
© 2017 Du et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine 2017:12 2179–2188

International Journal of Nanomedicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
2179

O r I g I N a l  r e s e a r c h

open access to scientific and medical research

Open access Full Text article

http://dx.doi.org/10.2147/IJN.S127904

Inhibition of gap junction intercellular 
communication is involved in silica nanoparticles-
induced h9c2 cardiomyocytes apoptosis via the 
mitochondrial pathway

Zhong-jun Du1

guan-qun cui2

Juan Zhang1

Xiao-mei liu3

Zhi-hu Zhang1

Qiang Jia1

Jack c Ng4

cheng Peng1,4

cun-xiang Bo1

hua shao1

1Department of Toxicology, shandong 
academy of Occupational health and 
Occupational Medicine, shandong 
academy of Medical sciences, 
2Department of respiratory Medicine, 
Qilu children’s hospital of shandong 
University, Jinan, 3Department of 
radiation chemistry and Toxicology, 
school of Public health, Jilin 
University, changchun, People’s 
republic of china; 4National research 
centre for environmental Toxicology-
entox, The University of Queensland, 
Brisbane, QlD, australia

Abstract: Gap junction intercellular communication (GJIC) between cardiomyocytes is essential 

for synchronous heart contraction and relies on connexin-containing channels. Connexin 43 

(Cx43) is a major component involved in GJIC in heart tissue, and its abnormal expression 

is closely associated with various cardiac diseases. Silica nanoparticles (SNPs) are known to 

induce cardiovascular toxicity. However, the mechanisms through which GJIC plays a role in 

cardiomyocytes apoptosis induced by SNPs remain unknown. The aim of the present study is 

to determine whether SNPs-decreased GJIC promotes apoptosis in rat cardiomyocytes cell line 

(H9c2 cells) via the mitochondrial pathway using CCK-8 Kit, scrape-loading dye transfer tech-

nique, Annexin V/PI double-staining assays, and Western blot analysis. The results showed that 

SNPs elicited cytotoxicity in H9c2 cells in a time- and concentration-dependent manner. SNPs 

also reduced GJIC in H9c2 cells in a concentration-dependent manner through downregulation of 

Cx43 and upregulation of P-Cx43. Inhibition of gap junctions by gap junction blocker carbenox-

olone disodium resulted in decreased survival and increased apoptosis, whereas enhancement of 

the gap junctions by retinoic acid led to enhanced survival but decreased apoptosis. Furthermore, 

SNPs-induced apoptosis through the disrupted functional gap junction was correlated with 

abnormal expressions of the proteins involved in the mitochondrial pathway-related apoptosis 

such as Bcl-2/Bax, cytochrome C, Caspase-9, and Caspase-3. Taken together, our results pro-

vide the first evidence that SNPs-decreased GJIC promotes apoptosis in cardiomyocytes via 

the mitochondrial pathway. In addition, downregulation of GJIC by SNPs in cardiomyocytes is 

mediated through downregulation of Cx43 and upregulation of P-Cx43. These results suggest 

that in rat cardiomyocytes cell line, GJIC plays a protective role in SNPs-induced apoptosis and 

that GJIC may be one of the targets for SNPs-induced biological effects.

Keywords: silica nanoparticles, cardiotoxicity, connexin 43, cell death, gap junction

Introduction
Silica nanoparticles (SNPs) have found extensive applications in biomedical and 

biotechnological fields,1 such as drug delivery, medical diagnostics, biomolecules 

detection, gene therapy, photodynamic therapy, and bioimaging. So, the opportunities 

for industrial exposure to SNPs and their consumer use are obviously high. Epide-

miological studies have suggested that silica is a key inorganic component that can 

increase the morbidity and mortality in cardiovascular diseases.2,3 Our previous study 

has indicated that intratracheal-instilled SNPs could pass through the alveolar–capillary 

barrier into systemic circulation.4 Thus, the heart could be directly exposed to SNPs. 
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Accumulating evidence from our laboratory demonstrates  

that SNPs could induce damage in various organs and cause 

apoptosis in a variety of cells.5–8 Although SNPs have a cor-

relation with cardiovascular diseases, most of the relevant 

studies primarily focus on their effects on endothelial cells. 

