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1. Introduction 

Cardiovascular event and infection are the first and second leading causes of death in the 
peritoneal dialysis (PD) populations (Parfrey and Foley, 1999; Go et al., 2004; Schiffrin et al., 
2007; USRDS, 2008); both events are closely related. PD-related peritonitis is the crucial 
infection in PD patients (Aslam et al., 2006; Bender et al., 2006). Peritoneal toxin should be 
absorbed to the systemic circulation and might induce cardiotoxicity. After an episode of 
severe infection in dialysis patients, risk of death from cardiovascular events is increased 
sevenfold for 6 months and continues to rise for up to 48 months (Ishani et al., 2005; Bender 
et al., 2006). It has been considered to play a significant role in up to one sixth of patient 
deaths occurring during the course of PD therapy (Fried et al., 1996). In 41.5% of patients 
with peritonitis-related mortality, immediate cause of death was a cardiovascular event (Pe´ 
rez Fontan et al., 2005). Clinical findings indicate that a peritonitis episode may culminate in 
cardiovascular event (Fried et al., 1996; Bender et al., 2006): high incidence of peritonitis is 
accompanied by greater risk of death (Maiorca et al., 1993; Fried et al., 1996; Piraino, 1998), 
and cardiovascular events contribute to risk of peritonitis-related death in patients 
undergoing PD (Digenis et al., 1990; Firanek et al., 1991; Lupo et al., 1994). However, the 
possible mechanisms connecting PD-related peritonitis and cardiac mortality have not been 
addressed. 
Growing evidence implicates cardiomyocyte apoptosis as a mechanism contributing to 
various types of heart disease (Olivetti et al., 1997; Haunstetter and Izumo, 1998; Narula et 
al., 1999). Cardiomyocyte apoptosis could result in a loss of contractile tissue, compensatory 
hypertrophy of myocardial cells, reparative fibrosis, and heart failure. In animal models, 
endotoxin (Natanson et al., 1989; Ramana et al., 2006), exotoxin (Natanson et al., 1989; 
Sibelius et al., 2000), and inflammatory mediator (Mann, 1999) play important roles in 
cardiomyocyte apoptosis. In PD patients with infectious peritonitis, expression of 
inflammatory mediators and cytokines increase in PD effluent (PDE) and correlate with 
treatment outcome (Lai et al., 2000; Wang and Lin, 2005). Yet there are no data on effects of 
peritonitis PD effluent (PPDE) on cardiomyocytes viability and apoptosis. 
Bcl-2 protein family members are the best characterized proteins that are directly involved 
in the regulation of apoptosis (Cory and Adams, 2002). Bcl-2 and its closest homologues, 
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Bcl-xL and Bcl-w, potently inhibit apoptosis in response to many cytotoxic insults. Bax and 
Bak are well known proapoptotic members of the Bcl-2 protein family. Regulation of 
apoptosis is highly dependent on the ratio of anti-apoptotic to pro- apoptotic proteins. 
Conditions that induce myocardial stress cause complex alterations in levels of Bcl-2 family 
proteins (Bishopric et al., 2001). 
Cardiac Bcl-2 gene expression has been shown to be regulated by GATA-4 both in vitro and 
in vivo (Kobayashi et al., 2006). GATA-4 is a transcription factor enriched in cardiac tissue 
that is essential for various cardiomyocyte physiological and adaptive responses. An early 
event in the cardiotoxicity induced by the antitumor drug doxorubicin is GATA-4 depletion, 
which in turn causes cardiomyocyte apoptosis (Aries et al., 2004; Suzuki and Evans, 2004). 
GATA-4 has also been shown to upregulate transcription of the anti-apoptotic genes Bcl-2 
(Kobayashi et al., 2006) and Bcl-xL (Aries et al., 2004; Suzuki and Evans, 2004) in 
cardiomyocytes, and to play a central role in regulating the survival or apoptosis of 
cardiomyocytes. Although previous studies have suggested the importance of apoptosis 
regulation and GATA-4 expression in various heart diseases, their role in PD peritonitis-
related cardiotoxicity has not been elucidated.  
Cardiac extracellular matrix (ECM) lends structural support and integrity to the 
myocardium and facilitates conversion of cardiomyocyte contraction into pump function 
(Caulfield JB et al., 1979; Sato S et al., 1983; Thompson MM et al., 2002). Integrity of original 
ECM is thought to play a key role in determining extent of remolding after myocardial 
infarction and matrix metalloproteinases (MMPs) play crucial roles in regulation of ECM. 
Inflammatory response and cardiac pro-matrix metalloproteinase (MMP)-9 are critical to 
heart failure (Jugdutt BI, 2003; Shah AP et al., 2009). Increasing MMP-9 level and activity 
may develop in a special group of patients with exposure to peritonitis toxin in their 
cardiomyocytes. 
To clarify the relationship between PD-related peritonitis and high cardiac mortality, we 

