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Abstract

Recently, we developed a simulated ischemia-reperfusion (SIR) model using H9c2 cardiac myoblast 

cell line. Unlike traditional oxygen-glucose deprivation (OGD) models in which serum was also 

excluded during simulated ischemia (SI), we simulated ischemic condition by hypoxia combined with 

lactic acidosis and included dialyzed fetal bovine serum (diFBS). In this model, we confirmed simulated 

reperfusion (SR)-induced necrotic cell death, which had not been observed in former OGD models. On 

the other hand, it has been reported that ischemia/reperfusion (I/R)-induced injury was associated with 

labile iron-dependent Fenton reaction. However, whether labile iron pool (LIP) is changed during

ischemia or reperfusion, is controversial. Therefore, we attempted to monitor the changes in LIP during 

SIR and investigate the association with SR-induced necrotic cell death using the newly developed SIR 

model. After SI for 24 hours, cells were incubated in a normal culture medium for 17 hours for SR. We 

measured lactate dehydrogenase (LDH) release to estimate the necrotic cell death during SIR. And 

found that LDH release was rapidly increased in the early phase of SR. Meanwhile, LIP was measured 

with the calcein-acetoxymethyl ester (AM) (a fluorescent iron chelator). In results, total LIP was 

significantly increased during SI. The increased LIP included a significant level of Fe3+, which was 

practically undetectable in normal cells. We observed that the Fe2+ was further oxidized to Fe3+ for 1 

hour of SR. The total LIP level was not changed while the Fe2+ was lowered and Fe3+ was increased. 

These changes implied Fenton reaction which might be associated with lipid peroxidation. To observe 

lipid peroxidation, we used BODIPY C11 (a lipid peroxidation probe) during SR, and found that lipid 

peroxidation occurred in early phase of SR. In the next step, we investigated which iron sources 

contribute to the increase of LIP during SI. It is well known that most intracellular iron is present as 

ferritin (an iron storage protein) form or heme protein form. We investigated whether bafilomycin A1

(Baf A1, a V-ATPase inhibitor) could inhibit the increase of LIP, possibly via inhibition of autophagy-

mediated ferritin degradation during SI. Baf A1 partially suppressed the increase of LIP during SI and 

decreased SR-induced damages. We also examined whether zinc protoporphyrin (ZnPP, a heme 
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oxygenase-1 inhibitor) could inhibit the increase of LIP, possibly via inhibition of HO-1-mediated heme 

degradation during SI. ZnPP decreased elevation of LIP and decreased SR-induced damages. In 

summary, we developed the SIR model and investigated the changes in LIP during SIR. We found that 

the LIP was increased during SI, a significant portion of which was oxidized to Fe3+ in the early phase 

of SR. It was also shown that these changes in LIP were accompanied by lipid peroxidation and cell 

death.
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Introduction

Reperfusion-induced cell death after myocardial ischemia, which is dependent on the duration of 

ischemia and residual blood flow (1-3). Oxygen-derived free radicals are produced in the early stage of

reperfusion (4). However, it is unclear which mechanisms contribute to reperfusion-induced generation 

of lethal oxygen radicals. The traditional in vitro research on mechanism of ischemia/reperfusion (I/R)

injury was used oxygen-glucose deprivation (OGD) model with serum-free condition (Table 1). 

However, the OGD model did not reflect reperfusion injuries such as reperfusion-induced reactive 

oxygen species (ROS) generation and accelerated lactate dehydrogenase (LDH) release (3, 5). For these 

reasons, we have developed in vitro model for simulated ischemia-reperfusion (SIR). In ischemia 

conditions, cells were exposed to hypoxia and produced adenosine triphosphate (ATP) and lactic acid 

via anaerobic metabolism (3, 6, 7). Moreover, we have reported that serum deprivation did not show 

simulated reperfusion (SR)-induced cell damages (8). We used dialyzed fetal bovine serum (diFBS) to 

control pH, glucose concentration during simulated ischemia (SI) (8). Because glucose deprivation per 

se induced severe cell death, the medium for SI was supplemented with 1 g/L of glucose. In this model, 

we found SR-induced necrotic cell death.