Whether SNPs affect cardiomyocytes’ functioning has sel-

dom been studied, and the underlying molecular mechanism 

of SNPs-induced cardiomyocytes cytotoxicity is still poorly 

understood. Therefore, it is important to understand the 

interaction between SNPs and cardiomyocytes.

Intercellular communication through gap junctions plays 

a critical role in a variety of cellular and biological processes, 

including regulation of cell growth and differentiation, 

maintenance of tissue homeostasis, and embryogenesis.9 

Gap junctions are intercellular membrane channels between 

adjacent cells that are formed by two hemichannels each 

consisting of six connexin proteins. These channels mediate 

direct cell-to-cell communication, facilitating the passage of 

molecules and ions ,1 kDa,10 including small metabolites, 

and second messengers such as sodium, potassium, calcium, 

cAMP/cGMP, and ADP/ATP and their translocation from 

cell to cell.11,12 Connexins are a family of proteins consisting 

of 20 connexin isoforms in the mouse genome and 21 in the 

human genome13 that allow the synthesis of a large number 

of different connexons and gap junction channels. Connex-

ins, either alone or as components of gap junction complex, 

participate in processes such as growth control,14 migration,15 

cell adhesion,16 and intercellular signaling.17

In cardiac muscle, gap junction greatly contributes to 

electrical cell-to-cell coupling and impulse propagation 

between cardiomyocytes. In order to maintain cardiovascular 

homeostasis, cells communicate with neighboring cells and 

exchange various small molecules via the gap junctions.18,19 

Gap junction channels are critical in maintaining cardiac 

homeostasis by allowing the free flow of ions and metabolites 

between cardiomyocytes, which contributes to the synchro-

nized contraction and signal exchange throughout the tis-

sue. Such exchange of molecules is thought to be important 

in coordinating appropriate response to external stimuli. 

Modulation in various connexin gene expressions has been 

shown to regulate gap junctional permeability and trafficking 

of signaling molecules between adjacent cells. In addition, 

gap junction and connexins have been reported to conduct 

both cell survival and cell death signals.20 Cell death through 

apoptosis, compensatory cell proliferation, and disruption of 

gap junction intercellular communication (GJIC) are impor-

tant not only for the fixation of unrepaired DNA damage but 

also in the selection process of initiated precancerous cells. 

The major gap junction protein of mammalian cardiomyo-

cytes is connexin 43 (Cx43), which is the major constituent 

of ventricular gap junction channels involved in ventricular 

electrical coupling.21 Changes in Cx43 expression and gap 

junction activity have been associated with a wide variety of 

pathologic conditions and diseases,22–24 including the ventric-

ular myocardium and cardiac arrhythmia.20,25 These effects 

were further confirmed by recent studies which showed the 

disorganization of normal microconduction pathways and 

arrhythmias that resulted from significant remodeling of the 

distribution of Cx43.26 In addition, phosphorylation of Cx43 

affects connexin transport, assembly, and GJIC.

Most studies on apoptosis have focused predominantly 

on intracellular signaling pathways, and less on intercel-

lular communication and gap junctions. There is a pos-

sible mechanistic link between GJIC and apoptosis. For 

example, GJIC may facilitate signal transduction needed 

for the apoptotic process in cells contacting each other in 

the tissues. Alternatively, inhibition of GJIC may interfere 

with the apoptotic process.27 So far, there are few reports 

about the effect of nanoparticles on GJIC. Moreover, the 

consequence of compromised GJIC induced by SNPs in 

H9c2 had not been reported. To maintain cardiovascular 

homeostasis, a delicate balance between the number of cells 

dying and the number of cells proliferating is essential. Sev-

eral studies have shown that changes in GJIC can influence 

cell survival or apoptosis.28–30 In rat ventricular myocytes, 

reduced Cx43 expression resulted in increased apoptosis.31 

Similar effects were found in mammary epithelial cells 

with lower connexin 26 expression.32 This effect was 

further confirmed in connexin 45-deficient mice in which 

massive apoptosis was observed in vascular cells.33 Cx43-

null mice exhibited increased programmed cell death,34 

and blockage of testicular connexins induced apoptosis in 

rat seminiferous epithelial cells.35 Overall, these studies 

indicate that alteration in connexin expression profoundly 

affects cell survival.

