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 Abstract 
  Background/Aim:  In chronic kidney disease (CKD), kidneys fail to maintain phosphorus ho-
meostasis in serum. Elevated phosphorus levels in serum have been associated with cardio-
vascular diseases in CKD patients and in normal individuals. In this study, we evaluated the 
level of autophagy- and apoptosis-related markers under different concentrations of hyper-
phosphate in myocardial cells.  Methods:  Modulation inflicted on the levels of various surviv-
al-, autophagy-, and apoptosis-related markers were determined by Western blotting analysis 
using total protein extract. FITC-annexin V staining was performed to quantify the apoptotic 
cells in all groups.  Results:  Hyperphosphate treatments showed to induce autophagy-related 
proteins beclin-1, ATG7, and LC3 II through the pAMPK-ULK1 pathway in Western blotting 
analysis. Further, apoptosis-associated proteins such as Bax, Bid, cytochrome  c , and c-cas-
pase-9 were also upregulated with hyperphosphate treatment. 3-Methyladenine, an autoph-
agy inhibitor, inhibited apoptosis significantly in FITC-annexin V staining, and the inhibition 
of Bax, cytochrome  c , and c-caspase-3 was shown by Western blotting.  Conclusion:  The results 
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suggest that hyperphosphate in H9c2 cardiomyoblasts would lead to cellular apoptosis via 
autophagy, which is mediated by the pAMPK signaling pathway. Our findings revealed the 
possible mechanism responsible for the heart damage under hyperphosphatemia. 

 © 2017 S. Karger AG, Basel 

 Introduction 

 Phosphorus is the second most plentiful mineral present in the form of phosphate in all 
tissues and is essential for many functions in the human body. Approximately 80–85% of 
phosphate is present in the skeleton, 10–15% in soft tissues, and only <1% of phosphate 
circulates in the serum of a healthy adult  [1] . Although the required phosphate level is about 
580 mg/day, some individuals’ daily phosphorus intake exceeds the upper tolerable limit 
(4,000 mg/day)  [2] . Excessive consumption of phosphate disrupts the phosphate homeo-
stasis maintained by kidneys in our body. Subsequently, serum phosphorus level increases 
significantly, which leads to pathological conditions. 

  The functions of the heart and kidneys are physiologically interconnected. Dysfunction 
of one of these organs concurrently affects the function of other  [3] . The coexistence of cardiac 
and renal dysfunction is termed as cardiorenal syndrome which accounts for significant 
morbidity and mortality  [4] . In patients with chronic kidney disease (CKD), serum phos-
phorus levels increase, even when the intake of phosphate is normal. Clinical and epidemio-
logical studies have proven the association between hyperphosphate level and vascular calci-
fications (especially in coronary artery disease and arterial stiffening) and ultimately in the 
pathogenesis of “uremic” cardiovascular disease (CVD)  [5] .

  Elevated phosphate in serum leads to CVD-related mortality. The relationship between 
hyperphosphatemia and cardiovascular mortality has been reported not only among CKD 
patients but also among normal individuals  [6] . In cell culture, vascular smooth muscle cells 
and vascular pericytes have been shown to produce bone-forming transcription factors under 
hyperphosphate condition  [7] . Moreover, high-phosphate diet-fed animals showed myocar-
dial hypertrophy and cardiac fibrosis  [8] . Elevated phosphate level in serum is a key risk 
factor for CVD and vascular calcification in CKD patients  [9] .

  Autophagy is an evolutionarily conserved catabolic process by which damaged and 
disproportionate cellular components are transported to lysosomes and degraded. Autophagy 
occurs in response to various stimuli, such as nutrient inadequacy and chemical, physio-
logical, and pathological stress  [10] . 3-Methyladenine (3-MA), a class III PI3K inhibitor, is 
widely used to inhibit autophagy  [11] . Autophagy has been reported to be associated with 
hypertrophy and apoptosis. Malfunction of autophagy under normal or pathological condi-
tions would lead to heart failure via pathological cardiac hypertrophy  [12] . The mechanism 
leading to myocyte hypertrophy and apoptosis is less known and thus attracts researchers’ 
attention. Autophagy and apoptosis may be activated via common upstream signals, and 
under diseased conditions, autophagy and apoptosis may combine  [13] . 