postulated that during PD-related peritonitis, proapoptotic pathways are activated and 

MMP-9 protein is also expressed in cardiomyocytes. 

To test this hypothesis, human cardiomyocytes were cultured and treated with PPDE. The 

possible underlying signaling pathways of cardiotoxicity and enhancing MMP-9 expression 

in cultured human cardiomyocytes after stimulated by PPDE were examined. 

2. Human cardiomyocytes culture 

This research was approved by the China Medical Hospital Institutional Review Board. 

Written informed consent was obtained from each individual. Human cardiomyocytes 

obtained from the myocardial ventricular resection specimens of patients undergoing 

cardiac surgery were isolated as previously described (Hsin-Hui Wang et al., 2010). 

3. Characterization of human cardiomyocytes in primary culture  

To characterize cardiomyocytes, muscle markers desmin and myocyte-specific protein a-
sarcomeric actinin were detected (Fig. 1). CAPON, recently documented as endogenous 
protein expressed in guinea pig cardiomyocytes, interacts with nitric oxide synthase to 
accelerate cardiac repolarization by inhibition of L-type calcium channels. Expression of 
endogenous CAPON protein in cultured cardiomyocytes was detected by 
immunofluorescent staining and confocal microscopy (Fig. 1). Both action potential duration 
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(APD) and peak L-Type calcium current (IcaL) were APD10, APD50, APD75 and APD90: 95.4 ± 
10.6, 289.2 ± 15.6, 308.2 ± 15.4, and 318.4 ± 16.4 msec, respectively, with peak IcaL density of 
—10.2 ± 0.9 pA/pE at ± 10 mV (n=6). 
 

 

Fig. 1. Characterization of human cardiomyocytes by immunostaining of cardiomyocyte 

markers. Double labeling of cardiomyocytes with WGA (red) and -sarcomeric actinin 
(green) (first line)or desmin (green) (second line) or CAPON (green) (third line). Negative 
control using cultured human skeletal muscle cells was stained with CAPON (last line). 
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4. PPDE induces cell death in human cardiomyocytes 

Cardiac cell death is believed to play a major contributory role in development and 
progression of myocardial dysfunction (Haunstetter and Izumo, 1998). To assess whether 
PPDE treatment induced cardiac cell death, cell viability were evaluated by MTT assay. 
Doxorubicin-induced cardiotoxicity, which has been well described (Shan et al., 1996), was 
used as a positive control. MTT assay showed PDE during peritonitis- and doxorubicin-
induced human cardiomyocyte cell death as both dose- (Fig. 2A and Table 1) and time-
dependent (Fig. 2B and Table 2). When cardiomyocytes were pre-exposed to 12.5, 18, or 25 
mg/ml PDE during peritonitis for 24h, cell viabilities were 70.6 ± 5.7%, 58.7 ± 9.7%, and 41.6 
± 7.8%, respectively, all significantly lower than in cardiomyocytes without pre-treatment ( 
P < 0.05) (Fig. 2A). This change was even more profound in the 48 h treatment group (Fig. 
2B). When cardiomyocytes were pre-exposed to 25 mg/ml PDE from stable PD patients for 
24 and 48 h, cell viabilities were similar with cardiomyocytes without pre-treatment (data 
not shown). 
 

