC Annexin V and propidium iodide (PI) staining (Fig.1A). The level of apoptosis after hypoxic treatment was significantly increased 2 to 4 fold compared to normoxia control from 12 to 24 hours (Fig.1B).
Long-term hypoxia-induced IGFBP3 secretion. Previous studies indicated hypoxia would increase the level of IGFBP3 protein. We hypothesized the increased level of IGFBP3 protein might secret into the extracellular matrix. Thus, we examined the levels of secreted IGFBP3 under normoxic or hypoxic treatment. The data showed that the secreted IGFBP3 was increased significantly under hypoxic conditions from 4 to 24 hours compared with the normoxic control (Fig.2A).
The secreted IGFBP3 promoted cell apoptosis under long-term hypoxia conditions. We presumed that the increased cell damage after hypoxic treatment 24 hours is due to the secreted IGFBP3. To confirm this hypothesis we used IGFBP3 antibody as an IGFBP3 protein inhibitor, and examined the effects of secreted IGFBP3 on IGF1R/PI3K/Akt survival pathway in hypoxia induced apoptosis. Data showed that the secreted IGFBP3 was increased significantly during 24 h hypoxic exposure which sequestered the IGF from the IGF-1R to inhibit the survival pathway. However, the decrease in IGF1-R and Akt phosphorylation under hypoxic conditions was significantly rescued by IGFBP3 antibody treatment in a dose-dependent manner (Fig. 2B)
Next we assessed the extent of cell damage under long-term hypoxia treatment with IGFBP3 antibodies using Annexin-V/PI analysis. Hypoxic treatment 24 h resulted in 15.8 ± 2.0 % apoptosis, but the cell damage was dramatically decreased to 3.8 ± 0.2 %, 3.0 ± 0.3 %, 3.6 ± 1.0 % by IGFBP3 antibody treatment (Fig. 2C). Moreover, the percentage of apoptosis had no significant different between the normoxic groups  (Fig. 2C). 
Long-term hypoxia increases IGFBP3 protein synthesis. Our previous studies had shown that hypoxia induced IGFBP3 expression presents at the protein and mRNA levels. However, IGFBP3 protein and mRNA expression both increased at inconsistent times after hypoxic treatment. To determine the hypoxia effects on IGFBP3 protein, we analyzed the ubiquitination of IGFBP3 under normoxic or hypoxic treatments for indicated time (4 h, 12 h, 24 h) by Co-IP. The data showed that the ubiquitination levels of IGFBP3 have no significant different between the normoxic groups and the hypoxic groups . (Fig.3).
We next treated H9c2 cells with cycloheximide (CHX, a protein biosynthesis inhibitor) or MG-132 (a proteasome inhibitor) after 24 h hypoxic exposure and then measured IGFBP3 expression. Interestingly, we found that CHX decreased but hypoxia increased IGFPB3 expression. As combined CHX with 24 h hypoxic condition, the level of IGFPB3 decreased. On the other hand, MG -132 increased IGFBP3 expression, but there was no enhanced accumulation of IGFBP3 protein under hypoxic treatment combined with MG-132 (Fig. 4).
Discussion
We demonstrated in this study the myocardial apoptosis mechanism resulting from LTH and the potential role of IGFBP3 in H9c2 cells. The summarized findings are: (1) LTH exposure enhanced IGFBP3 protein synthesis and induced its secretion. (2) The accumulated IGFBP3 promoted cell apoptosis by sequestering the survival factor IGF-1 which interfered in IGF-1R/PI3K/Akt signaling activation.
Atherosclerosis is a major cause of MI and ischemic heart disease (IHD) resulting in myocardial remodeling and myocardial hypoxia 
 ADDIN EN.CITE 

[3]
. Hypoxia is a critical mediator in all kinds of biological processes such as angiogenesis, vascular contractility and erythropoiesis 
 ADDIN EN.CITE 

[21]
. When cardiomyocytes suffer hypoxic challenge, metabolic and contractile changes are initiated within seconds that facilitate cellular preservation and heart functional survival 
 ADDIN EN.CITE 

[3]
. We previously demonstrated that long-term intermittent hypobaric hypoxic (LTIHH) challenges increased wall thickness and abnormal myocardial architecture and decreased antiapoptotic proteins in rat hearts 
 ADDIN EN.CITE 

[20]
. LTIHH promoted cardiac hypertrophy 
 ADDIN EN.CITE 

[6, 22]
, fibrosis and cardiac apoptotic activities 
 ADDIN EN.CITE 

[7, 23]
. These findings suggest that hypoxia challenge exerts deleterious effects on the heart. Our data found that after hypoxia exposure 12 to 24 hours, the percentage of cell apoptosis increased significantly (Fig.1).
IGFBP3, a major carrier protein of circulating IGF-1, plays an important role in regulating IGF-1 levels and biological activities 
 ADDIN EN.CITE 

[24, 25]
. IGF-1 exerts insulin-like metabolic action 26[]
 and growth factor-like long-term effects on cell proliferation and differentiation. In the serum, IGFBP3 could regulate IGF endocrine actions by regulating the amount of bioavailable IGF. Moreover, locally produced IGFBPs could play a role as IGF autocrine/paracrine action regulators in various tissues such as brain and muscle 27[]
. IGFBP3 may additionally induce cell apoptosis either indirectly, by sequestrating IGF-1 away from IGF-1R
 ADDIN EN.CITE 