  Apoptosis is a tightly regulated and highly organized process, which occurs in multicel-
lular organisms. Apoptosis is mainly activated by a mitochondrion-mediated intrinsic 
pathway (Bax, Bad, Bid, cytochrome [Cyt]  c ) and a receptor-mediated extrinsic pathway 
(FasL/FasR)  [14] . Inadequate or extreme level of apoptosis would lead to pathological con-
ditions like cancer, Alzheimer disease, ischemia, etc. Recently, hyperphosphate-mediated 
cellular apoptosis has been reported in human umbilical vein endothelial cells  [15]  and in 
CKD patients  [16] . However, the molecular pathway mediating apoptosis in cardiomyoblasts 
is still elusive. The purpose of the study is to decipher the molecular mechanism behind the 
hyperphosphate-mediated cardiac complications.
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  Materials and Methods 

 Myocardial Cell Culture 
 Cardiomyoblast cells (H9c2 cells were purchased from BCRC, Taipei, Taiwan, ROC) were cultured in 

Dulbecco’s modified Eagle’s medium supplemented with 10% Cosmic Calf Serum (Sigma), 3.7 g/L sodium 
bicarbonate, 3.5 g/L  D -glucose, and antibiotics (100 μg/mL penicillin, 100 μg/mL streptomycin) in 5% CO 2  
and 85% humidity incubator at 37   °   C. 

  Treatment 
 For treatment, H9c2 cells were incubated with different concentrations of NaH 2 PO 4  (1.4, 1.6, and 1.8 

m M ) for 24 h. For inhibitor treatment, 60% confluent cells were grown in serum-free medium for 12 h and 
then treated with inhibitor (3-MA 100 μ M ) for 1 h prior to PO 4  treatment.

  Western Blotting 
 Crude proteins of cultured myocardial (H9c2) cells were isolated using lysis buffer (Roche Molecular 

Biochemicals, Indianapolis, Ind., USA). The protein concentration in the supernatant was determined by the 
colorimetric assay (Bio-Rad, Hercules, CA, USA). Samples containing 50 μg of protein were analyzed by 
Western blot. Protein samples for the Western blotting assay were separated by 12% SDS polyacrylamide 
gel electrophoresis with a 100 constant voltage of 75 V for 120 min. The proteins were then transferred to 
Hybond-C membranes (GE Healthcare UK Ltd., Little Chalfont, UK) at 50 V for 3 h. Hybond-C membranes with 
protein were incubated in 3% bovine serum albumin in tricine buffer 105 solution. To investigate autophagy 
and apoptosis, primary antibodies, p-Akt (sc-7985, Santa Cruz Biotechnology Inc., USA.), p-mTOR (#2971, 
Cell Signaling, Danvers, MA, USA), pAMPK 110 (AMP-activated protein kinase) (#2535, Cell Signaling), ULK1 
(#4773, Cell Signaling), p62 (#5114, Cell Signaling), beclin-1 (#3738, Cell Signaling), ATG5 (#12994, Cell 
Signaling), LC3B I/II (#2775, Cell Signaling), Cyt  c  (sc-13560, Santa Cruz Biotechnology), caspase-3 (sc-7148, 
Santa Cruz Biotechnology), Bax (sc-526, Santa Cruz Biotechnology), and Bcl2 (sc-7382, Santa Cruz Biotech-
nology) and their respective secondary antibodies were purchased. β-Actin (Lab Vision Corporation, Fremont, 
Calif., USA) was used as loading control.