Iron is an essential micronutrient that has a wide range of redox potential (9). It makes iron an

indispensable factor for numerous biological processes such as oxygen transport and storage, 

metabolism of proteins, and synthesis of genetic materials (10, 11). Because of these characteristics of 

iron, all aerobic organisms are exposed to the risk of ROS which is generated as a byproduct of cellular 

metabolism (12). Most of the iron in living cells is presented as tightly bound forms of metalloprotein 

such as hemoglobin or myoglobin (13), or storage forms in ferritin or non-heme iron (11). In addition, 

a chelatable labile iron pool (LIP) is the main source of synthesis for iron-bound proteins. Moreover, 

LIP is presented as non-protein bound forms, which is only a minor fraction of total iron (14, 15). In 

the biologic system, cells produce hydrogen peroxide and superoxide which are able to convert to a 
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lethal hydroxyl radical (12, 16). In this reaction system, Fe3+ is reduced to Fe2+ by superoxide, which is

called the Haber-Weiss reaction (17). Reactive hydroxyl radicals can be generated from the reaction of 

hydrogen peroxide with Fe2+ (16), which is called Fenton reaction. Fenton reaction-mediated hydroxyl 

radicals can induce lipid peroxidation on poly unsaturated fatty acid of lipid membrane (18-20).

Fang. et al. have reported that ischemia/reperfusion (I/R)-induced injury is related to free iron. Another 

report suggested involvement of ferroptosis, which is iron-dependent cell death accompanied by lipid 

peroxidation by Fenton reaction (19). Iron-loaded hearts were more susceptible to damage by

reperfusion, even with anoxia (21). Some studies have suggested that chelatable and catalytic iron

content is increased in ischemic heart (22) or lung (23) homogenates of the rat. It was reported that LIP 

was increased in 2 hours after cardiac ischemia in dogs (24). For these reasons, deferoxamine (DFO, an 

iron chelator) was used in the clinical study of cardiac I/R injury (25). However, DFO treatment 

inhibited only oxidative stress by redox-active iron without reducing infarct size (25). These authors 

assumed that DFO might not achieve sufficient concentration in the ischemic myocardium. In addition, 

Baliga. et al. have reported that elevation of LIP shown after 1 hour of reperfusion of kidney but not 

during ischemia condition (26). DFO might not be sufficiently inhibit injury by reperfusion. In other 

words, the changes in LIP remain unclear during I/R. In these reports, tissue homogenates may not 

reflect the intracellular environment condition during ischemia. For these reasons, it is hard to 

investigate iron homeostasis using tissue homogenate samples alone. Based on these studies, we tried 

to monitor changes in LIP during SIR using the recently developed fluorescence iron chelator method. 

We investigated these changes related to SR-induced damages and which iron sources contribute to 

these changes.
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Materials and methods

Materials

The H9c2 cell line was purchased from American Type Culture Collection (ATCC; Rockville, MD). 

Fetal bovine serum (FBS) and penicillin/streptomycin were purchased from Gibco (Grand Island, NY, 

USA). Low glucose Dulbecco’s Modified Eagle’s Medium (DMEM; Catalog number 30021.01) was 

purchased from Hyclone (Logan, UT, USA). Snakeskin dialysis tubing (Catalog number 68100), Pierce 

BCA protein assay kit (Catalog number 23225), calcein-acetoxymethyl ester (AM) (Catalog number 

C3100MP), BODIPY 591/581 C11 (Catalog number D3861) were purchased from Thermo Scientific 

(Waltham, MA, USA). Pyridoxal isonicotinoyl hydrazone (PIH; catalog number 737-86-0) was 

purchased from Sigma Aldrich (Merck Millipore, Darmstadt, Germany). Ferritin ELISA kit (Catalog 

number LS-F7729) was purchased from Lifespan BIoSciences (Seattle, WA, USA). DMEM (Catalog 

number D5030) was used during SI. Deferoxamine (DFO), ferrostatin-1 (Fer-1), necrostatin-1 (Nec-1), 

bafilomycin A1 (Baf A1), 2,2’-bipyridyl (BIP), and zinc protoporphyrin (ZnPP) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Other materials were purchased from Sigma-Aldrich (St. Louis, 

MO, USA).