GJIC has been widely considered to be involved in cardio-

myocytes proliferation and differentiation, but the biochemi-

cal and molecular mechanisms underlying the accelerated 

cell loss induced by SNPs have not been well understood. 

In particular, the upstream events that trigger apoptosis 

after exposure to SNPs are unclear. The consequence of 

reduced Cx43 expression and GJIC induced by SNPs in car-

diomyocytes has not been determined. We hypothesize that 

SNPs-induced downregulation of Cx43 expression reduces 

GJIC and contributes to cardiomyocytes loss by apoptosis. 

In this study, we have examined SNPs effects on GJIC and 
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expression of Cx43 in H9c2, and then looked at their possible 

implications in apoptosis.

Our present work provides the first evidence that SNPs-

decreased GJIC promotes apoptosis in cardiomyocytes via the 

mitochondrial pathway. It suggests GJIC downregulation can 

also be considered as the potential mechanism responsible for 

the cytotoxic effects in cardiomyocytes. These results suggest 

that GJIC plays a protective role in SNPs-induced apoptosis 

and that GJIC may be one of the targets for SNPs-induced 

biological effects in cardiomyocytes.

Materials and methods
Materials
SNPs with a diameter of 60 nm and a mass concentration 

of 12.4 g/L were provided by School of Chemistry, Jilin 

University. The morphology, average size, and distribution 

of SNPs in serum-free Dulbecco’s Modified Eagle’s Medium 

(DMEM; Thermo Fisher Scientific, Waltham, MA, USA) were 

determined using a transmission electron microscope (JEM-

2010; JEOL, Tokyo, Japan). The average hydrodynamic size of 

SNPs in serum-free DMEM and serum-DMEM was measured 

by dynamic light scattering (DLS) method. The SNPs at a con-

centration of 100 μg/mL were dispersed in serum-free DMEM 

and DMEM containing 10% fetal bovine serum (FBS) for 24 h. 

Then, the particle size was analyzed using a laser particle size 

analyzer without or after ultrasonic treatment for 5 min.

cell culture and exposure to sNPs
The rat cardiomyocytes cell line, H9c2(2-1) (catalog number: 

GNR 5), was purchased from Cell Resource Center, Shanghai 

Institutes for Biological Sciences, Chinese Academy of 

Sciences. The cells were maintained in DMEM (Thermo 

Fisher Scientific) supplemented with 10% FBS (Gibco), 

100 U/mL penicillin, and 100 μg/mL streptomycin, and then 

incubated at 37°C in a 5% CO
2
 humidified atmosphere.

cell viability (ccK-8 assay)
The effect of SNPs on cell viability was determined using 

WST-8 cell counting kit (CCK-8 Kit; Dojindo, Kumamoto, 

Japan) according to the manufacturer’s instruction. H9c2 cells 

were exposed to SNPs. Then, 10 μL of CCK-8 solution was 

added into each well, and the cells were incubated for an addi-

tional 1 h at 37°C. Optical density (nm) was detected at 450 nm 

using a microplate reader (Thermo Fisher Scientific).

gap junction activity analysis
Scrape-loading dye transfer technique was used to assess 

GJIC. Briefly, following treatment, the confluent cells on 

cover slips were washed three times with phosphate-buffered 

saline (PBS) containing 0.01% Ca2+ and Mg2+. Then, the cells 

were cut with a surgical scalpel in the presence of lucifer 

yellow (LY, 0.5 mg/mL) followed by incubation for 3 min at 

room temperature, and then rinsed three times with PBS con-

taining 0.01% Ca2+ and Mg2+. The cells were fixed with 4% 

paraformaldehyde in PBS. The level of gap junction activity 

was measured using a fluorescent microscope (Diaphot; 

Nikon, Tokyo, Japan) and quantified as the average distance 

traveled (mm) by the LY dye from the designated cut to the 

neighboring cells from six different sites in each sample.