  Immunofluorescence Staining  
 After treatment, cells were washed with 1× PBS thrice. Cells were fixed with 4% formaldehyde for 15 

min at room temperature. Then, formaldehyde was removed, and cells were washed with PBS thrice. Perme-
abilization solution (0.1% sodium citrate in 0.1% triton X 100) was added for 2 min. After washing in PBS, 
cells were blocked using 5% goat serum for 1 h. Cells were washed with PBS, and the primary antibody (LC3B 
in 1% goat serum) was added. Cells were incubated along with antibody for 24 h at 4   °   C. After PBS washes, 
secondary fluorescent antibody (red) was added for 1 h. Then, cells were washed with PBS thrice; DAPI was 
added to the cells and incubated for 15 min. Cells were visualized under fluorescence microscope.

  qRT-PCR for Bcl2 mRNA Expression 
 RNA was extracted from control and hyperphosphate-treated H9c2 cells using Quick-RNA miniprep kit 

(Zymo Research, USA) as per manufacturer’s instructions. Extracted RNA was converted to cDNA using Mir-X 
first strand synthesis kit from Clontech, USA. qRT-PCR was performed using cDNA with a specific primer for 
Bcl2 (Bcl2 F: 5 ′ GCTACCGTCGTGACTTCGC3 ′ ; Bcl2 R: 5 ′ GCTACCGTCGTGACTTCGC3 ′ ).

  FITC-Annexin V Staining for Apoptosis 
 FITC-Annexin V Apoptosis Detection kit 1 was purchased from BD Biosciences, USA. In brief, after 24 h 

of hyperphosphate treatment, cells were collected and washed twice with cold PBS. 1 × 10 6  cells were resus-
pended in 100 mL 1× binding buffer. Subsequently, 100 μL of cell suspension was transferred to a 5-mL 
culture tube, and 5 μL of annexin V and 5 μL of propidium iodide were added. Then, cells were gently vortexed 
and incubated for 15 min at room temperature in the dark. 1× binding buffer (400 μL) was added to each 
tube, and the cells were analyzed by flow cytometry within 1 h. Triplicates were used for analysis.

  Statistical Analysis 
 The results of FITC were compared by Student’s  t  test for 3 samples in each group. In all cases, a 

difference at  p  value <0.05 was considered as statistically significant. 
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  Results 

 Hyperphosphate Induces pAMPK-ULK1 Signaling Pathway in H9c2 Cardiomyoblasts 
 Total proteins extracted from phosphate-treated H9c2 cells (0, 1.4, 1.6, and 1.8 m M  

concentrations of NaH 2 PO 4 /24 h) were analyzed to understand the cellular pathway. The 
expression of pAMPK was increased (1.65-fold) as the concentration of phosphate increased. 
The expression of ULK1 was upregulated (4.1-fold), whereas the expression of p-mTOR was 
decreased (0.67-fold). These results suggest that the expression of ULK1 was mediated by 
pAMPK not by p-mTOR ( Fig. 1 a). This suggests that ULK1 (ATG1) is known to mediate 
autophagy.

  Hyperphosphate Inhibits Bcl2 and Enhances Beclin-1 and ATG7 in H9c2 Cardiomyoblasts 
to Elevate Autophagy 
 The expression of survival markers like Akt and pAkt was analyzed. Up to 1.6 m M  phos-

phate, active Akt was increased (3.2-fold), whereas at 1.8 m M  concentration, the expression 
was reduced (0.6-fold) ( Fig. 1 b). The activation of autophagy-related proteins such as beclin-1, 
autophagy protein 7 (ATG7), and LC3 II was increased significantly as the concentration of 
phosphate increased to 1.8 m M,  while the expression of Bcl2, a negative regulator of autophagy, 
was reduced (0.59-fold) at elevated phosphate levels; Bcl2 mRNA expression is also consistent 
with protein expression level ( Fig. 2 a, b). These results indicate that hyperphosphate leads to 
autophagy in cardiomyocytes. Immunofluorescent staining also confirmed the formation of 
autophagosome ( fig. 2 c).
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  Fig. 1.  Effect of NaH 2 PO 4  on au-
tophagy-inducing proteins. 
 a  Representative Western blots 
showing the levels of pAMPK, 
mTOR, and ULK1 in H9c2 cardio-
myoblasts.  b  Expression levels of 
Akt and phosphorylated Akt lev-
els in H9c2 cardiomyoblasts ad-
ministered with NaH 2 PO 4 . Quan-
tification was done using Image J, 
fold difference is given below the 
blots. 
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  Cellular Apoptosis Induced by Hyperphosphate in H9c2 Cardiomyoblasts 
 The effect of autophagy on apoptosis was determined using apoptosis-related markers. 