Cell culture and treatment

The cell line H9c2 was derived from rat embryonic cardiac myoblasts and immortalized. Cells were 

cultured in DMEM supplemented with 10% FBS. Cells were grown under an atmosphere of 5% CO2 at 

37︒C. The culture medium was replaced with fresh DMEM every 2 days. The cultures were passed 

after 80% of confluences. Cells were rinsed with phosphate-buffered saline (PBS) solution and the cells 

exposed to trypsin and EDTA solution. The cell suspension was centrifuged at 380 x g force for 5 

minutes. Pellets were re-suspended with DMEM containing 10% FBS. The cell suspension inoculated 

into a new 75 mm2 culture flask for maintaining in the concentration of 3 x 105 cells/ml, a 35 mm dish 

for assessment of LDH release in SIR in the concentration of 4 x 105 cells/ml. The concentration of Baf 



４

A1, DFO was described in the previous study (8). The concentration of ZnPP was described in the 

previous study (27, 28).

FBS dialysis

FBS dialysis protocol was followed in the previous study (8). FBS was filled into a Snake Skin 

dialysis tube and sealed. The tube was placed in 5 L PBS and stirred at 4︒C. PBS was changed with a 

new PBS every 12 hours for 3 days.

SIR in vitro model using H9c2 cells

The in vitro model for SIR using H9c2 cells has been reported by Son. et al. (8). Every media for 

simulated ischemia (SI) study used DMEM supplemented with 1 g/L glucose, 4 mM L-glutamine, 10% 

dialyzed fetal bovine serum. For the physiological simulation of ischemic heart condition, the SI 

medium was supplemented with 2.4 mM NaHCO3 and 21.6 mM sodium lactate. The SI medium was 

pre-incubated in a hypoxia chamber (MIC-101, Billups-Rothenberg Inc.) 5% CO2, 95% N2 balanced 

gas at 37︒C at least 3 hours. The cells were exposed to a pre-incubated SI medium and incubated in a 

hypoxia chamber, an atmosphere of 5% CO2, 95% N2 balanced gas at 37︒C for 24 hours. After SI, 

cells were exposed to DMEM contained with 10% fetal bovine serum for SR. Control medium was 

supplemented with 24 mM NaHCO3 without sodium lactate and hypoxic preconditioning. In acidosis,

medium was used with non-hypoxic SI medium. Hypoxia medium was used with control medium with 

hypoxic pre-conditioning.

Measurement of LIP

LIP assay is described in the previous study (29). Cells were washed with PBS buffer twice and 

treated with 250 nM calcein-AM for 5 minutes in pre-warmed 20 mM HEPES buffered Krebs solution 

containing 1 mg/ml BSA at 37︒C, in dark. The cells were washed with pre-warmed PBS once and 

trypsinized. Cells were centrifuged 380 x g force and re-suspended with pre-warmed 20 mM HEPES 
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buffered Krebs solution containing 1 mg/ml BSA. Cells were transferred to a stirred, thermostated 

(37︒C) cuvette. A signal is monitored at excitation 495 nm, emission 515 nm. The cells were treated

with 100 µM of BIP in 50 sec and monitored 50 - 500 sec. The cells were treated with 100 µM of PIH 

in 500 sec and 800 sec. Fluorescence was monitored for 500 - 800 sec and 800 - 900 sec. PIH blank 

value was calculated with two-point values (900 sec - 800 sec). BIP value represents Fe2+ and ΔPIH 

(value of 800 - 500 sec) value represents Fe3+. The total iron was summed with Fe2+ and Fe3+ values. 