Modulation of gJIc
The pharmacological drugs for GJIC modulation were 

dissolved in dimethylsulfoxide (DMSO) as stock solutions.36 

For the potentiation process, the cells were incubated with 

gap junction activator retinoic acid (RA, 10 μM in DMSO) 

for 24 h prior to SNPs exposure and throughout treatment. 

The cells were also incubated with gap junction blocker 

carbenoxolone disodium (CBX, 50 mM in DMSO) under 

the same condition of activator treatment. Control cells were 

incubated with DMSO alone.

annexin V-FITc/PI apoptosis assay
The quantification of apoptosis induced by SNPs in H9c2 

cells was done using a flow cytometer (Becton Dickinson, 

Franklin Lakes, NJ, USA) with Annexin V-FITC/PI double-

staining assay. Briefly, the cells were harvested after 24 h of 

exposure to 100 μg/mL of SNPs, and then stained by using 

Annexin V-FITC/PI apoptosis assay kit (KeyGen, Nanjing, 

People’s Republic of China) according to the manufacturer’s 

instructions. At least 10,000 cells were collected and detected 

by a flow cytometer within 15 min. The apoptotic percentages 

were analyzed by FACSDiva 4.1 software.

Western blot assay
Western blot was used to determine the expression of GJIC-/

apoptosis-related proteins. Immediately after treatment, the 

cells were harvested, lysed in ice cold radioimmunoprecipita-

tion assay lysis buffer, and then sonicated. The protein content 

was determined using a BCA protein assay kit (Beyotime, 

Jiangsu, People’s Republic of China). Protein samples (50 μg) 

were separated by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (12% resolving gels, 5% stacking gels) and 

transferred to polyvinylidene difluoride membranes (150 mA, 

1.5 h) (EMD Millipore, Billerica, MA, USA). The membrane 

was incubated with blocking solution containing 5% nonfat 

milk in Tris-buffered saline with 0.1% Tween-20 (TBST) 
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before incubation with primary antibodies against Cx43 

(1:4,000), P-Cx43 (1:1,000), Bax (1:200), Bcl-2 (1:200), 

cytochrome C (Cyt C) (1:500), Caspase-9 (1:500), Caspase-3 

(1:1,000), and GAPDH (1:5,000) overnight at 4°C, followed 

by incubation with horseradish peroxidase-conjugated goat 

anti-rabbit IgG (1:5,000) at room temperature for 1.5 h. After 

washing with TBST, the membranes were processed using an 

enhanced chemiluminescence detection system (ECL detec-

tion kit; Pierce) and exposed to XO mat AR film (Eastman 

Kodak Company, Rochester, NY, USA). The proteins were 

quantified through densitometric analysis. Experiments were 

performed in triplicate to ensure reproducibility.

statistical analysis
Data were expressed as mean ±  standard deviation, and 

significance was determined by using one-way analysis 

of variance followed by least significant difference test to 

compare the differences between groups. Differences were 

considered significant at P,0.05.

Results
characterization of sNPs
The hydrodynamic sizes of SNPs were measured in serum-

free DMEM as stock media to reflect their dispersion 

throughout the experiments. The morphology and average 

size of SNPs were determined by transmission electron 

microscopy (TEM). The average size of individual nano-

particle was about 60±3.54 nm. The TEM images (Figure 1) 

showed that dried SNPs were mostly spherical and well dis-

persed. Influence of serum on hydrodynamic size of SNPs in 

the testing solution is summarized in Table 1. The purity of 

SNPs was higher than 99.80%, which was measured using 

inductively coupled plasma mass spectrometry system.

concentration- and time-dependent 
cytotoxicity of sNPs
To investigate the potential cytotoxicity of the SNPs, we 

conducted cell viability test in the H9c2 cells treated with 

SNPs at concentrations of 12.5, 25, 50, 100, and 200 μg/mL 

for 1, 6, 12, 24, and 48 h. Results (Figure 2) indicated that 

after exposure to SNPs, the cell viability decreased in a 

concentration- and time-dependent manner in comparison to 

control cells. An obvious cytotoxicity of SNPs was observed 

at the concentration of 100 μg/mL and 24 h under which the 

viable cells were about 75% of control. We therefore chose 

SNPs at 100 μg/mL and less for 24 h treatment conditions to 

study the role of GJIC in apoptosis induced by SNPs.