 % of apoptosis 

Treatment 0 12.5 mg/ml 25 mg/ml 

Medium only 1.0 ± 2.7 10.4 ± 2.8 11.8 ± 3.2 
PBS only 2.2 ± 3.1 10.2 ± 3.2 10.8 ± 3.6 
Medium + DOXO 9.7 ± 2.4 28.5 ± 4.1a 41.2 ± 4.5 a 
Medium + SPDE 0.7 ± 2.5 10.2 ± 2.7 12.4 ± 3.5 
Medium + PPDE 9.7 ± 2.6 32.4 ± 3.8 a 48.6 ± 4.8 a 

Table 1. Dose dependent manner of PPDE induced cell apoptosis in cultured human 
cardiomyocytes  

 % of apoptosis 

Treatment 0 24 h 48 h 

Medium only 1.0 ± 2.7 11.5 + 2.7 12.1 + 3.2 
PBS only 2.2 ± 3.1 10.4 + 2.6 11.5 + 3.4 
Medium + DOXO 9.7 ± 2.4 34.8 + 3.6a 42.2 + 4.2 a 
Medium + SPDE 0.7 ± 2.5 12.2 + 3.2 13.6 + 3.2 
Medium + PPDE 9.7 ± 2.6 48.2 + 4.7 a 57.6 + 4.4 a 

Table 2. Time dependent manner of PPDE induced cell apoptosis in cultured human 
cardiomyocytes 

5. PPDE induces apoptosis in human cardiomyocytes 

The above lend substantial evidence of apoptosis playing a critical role in cardiomyocyte cell 
death associated with several cardiac diseases (Olivetti et al., 1997; Haunstetter and Izumo, 
1998). To explore whether PPDE during peritonitis challenge induces human cardiomyocyte 
apoptosis, we assessed apoptotic cell death by flow cytometry. Comet assays were also 
performed for determination of DNA damage. Doxorubicin, which can induce 
cardiomyocytes apopotosis (Kim et al., 2003), was used as a positive control. After cell 
incubation with 25 mg/ml PPDE peritonitis for 24 h, apoptosis was detected by flow 
cytometry (Tables 1 and 2). Analyses indicated little cardiomyocyte apoptosis with non-
exposed condition (control group) and exposure with 25 mg/ml SPDE from stable PD 
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(a) 

 
(b) 

Fig. 2. Cell viability reduced after treatment with PPDE. Human cardiomyocytes were 
treated with PPDE during peritonitis. Cell viability was determined by MTT assay. (A) Cells 
were incubated with various concentration of peritoneal dialysate effluent during peritonitis 
(PPDE) (12, 5, 18, 25 mg/ml) (n=8) or doxorubicin (0.5, 1 M; Doxo) as a positive control for 
24 hr. () treated with medium only () or Doxo pretreatment; (B) cell were treated with 
PPDE (25 ng/ml) for 24 or 48 hrs. (n=8) and controls Data are expressed as mean  SD of 8 

different PPDE. # P<0.01 versus medium only control, * P<0.05, ** P<0.01. ( : treated with 

PBS only) ( : treated with medium and stable peritoneal dialysate effluent (SPDE) without 

peritonitis) ( treated with medium and peritonitis peritoneal dialysate effluent (PPDE)) 
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patients (Tables 1 and 2). By contrast, doxorubicin and PPDE induced apoptosis in 34.8–
48.6% of human cardiomyocytes after treated for 24 h. Finally, PPDE induced DNA damage 
was determined by Comet assay (Fig. 3): higher concentrations of PPDE resulted in greater 
numbers of damaged cells. 
 