[28]
, or directly through a putative method involving binding to a cell surface receptor and/or translocation into the nucleus 29[]
. Interestingly, our data showed that the levels of secreted IGFBP3 increased during hypoxic treatment for 4 to 24 hours (Fig. 2A). Based on the above studies, we hypothesize that myocardial hypoxia resulting in cell apoptosis is due to the secreted IGFBP3 sequestrating IGF-1 away from IGF-1R. As expected, the data showed that the relative ratios of phosphorylated IGF1R and Akt (hypoxia versus normoxia) were increased significantly in a dose dependent manner when we treated H9c2 cells with IGFBP3 antibodies as an IGFBP3 inhibitor under long-term hypoxic exposure (Fig. 2B). However, the relative decreased level of p-Akt under hypoxic treatment at the highest level of IGFBP3 (10-7 g/ml ) may due to the excessive IGFBP3 antibodies affect the activation of Akt. Moreover, Fig 2C showed that the percentage of cell damage was decreased significantly under hypoxic exposure treated with IGFBP3 antibodies (Fig. 2C). These data suggested that long-term hypoxic exposure increased IGFBP3 secretion which sequesters IGF-1 and blocks IGF-1R/PI3K/AKT signaling pathway activation. These action cause cell apoptosis under long-term hypoxic conditions.
Several reports demonstrated that IGFBP3 mRNA expression is regulated mainly in response to post MI 
 ADDIN EN.CITE 

[30, 31]
 and coverslip hypoxia-induced ischemia/reperfusion 
 ADDIN EN.CITE 

[32]
. Previous studies showed that IGFBP3 mRNA and protein were both increased after hypoxia exposure. Our data show that LTH exposure has no significant effects on the ubiquitination of IGFBP3 from 4 to 24 hrs. However, the levels of IGFBP3 protein remains increased during hypoxic exposure from 4 to 24 hrs compared to normoxic groups (Fig.3). These data imply that IGFBP3 synthesis may increase under LTH condition. As expected, Figure 4 demonstrates that the IGFBP3 protein significantly decreased after CHX treatment under LTH. On the other hand, Mg132 combined with LTH treatments did not present additional IGFBP3 protein level accumulation. These results suggest that IGFBP3 accumulation under LTH exposure is primarily due to enhanced IGFBP3 protein synthesis.
Conclusion
Our observations identified a mechanism for long-term hypoxia induced myocardial apoptosis via IGFBP3 regulation. Long-term hypoxia exposure enhanced IGFBP3 protein synthesis and induced its secretion, resulting in advanced IGF-1 sequestration away from IGF-1R, and interfered with IGF1R/ PI3K/ Akt signaling pathway activation, which promotes cardiomyocyte apoptosis. These findings may lead to a therapeutic strategy for regulating hypoxia induced heart failure.
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Figure legend
Fig. 1. Effects of hypoxia on apoptosis in H9c2 cells. 

(A) Flow cytometry analysis of apoptosis by Annexin V and PI staining. H9c2 cells were treated with normoxia (21 % O2 -5 % CO2) or hypoxia (1 % O2-5 % CO2) for indicated time (15 min, 30 min, 1 hr, 2 hr, 4 hr, 8 hr, 12 hr , 24 hr) , respectively. Flow charts: lower right quadrant, Annexin V positive and PI negative cells indicate early apoptotic cells; upper right quadrant, Annexin V and PI-positive cells represent necrotic or late apoptotic cells. Both early and late apoptotic cells were calculated as the incidence of apoptotic cell death. (B) Column diagrams of apoptotic cells in percentage. Data were represented the mean ± S.D of three independent experiments. 
* P < 0.05, **P < 0.01, and ***P < 0.001 represents a significant change compared with the normoxia group.
Fig. 2. Effects of secreted IGFBP3 on apoptosis in H9c2 cells.

(A) H9c2 cells were treated with normoxic or hypoxic treatments for indicated time. Then the medium was collected for the secreted IGFBP3 analysis. The levels of secreted IGFBP3 were evaluated using western blotting. The result are shown as the mean ± S.D of three independent experiments. * P < 0.05, **P < 0.01, and ***P < 0.001 represents a significant change compared with the normoxia group. (B) H9c2 cells were treated with different concentration of IGFBP3 antibodies (10-9, 10-8, 10-7 g/ml) under normoxic or hypoxic treatments. The levels of IGFBP3, HIF-1α, IGF1R, Akt were measured using western blotting. The column diagrams shows the quantification of relative ratios of phosphorylated IGF1R and Akt (hypoxia versus normoxia). The p-IGF1R and p-Akt levels were normalized using IGF1R and Akt, respectively. (C) Flow cytometry analysis of apoptosis by Annexin V and PI staining. H9c2 cells were treated with different concentration of IGFBP3 antibodies under normoxic or hypoxic treatments. Then, the cells were harvested and analyzed by FACS Calibur flow cytometer. Column diagrams of apoptotic cells in percentage.  The percentage of apoptosis is represented using the mean ± S.D of three independent experiments. ***P < 0.001 represents a significant increase compared with the normoxia group; ###P < 0.001 represents a significant decrease compared with the hypoxia alone group.
Fig.3. Effect of hypoxia on the ubiquitin-correlated degradation in H9c2 cardiomyoblast cells. 

H9c2 cells were exposure at normoxia or hypoxia for 4, 12, 24 hrs, respectively. The lysates were immunoprecipitated with specific IGFBP3 antibodies and analyzed by immunoblotting.
Fig. 4. Synthesis and degradation of IGFBP3 under long-term hypoxia.

(A) H9c2 cells were treated with CHX (a protein biosynthesis inhibitor) or MG132 (a proteasome inhibitor) under 24 hr hypoxic exposure and the levels of IGFBP3 and HIF-1α expression were performed by western blotting. (B) Quantification of IGFBP3 western blots signals from three independent experiments as performed in A using Image J software. IGFBP3 protein levels were normalized using -actin as a loading control. **P < 0.01 represents a significant increase compared with the normoxia group; ##P < 0.01 represents a significant decrease compared with the hypoxia alone group.





























































