The upregulation of mitochondrion-mediated, proapoptotic proteins like Bid and Bax was 
observed, and ultimately Cyt  c  release (3.07-fold increase) from mitochondria was also observed 
on hyperphosphate-treated H9c2 cells. Upregulation of cleaved caspase-9 was observed in 
high-phosphate-treated cells. In contrast, the expression of pBad ser136 , an antiapoptotic protein 
was reduced ( Fig. 3 ). H9c2 cells under elevated phosphate showed cellular apoptosis.

  Inhibition of Apoptosis by Autophagy Inhibitor  
 The effect of autophagy on apoptosis at elevated phosphate levels was investigated. H9c2 

cells were pretreated with 100 μ M  of 3-MA, an autophagy-specific inhibitor. Autophagy-
related proteins like ATG7 and LC3 II and apoptosis-related proteins like Bax, Cyt  c , and 
c-caspase-3 were inhibited significantly ( fig. 4 ). This shows that apoptosis under hyperphos-
phate levels in H9c2 cardiomyocytes was elicited through autophagy.
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  Fig. 2.  NaH 2 PO 4  upregulates autophagy markers.  a  Representative Western blots showing the levels of be-
clin-1, Bcl2, ATG7, LC3B, in H9c2 cardiomyoblasts administered with NaH 2 PO 4 . Quantification was done 
using Image J, fold difference is given below the blots.  b  Bcl2 mRNA expression levels.  *   p  < 0.005 denotes 
significant difference from control.  c  Immunofluorescent staining showing autophagosome formation in hy-
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  FITC-Annexin V Staining for Apoptosis 
 FITC-annexin V was used to quantify the apoptotic cells after 3-MA pretreatment and 

hyperphosphate treatment. The number of apoptotic cells increased as the concentration of 
phosphate increased. Autophagy inhibitor-pretreated cells showed a significant reduction in 
apoptosis ( Fig. 5 ). The reduction of apoptosis in autophagy inhibitor-treated cells confirms 
the relationship between autophagy and apoptosis. 

NaH2PO4 (mM)

Bid

c-Cas 9

Bax

pBadser136

Cyt c

25 kDa

15 kDa

17 kDa

43 kDa

23 kDa

22 kDa

0 1.4 1.6 1.8

1 1.88 2.2 2.9

1 1.1 1.37 1.53

1 0.88 0.63 0.50

1 1.49 1.91 3.07

1 1.3 2.65 3.33

  Fig. 3.  NaH 2 PO 4  upregulates 
apoptosis markers. Western blots 
showing the levels of Bid, Bax, 
pBad ser136 , Cyt  c , and c-caspase-9 
(c-Cas 9) in H9c2 cardiomyo-
blasts administered with NaH 2 -
PO 4 . Quantification was done us-
ing Image J, fold difference is giv-
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  Discussion 