 

Fig. 3. PPDE treatment induces apoptosis in cultured human cardiomyocytes. 
Cardiomyocyte DNA damage was determined by the Comet assay. Cardiomyocytes were 
treated with PPDE (12.5 or 25 mg/ml) or Doxo (0.5 M) as a positive control for 24 h, and 
then the Comet assay was performed. 

6. PPDE induced Bax increase and suppression of GATA-4 expression in 
human cardiomyocytes 

The Bcl-2 family of proteins are key regulators of the stress- induced apoptotic pathway 
(Bishopric et al., 2001); to determine their role in regulation of PPDE induced cardiomyocyte 
apoptosis, mRNA concentrations of prosurvival proteins Bcl-2 and Bcl-xL and proapoptotic 
protein Bax were measured in human cardiomyocytes by quantitative real-time RT-PCR 
(Fig. 4A). Compared to the no-exposure control group, Bcl-2/Bax and Bcl-xL/Bax ratios 
dropped significantly following 4 h of PPDE treatment (Fig. 4B; P < 0.05 vs. control). 
Western  blotting analysis for Bcl-2, Bcl-xl, and Bax protein expression in the same 
experimental conditions obtained similar results (Fig. 6A). These data indicated that PPDE 
treatment decreased Bcl-2/Bax and Bcl-xL/Bax ratios, resulting in increase Bax expression 
in human cardiomyocytes. 
Transcription factor GATA-4 has been identified as a specific myocardial survival factor 
which induces transcription and expression of Bcl-2 and which is associated with cell 
survival (Ancey et al., 2002; Kitta et al., 2003; Aries et al., 2004; Suzuki and Evans, 2004). To 
characterize mechanisms underlying PPDE activity in human cardiomyocytes, mRNA and 
protein expression of GATA-4 were measured. For cardiomyocytes exposed to PPDE, 
GATA-4 mRNA expression decreased fivefold relative to no-exposure control cells by 
quantitative real-time RT-PCR (P < 0.05) (Fig. 5A). Western blots of nuclear GATA-4 protein 
expression in PPDE exposed human cardiomyocytes also showed lower levels than the 
control group (Fig. 5B,C), suggesting that PDE during peritonitis treatment decreases levels 
of GATA-4 gene expression in human cardiomyocytes. 

7. PPDE does not contain inflammatory mediators 

To evaluate whether PPDE was enriched in pro-apoptotic mediators, TRAEL, FasL, TNFa, 
IL-6, and IL-1 were measured by enzyme-linked immunoassay by commercial ELISA kit. 
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(a) 

 
(b) 

Fig. 4. (A) PPDE treatment upregulates Bax gene expression in cultured human 
cardiomyocytes. Human cardiomyocytes were treated with or without PPDE (25 mg/ml), 
and then total RNA was prepared following 4 h of treatment. Bcl-2, Bcl-xL, and Bax mRNA 
expression levels in cardiomyocytes were determined by quantitative real-time RT-PCR. 
(n=8) Data are expressed as the mean  SD of 8 different PPDE.* P<0.01 versus control. 
(B)Bcl-2/Bax and Bcl-xL/Bax ratio of experiment (A). Data are expressed as mean  SD of 8 

different PPDE. * P<0.01 versus control. : no treatment, medium only ; : no treatment 

PBS only ; : medium + stable PDE without peritonitis(SPDE) ( treated with medium 
and peritonitis peritoneal dialysate effluent (PPDE). 
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Cultured supernatant from peripheral blood mononuclear cells stimulated with 
lippolysaccharide was used as positive control; TRAEL, FasL, TNFa, and IL-1 were 
undetectable in 25 mg/ml PPDE (data not shown). The lower limit of sensitivity was 0.70 
pg/ml. 
 

 

Fig. 5. Effects of PPDE on expression of cardiac GATA-4 mRNA and protein. Cultured 
human cardiomyocytes were treated with or without PPDE (25 mg/ml), and then protein 
extracts and total RNA were prepared following 4 h of treatment. A: GATA-4 mRNA 
expression levels in cultured human cardiomyocytes as determined by quantitative real-
time RT-PCR. B: Western blot showing GATA-4 protein levels. C: GATA-4 protein levels in 
cultured human cardiomyocytes, ascertained by densitometry. Data are expressed as mean 

 SD of 8 different PPDE. * P<0.01 versus control. 