sNPs induce gJIc inhibition in h9c2 cells
Gap junction activity was determined in H9c2 cells follow-

ing treatment with SNPs. As shown in Figure 3A and B, 

treatment with SNPs for 24 h resulted in GJIC inhibition 

in a dose-dependent manner. Furthermore, Cx43 protein 

Table 1 Influence of serum on hydrodynamic size of SNPs

Stock media Groups Hydrodynamic 
size (nm)

sNPs in DMeM serum-free DMeM 138.51±3.64
DMeM +10% FBs 321.94±4.58

sNPs in DMeM 
after ultrasonication

serum-free DMeM 137.99±3.67
DMeM +10% FBs 200.76±13.78

Note: Values represent mean ± standard deviation (n=5).
Abbreviations: SNPs, silica nanoparticles; DMEM, Dulbecco’s Modified Eagle’s 
Medium; FBs, fetal bovine serum.

Figure 1 Transmission electron microscopy images of silica nanoparticles in serum-
free Dulbecco’s Modified Eagle’s Medium (×100,000).

Figure 2 Viability of h9c2 cells after exposure to silica nanoparticles at different 
concentrations and times. The results indicated that viability of h9c2 cells reduced 
in both concentration- and time-dependent manner (mean, n=6).
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expression was downregulated significantly (P,0.05), while 

the level of P-Cx43 was significantly increased (P,0.05) 

in a dose-dependent manner after SNPs treatment for 24 h 

(Figure 3C and D).

effect of gJIc on the sNPs-induced 
apoptosis
We investigated the effect of GJIC on the cytotoxicity of 

SNPs. Gap junction functions were manipulated in two ways: 

enhancement of junctional channels by RA and inhibition of 

junctional channels by CBX. For investigating this, the cells 

were incubated with 10 μM RA or 50 mM CBX for 24 h prior 

to SNPs exposure and during SNPs treatment. The viability of 

cells incubated with RA or CBX 24 h prior to SNPs exposure 

was not affected, whereas CBX combined with 100 μg/mL 

SNPs caused significant cytotoxicity compared with the con-

trol group (Figure 4). Notably, RA combined with 100 μg/mL 

SNPs increased the cell viability significantly compared with 

the SNPs treatment alone, yielding substantially decreased 

cytotoxicity (Figure 4).

The effect of gap junctions activator RA and inhibitor 

CBX on GJIC of H9c2 cells was also investigated. Figure 5A 

shows that treatment with 10 μM RA increased GJIC in the 

H9c2 cells, while treatment with 50 mM CBX decreased 

GJIC. Compared with 100 μg/mL SNPs alone, RA combined 

with 100 μg/mL SNPs significantly upregulated GJIC, while 

CBX combined with 100 μg/mL SNPs significantly down-

regulated GJIC (P,0.05) (Figure 5B).

Annexin V/PI double staining was used to assess the 

effect of GJIC on SNPs-induced apoptosis, which was 

detected after 24-h incubation with SNPs at the concentration 

Figure 3 silica nanoparticles (sNPs)-induced gap junction intercellular communication (gJIc) inhibition in h9c2 cells. (A) sNPs-induced downregulation of gJIc in h9c2 
cells. lucifer yellow (lY, green) transferred to adjacent cells via open gap junctions. (B) The average distance of lY spread from the side of the scraped edge from six different 
sites in each sample was obtained and quantified. (C and D) reduced expression of connexin 43 (cx43) and P-cx43 after sNPs treatment was detected using Western blot. 
Values represent the mean ± standard deviation (n=6). aP,0.05, vs control group; bP,0.05, vs 25 μg/ml group; cP,0.05, vs 50 μg/ml group.