 AMPK is one of the central regulators of the cellular and organismal metabolism, which 
regulates several transcriptional factors. Moreover, autophagy is promoted by AMPK to 
maintain energy homeostasis. In the present study, treatment with elevated phosphate has 
shown to upregulate pAMPK and ULK1, whereas p-mTOR has shown to downregulate them 
( Fig. 1 ). Under nutrient-deprived condition, ULK1 (an analogue of yeast ATG1) is known to 
be directly activated by AMPK in vitro, whereas when nutrient is abundant, mTORC1 acti-
vates ULK1  [17] . Inactivation of TORC1 by rapamycin has been reported to stimulate 
autophagy in the presence of nutrients, suggesting that TOR downregulates autophagy  [18] . 
Elevated phosphate inhibited the expression of p-mTOR in cultured human endothelial cells 
 [19] . 
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  Our results are consistent with earlier findings that the expression of pAMPK could 
trigger autophagy by activating ULK1 in myocardial cells under hyperphosphate condition. 
Further, increased expression of beclin-1 could possibly initiate autophagy, while Bcl2, a 
negative regulator of beclin-1, has shown to be reduced both at the mRNA and the protein 
level ( Fig. 2 a, b). Bcl2 binds to beclin-1, preventing the assembly of the preautophagosomal 
structure, which results in the inhibition of autophagy. As the expression level of Bcl2 was 
decreased, autophagy could continue through the activation of beclin-1; subsequently, ATG7 
and LC3 II have also been shown to increase at hyperphosphate levels. Wong et al.  [20]  
reported that the expression of ATG7 is an important mediator of autophagosome formation. 
Further, cytosolic LC3 I undergoes proteolytic cleavage and LC3 II is formed. Excessive or 
insufficient level of autophagy has been reported to stimulate pathological cardiac hyper-
trophy, which leads to heart failure. Hyperphosphate has been reported to induce cellular 
hypertrophy via ERK signaling pathway in cardiomyoblasts  [21] . In human microvascular 
endothelial cells, hyperphosphate has been found to induce protective autophagy  [19] .

  The Bcl2 protein family regulates cellular apoptosis, which is essential for growth and 
development. A very low level of apoptosis leads to cancer, and excessive apoptosis leads to 
ischemic conditions  [22] . The Bcl2 protein family consists of both prosurvival (Bcl2) proteins 
which block the release of Cyt  c  from mitochondria and proapoptotic (Bax, Bak) proteins 
which stimulate the release of Cyt  c . Bad promotes an apoptotic cascade by binding to and 
inhibiting the actions of Bcl-X L  and Bcl2. While the phosphorylated Bad (Ser136) pBad ser136  
binds with 14-3-3 and reduces the attachment of Bad to Bcl-X L  and Bcl2, pBad ser136  acts as an 
antiapoptotic protein  [23] . In the present study, the activation of proapoptotic proteins like 

  Fig. 6.  Schematic representation 
of the mechanism of hyperphos-
phate-induced autophagy and cel-
lular apoptosis. 
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Bid, Bax, Cyt  c , and caspase-9 was observed; simultaneously, downregulation of antiapoptotic 
proteins like pBad ser136  and Bcl2 was also observed. This result suggests that hyperphosphate 
in cardiomyocytes triggers excessive apoptosis. In CKD patients, hyperphosphatemia was 
reported to initiate myocardial damage possibly via apoptosis  [16] ; interestingly, also in the 
present study, we proved that hyperphosphate induced apoptosis in H9c2 cells, which might 
lead to cardiac complications. Furthermore, the autophagy inhibitor (3-MA) showed to inhibit 
apoptosis significantly, which suggests that the cellular apoptosis is autophagy dependent. 
However, in endothelial cells, inhibition of autophagy has been shown to induce cellular 
apoptosis under hyperphosphate conditions  [19] . Under pathological conditions, apoptosis 
and autophagy could occur together. H 2 O 2  is known to induce oxidative stress, which induces 
apoptosis through autophagy  [24] . Together, our findings elucidate that hyperphosphate 
triggers autophagy, which leads to apoptosis in H9c2 cells ( Fig. 6 ). 

  Conclusion 

 The co-occurrence of cardiac apoptosis and autophagy was found in elevated phosphate 
conditions. Hyperphosphate-mediated autophagy was found to be facilitated by the AMPK 
pathway. Inhibition of excessive autophagy could prevent cardiac apoptosis in CKD and 
dialysis patients. Further understanding of autophagy and apoptosis would help in the 
treatment of “uremic” CVD. 
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