8. Role of ERK pathway in PPDE induced cardiotoxicity 

We next examined possible signaling mechanisms regulating PPDE-induced cardiomyocyte 
apoptosis. The GATA-4 molecule contains putative ERK phosphorylation sites, and recent 
studies have shown that some survival factors (Morimoto et al., 2000; Kitta et al., 2001, 2003) 
induce activity of GATA-4 via MEK/ERK-dependent phosphorylation. Therefore, we 
explored activity of MEK/ERK signaling pathways in PPDE treated cardiomyocytes. Figure 
6 shows ERK phosphorylation significantly reduced in cells exposed to PPDE peritonitis, 
suggesting that PPDE inhibits the ERK signaling pathway, consistent with the idea that the 
ERK pathway is crucial for GATA-4 activity and cardiomyocyte survival. 
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Fig. 6. PPDE treatment reduces ERK phosyhorylation, GATA4, Bcl-2, Bcl-xL expression and 

enhances Bax expression in cultured human cardiomyocytes. Cardiomyocytes were treated 

with medium only, PBS only, SPDE (25 mg/ml) for 2 and 4 hours and PPDE (25 mg/ml) for 

2 and 4 hours. Cell lysates were separated by SDS-PAGE and specific monoclonal antibodies 

were used to detect phosphorylated and total ERK, and Bax, Bcl-2, Bcl-xL, GATA4 

expression. Representative blots from 8 separate experiments were shown. Quantitative 

densitometry expressed as phosphorylated protein relative to total protein. Data are 

expressed as the mean  SD of 8 different PPDE .* P<0.01 versus control. Medium only, PBS 

only and SPDE (25 mg/ml) in medium were used as negative controls. 

9. PPDE induces MMP-9 expression in cultured human cardiomyocytes 

Expression of MMP-9 protein was noted, accompanied by enhanced MyD88, IRAK1 and 

NF-kB phosphorylation in cultured human cardiomyocytes treated by PPDE.(Fig. 7). We 

also found MMP-9 co-localized with macrophages and myofibroblasts in autopy specimens 

of cardiac tissue from patients with end-stage renal disease by immunostaining using 

confocal microscopic imaging. (Fig. 8) 
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Fig. 7. Effects of PPDE (25 mg/ml) on the expression of MyD88, IRAK-1, MMP-9 protein and 
NFκB phosphorylation. Cultured human cardiomyocytes were treated with medium only, 
medium + SPDE (25 mg/ml) and medium + PPDE (25 mg/ml), and then protein extracted 
for western blot analysis. Data are expressed as the mean±SD of 8 different PPDE. *P<0.01 
versus control. 

10. PPDE induces MMP-9 expression via MyD88/IRAK1/p65 signal pathway 

To determine whether MyD88-dependent signaling pathway in cultured human 
cardiomyocytes will be modulate by PPDE, we studied MyD88 protein expression in 
cultured human cardiomyocytes after treated with PPDE. The result showed cultured 
human cardiomyocytes express MyD88 after PPDE treatment (Fig. 9). To further study 
MyD88-dependent signaling pathway in cultured human cardiomyocytes after treated with 
PPDE, we compared the difference of cytoplasm IRAK1-1 expression with and without 
PPDE treatment in cultured human cardiomyocytes. PPDE enhanced cytoplasmic IRAK1 
expression when compared to the SPDE and medium only (Fig. 10). 
NF-κB is an important transcription factor to induce chronic inflammation in myocarditis; 
and contains a transactivation domain which is involved in the MyD88-dependent pathway 
that produces many pro-inflammatory cytokines. Increased nuclear NF-κB/p65 expression 
with PPDE treatment in cultured human cardiomyocytes was observed (Fig. 11). 
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Fig. 8. MMP-9 co-localized with cardiomyocytes in cardiac tissue of patient with uremic 
cardiomyopathy. Double labeling of cardiomyocytes with CAPON(green), MMP-9(red) and 
nuclei(blue).  
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Fig. 9. Cultured human cardiomyocytes express MyD88 after PPDE (25 mg/ml) stimulation. 
Representative western blot results of 8 different PPDE were shown. 