Figure 4 effect of gap junction activator retinoic acid (ra) and inhibitor 
carbenoxolone disodium (cBX) on the survival of cells treated with silica nano-
particles (sNPs) (mean, n=6).
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of 100 μg/mL. As shown in Figure 6A and B, all the three 

treatments induced apoptosis in H9c2 cells evidenced by 

the significantly increased apoptotic rate (P,0.05). RA 

decreased the rate of SNPs-induced apoptosis significantly 

(P,0.05), while CBX significantly increased the rate of 

SNPs-induced apoptosis (P,0.05).

effect of gJIc on the expression of 
apoptosis-related proteins following 
sNPs treatment
We performed Western blot analysis to measure the expres-

sion of apoptosis-related proteins in order to determine the 

possible factors involved in SNPs-induced apoptosis in the 

cardiomyocytes. Figure 7A and B shows that the ratio of 

Bcl-2/Bax was increased significantly in the RA-pretreated 

group (P,0.05), while it was decreased significantly in the 

CBX group (P,0.05) compared to that of the 100 μg/mL 

SNPs-treated group. Figure 7A and C shows that the treat-

ment with 100 μg/mL SNPs and RA or CBX for 24 h 

activated Cyt C, Caspase-9, and Caspase-3 in H9c2 cells. 

Compared with SNPs-treated group, the expression of 

Caspase-3 and Caspase-9 was downregulated significantly in 

the group treated with SNPs and RA (P,0.05), while it was 

upregulated significantly in the group treated with SNPs and 

CBX (P,0.05). These results suggest that GJIC modulates 

the mitochondrial pathway in apoptosis induced by SNPs.

Discussion
The purpose of this study was to assess the potential role of 

GJIC in SNPs-induced apoptosis. Hence, SNPs (60 nm) were 

studied in cultured rat cardiomyocytes cell line (H9c2 cells) 

to illustrate the relationship between GJIC effect and SNPs-

induced apoptosis. It is recommended that prior to the toxicity 

Figure 5 effect of gap junctions modulator (activator retinoic acid [ra] and inhibitor 
carbenoxolone disodium [cBX]) on gap junction intercellular communication (gJIc) 
of h9c2 cells. (A) Modulation of gJIc in h9c2 cells. lucifer yellow (lY, green) 
transferred to adjacent cells via open gap junctions. (B) The average distance of lY 
spread from the side of the scraped edge from six different sites in each sample was 
obtained for quantification. Values represent the mean ± standard deviation (n=6). 
aP,0.05, vs control group; bP,0.05, vs silica nanoparticles (sNPs) group.

Figure 6 Effect of gap junction intercellular communication on silica nanoparticles (SNPs)-induced apoptosis in H9c2 cells determined by flow cytometry. (A) The apoptotic 
rate after treatment with 100 μg/mL SNPs for 24 h was determined by flow cytometry using Annexin V/PI double staining. (B) effect of gap junction modulators (activator 
retinoic acid [ra] and inhibitor carbenoxolone disodium [cBX]) on the apoptotic rates. Values represent the mean ± standard deviation (n=6). aP,0.05, vs control group; 
bP,0.05, vs sNPs group.
Abbreviations: FITC, fluorescein isothiocyanate; PI, propidium iodide.
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research, nanomaterials should be appropriately characterized 

not only initially but also repeatedly if possible during the 

experiment in order to better interpret and compare the toxic 

effect. In this study, we characterized the SNPs by TEM and 

DLS. TEM reflected the morphology and original diameter of 

the particles (Figure 1). DLS mainly measured the hydrody-

namic size of the particles in dispersion media (Table 1). Cell 

culture medium contains a large amount of serum proteins and 

a variety of organic and inorganic components. Nanoparticles 

can adsorb and interact with some components in the culture 

medium to form agglomerates or aggregates. This can lead to 

uncertain biological effects and false evaluation of exposure to 

nanoparticles. In this study, how non-modified SNPs change in 

serum-free DMEM and whether serum can affect the particle 

properties were assessed to interpret their toxicity and biologi-

cal effects in H9c2 cells. SNPs did not aggregate to form larger 

particles which could not be dispersed by ultrasonic means. 