 

Fig. 10. Increased cytoplasm interleukin receptor-associated kinase-1 (IRAK-1) expression in 
cultured human cardiomyocytes after PPDE (25 mg/ml) stimulation. Representative 
western blot results of 8 different PPDE were shown. 
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Fig. 11. Cultured human cardiomyocytes were stimulated with PPDE (25 mg/ml) for shown 
and expression of nuclear NF-κB/p65 was detected by western blot. Increased expression of 
nuclear NF-κB/p65 was noted. Representative western blot results of 8 different PPDE were 
shown. 

11. Conclusion 

Our study demonstrated that PPDE contains potent pro-apoptotic factors and causes an 

imbalance between proapoptotic and prosurvival pathways, inducing apoptosis in human 

cardiomyocytes. This study revealed a possible mechanism of PD-related, peritonitis-

induced cardiotoxicity. These novel findings constitute the first direct evidence linking PD 

peritonitis and cardiomyocyte apoptosis. Cardiovascular events are the major cause of death 

in PD patients with peritonitis. Our findings demonstrated the central role of apoptosis in 

PD peritonitis-associated cardiovascular events, and provided an explanation for the high 

incidents of cardiovascular events in PD-related peritonitis. 

Cardiomyocyte death is important in the pathogenesis of cardiac disease in end-stage renal 

disease (Parfrey and Foley, 1999). Cardiomyocyte death induces LV compensatory LV 

hypertrophy, and eventually leading to dilatation with systolic dysfunction. LV 

hypertrophy appears to be an important, independent, determinant of survival in patients 

with end stage renal diseases (Silberberg et al., 1989). Our study yields direct cellular 

evidence of PPDE from PD patients as cardiotoxic. In end-stage renal disease, 

cardiomyocyte death may be caused by continual LV overload, decreased large and small 

coronary vessel perfusion, hyperparathyroidism, and malnutrition (Parfrey and Foley, 

1999). Our data provide another possible cause of cardiac cell death in patients undergoing 

PD. 
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Previous studies suggested that the elevated plasma concentration of MMP-9 were likely 
due to an enhanced release from the infarcted myocardium (Inokubo, Y., et al., 2001; 
Rosemberg, G.A. et al., 1996). Furthermore, it is well documented that both neutrophil and 
MMP-9 have a synergistic effect in inflammatory injury (Steinberg, J. et al., 2001). In our 
previous studies, we also found MMP-9 co-localized with macrophages and myofibroblasts 
in human myocardial infarcted tissue. In the present study we demonstrated MMP-9 co-
localized in human uremic myocardium. These results suggest both macrophage from post 
myocardial infarction to heart failure and activated cardiomyocytes can express MMP-9 
protein. The increase of MMP-9 activity and levels not only can be used as the marker of 
post myocardial infarction, but also involved the pathogenesis of cardiac remodeling. Our 
results provided some new information in terms of diagnostic and therapeutic implications 
in a special group of patients with uremic cardiomyopathy in PD patients. 
In conclusion, we demonstrated for the first time that PPDE contains potent pro-apoptotic 
factors that regulate expression of GATA-4 and Bcl-2 families, inducing cultured 
cardiomyocyte apoptosis. MMP-9 expression provided some new information of cardiac 
remodeling. Findings illustrate a pivotal role of apoptosis and cardiac remodeling in PD 
peritonitis-associated cardiovascular events, explain high cardiac mortality in PD-related 
peritonitis, and pinpoint apoptotic events as a marker and potential therapeutic target for 
PD peritonitis-induced cardiotoxicity. 
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