Moreover, the size of SNPs in serum-free DMEM could be 

affected by components in DMEM due to the formation of 

cluster agglomerates which can be dispersed by ultrasonic 

means (Table 1). Thus, the SNPs in serum-free DMEM were 

selected to possess uniform shape and structure along with 

relatively favorable dispersibility, which were conducive to 

our study of the role of GJIC in SNPs-induced apoptosis.

The cell viability test results in this study indicated 

that SNPs induced cytotoxicity in a concentration- and 

time-dependent manner in H9c2 cells (Figure 2). Yet, the 

underlying mechanism of SNPs-induced cardiotoxicity 

remains unclear. In this study, we determined that SNPs 

could promote apoptosis in H9c2 cells possibly through 

reducing GJIC and inducing downregulation of Cx43 

expression. In line with our observation, other research has 

reported increased apoptosis in different cell types with 

reduced GJIC and connexin expression.35 To the best of our 

knowledge, our study is the first to show that reduced GJIC 

and downregulation of Cx43 expression may be one of the 

mechanisms by which SNPs contribute to the induction 

of apoptosis in H9c2 cells. Additionally, we found that in 

H9c2 cells, inhibition of GJIC by SNPs increased toxicity, 

whereas enhancement of GJIC by SNPs decreased toxicity. 

Furthermore, GJIC-mediated apoptosis in H9c2 cells follow-

ing treatment with SNPs was associated with expression of 

Bcl-2/Bax, Cyt C, Caspase-9, and Caspase-3.

When cells are connected via gap junction channels, they 

can exchange ions and small metabolites and form a cell–

cell communication network through GJIC that contributes 

to the maintenance and regulation of homeostasis. Much 

toxicological research focuses on single cells, ignoring the 

influence of adjacent cells on cell survival or death. It has 

been well described that functional loss of gap junctions 

can result in apoptosis, necrosis, and carcinogenesis.37–39 In 

addition to allowing the diffusion of small and hydrophilic 

substances, GJIC can spatially extend apoptosis through the 

communication of cell death signals from apoptotic cells 

Figure 7 effect of gap junction intercellular communication on the expression of apoptosis-related proteins following treatment with silica nanoparticles (sNPs) as 
determined by Western blot analysis. (A) expression of apoptosis-related proteins in h9c2 cells following treatment with sNPs, retinoic adid (ra) combined with sNPs, and 
carbenoxolone disodium (cBX) combined with sNPs. (B and C) columns are the means from densitometric scanning from blots, and bars are the standard deviation (sD). 
Values represent the mean ± sD (n=6). aP,0.05, vs control group; bP,0.05, vs sNPs group.
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to healthy cells.40 When cells are exposed to hazardous 

stimulants, GJIC downregulation occurs causing injured cells 

to lose rescue signals provided by healthy cells, which results 

in a loss of normal growth regulation by the surrounding cells 

and growth independence.41 Loss of GJIC has been observed 

in a few other studies after particle exposure. For example, 

one study found that exposure of rat lung epithelial cells to 

carbon nanoparticles induced loss of GJIC and delocalization 

of Cx43.42 Carbon nanotubes-induced reduction in GJIC was 

found to be involved in inhibiting transfer of cell survival 

signals between cells.43 In addition, the regulation of the 

gap junction of human mesenchymal stem cells through the 

internalization of CdSe/ZnS quantum dots (QDs) was found 

to play a key role in QD cytotoxicity.44 Furthermore, in rat 

liver cells, inhibition of GJIC and autophagy were involved 

in cadmium-induced apoptosis.45 However, one study had 

opposite results that silver nanoparticles could increase the 

GJIC in A549 cells through upregulation of Cx43 protein 

level, suggesting that silver nanoparticles might target GJIC 

and Cx43 for their biological effects.46 In the present study, 

the SNPs used had a negative effect on GJIC. We found that 

SNPs inhibit GJIC in a concentration-dependent manner in 

H9c2 cells, in addition to causing downregulation of the gap 

junctional channel protein Cx43 in a concentration-dependent 

manner after SNPs treatment with upregulation of the level 

of P-Cx43.

Gap junctions have been described to modulate cell death 

and survival.47 In this study, culturing with CBX only did not 

affect cell viability, but CBX combined with SNPs caused 

significant cytotoxicity compared with the SNPs treatment 

alone. Notably, RA combined with SNPs increased the cell 

viability significantly compared with the SNPs treatment 

alone. So, the involvement of GJIC in the decrease of SNPs-

induced cytotoxicity in cardiomyocytes suggests that GJIC 

transmits particular survival signals or inhibits death signals 

that are activated when cells are exposed to SNPs. How-

ever, the exact properties of death signal or survival signal 

remain to be elucidated. The candidate signals that were gen-

erated by treatment with SNPs and transmitted through gap 

junction composed of Cx43 in H9c2 cells are probably first 

or second messengers, such as Ca2+, ATP, IP3, and cAMP. 

Some reports refer to a distinct role of gap junctional commu-

nication in promoting apoptosis. For example, experiments 

performed with heavy ions or Cyt C as inducers of apoptosis 

demonstrated cell death in untreated neighboring cells, which 

points towards a role of gap junctions in modulating apopto-

sis.38 The Annexin V/PI double-staining apoptosis assay using 

FACS flow cytometer was used to determine the possible 

factor in GJIC’s role in SNPs-induced apoptosis in the H9c2 

cells. Moreover, GJIC modulation due to SNPs treatment 

was consistent with the results of other studies. We found 

that GJIC was involved in SNPs-induced apoptosis in H9c2 

cells. CBX significantly increased the rate of SNPs-induced 

apoptosis compared with the SNPs treatment alone, but RA 

combined with SNPs exhibited an opposite effect. Overall, 

these results demonstrate that GJIC may play an important 

role in SNPs-induced apoptosis in H9c2 cells.

GJIC modulation due to SNPs treatment correlated 

with the expression of Bcl-2, Bax, Cyt C, Caspase-9, and 

Caspase-3 determined by Western blotting. These proteins 

are the apoptosis-related factors of mitochondrial apoptotic 

pathway. The Bcl-2 family is known as crucial regulators 

of intrinsic apoptosis. In the Bcl-2 family, Bcl-2 and Bax 

exert an opposite effect on apoptosis induction. Bcl-2 is the 

apoptotic inhibition protein that protects cells from apoptosis 

by inhibiting Caspase-3-dependent proteolytic cascade.47 

However, the apoptosis regulator Bax promotes apoptosis 

by binding to and antagonizing the Bcl-2 protein. A previ-

ous study has demonstrated that the Bax/Bcl-2 ratio may 

upregulate Caspase-3 expression and modulate apoptosis 

associated with disease progression. In addition, a Bax/

Bcl-2 ratio of less than one might be a reasonable “marker” 

for long-term outcome, as it was correlated with complete 

stable remission in that study.48 Our results showed that, in 

H9c2 cells, the downregulation of GJIC decreased the ratio 

of Bcl-2/Bax, while its upregulation increased the ratio. For 

the downstream of Bcl-2/Bax, caspase activation was the 

most important executor of induced apoptosis. The caspase 

cascade system is crucial in the induction, transduction, 

and amplification of intracellular apoptotic signals. In the 

mitochondrial pathway, the release of Cyt C from mito-

chondria activates Caspase-9, and downstream, Caspase-3 

is subsequently activated. In this study, the mitochondrial 

pathway-related Cyt C expression, Caspase-9 expression, and 

downstream Caspase-3-activated cleavages were enhanced 

after GJIC inhibition by SNPs, whereas upregulation of GJIC 

exerted the opposite effect on Cyt C expression, Caspase-9 

expression, and Caspase-3 activation. Taken together, cel-

lular apoptosis through mitochondrial pathway mediated by 

GJIC was elucidated as one of the toxic mechanisms induced 

by SNPs exposure in H9c2 cells.

In summary, the present work has demonstrated that SNPs 

induce GJIC inhibition in addition to apoptosis. The impor-

tant implication is that subdued GJIC amplifies cytotoxicity 

in H9c2 cells, whereas enhanced GJIC exerts off-target injury 

or protection. It suggests GJIC downregulation can also be 
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considered as the potential mechanism for the cytotoxic 

effects in H9c2 cells.
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