This study used relative arbitrary unit (A.U.) that represents ΔBIP; Fe2+ (500 - 50 sec) / 500 sec value 

or ΔPIH; Fe3+ (800 - 500 sec) / 800 sec

Measurement of LDH release

The sample of the medium was assessed for the activity of lactate dehydrogenase (LDH) which is 

released into the medium each hour after SI or SR as described in the previous study (8). The medium 

was collected and centrifuged at 21,000 x g forces for 5 minutes. Cell lysates were collected in PBS 

contained with 0.2% Triton X-100 and centrifuged at 21,000 x g forces for 5 minutes. The cell lysates

were diluted with PBS. The samples were added to the reaction buffer (100 mM potassium phosphate 

buffer, pH 7.4) contained with 0.18 mM NADH and 0.6 mM sodium pyruvate. NADH was measured 

by spectrophotometry at 340 nm for 100 seconds. The activity of LDH to convert 1 µmole of pyruvate 

to lactate in 1 minute was defined as 1 unit. The concentration change per minute was calculated to 

estimate LDH activity. The calculation of the unit was followed as (OD of sample – OD of cell free 

medium or blank) x -1 / (6.32 x 5 x 2 lysate dilution factor). The present study used 6.32 as the 

millimolar extinction coefficient of NADH. Blank was normalized with an average of all value of data 

obtained in the period of the study process. Percent of necrotic cell death was calculated with released 

LDH / total LDH (released LDH + lysate LDH) x 100.

Measurement of protein content
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Protein content was determined by pierce’s bicinchoninic acid (BCA) assay kit. Cell lysates were

prepared as described above. Bovine serum albumin was used to a standard curve.

Measurement of lipid peroxidation

Fluorescence change by lipid peroxidation was monitored with BODIPY 581/591 C11 dye which 

was described in the previous study (30). The cells were treated with pre-incubated DMEM 

supplemented with 10% FBS and BODIPY 3 µM for 10 minutes in a 5% CO2 incubator at dark. The 

dye was washed out with PBS twice. Cells were treated with a pre-incubated serum-free Krebs-

Henseleit (KH) buffer for monitoring. The fluorescence imaging was performed on Etaluma’s LS620 3

color fluorescence microscope.

Measurement of heme content

The heme assay method is described in the previous study (31). For determination of heme content, 

cells were cultured on a 100 mm culture dish. After SI, cells were trypsinized and centrifuged in 380 x 

g force for 5 minutes. The pellet was washed with PBS two times and the pellet was stored in a deep 

freezer. The pellet was lysed with 100 µl PBS included 0.2% Triton X-100 and centrifuged 16,000 x g 

force for 5 minutes. 30ul of Lysates were mixed with 270ul of pre-heated 2 M oxalic acid at 60︒C. 

The mixed lysates were prepared duplicate. One was heated at 95︒C for 1 hour to generate 

fluorescence of iron released PPIX. Another one was used blank. After heating, the mixture was 

transferred into a black 96 well plate. The fluorescence was assessed at Ex 405 / Em 600 on 

PerkinElmer’s multi-plate reader (Victor X3). The filters were used 405/10 for excitation wavelength 

and 579/25 for emission wavelength. Fluorescence was calculated with heated-mixture and blank. 

Quantitation was used hemin standard. Fluorescence was normalized to protein content.

Statistical Analysis

Unless specified, values are expressed as mean ± SEM. Statistical comparisons were assessed by 

unpaired Student’s t-test. P < 0.05 was defined as statistical significance.
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Results

LDH release in the newly developed SIR model

To investigate the mechanism of cardiac I/R injury, we have developed in vitro model (Table 1, Figure 

1A) (8). To examine SR-induced necrotic cell death, we assessed LDH release after simulated ischemia 

(SI) or simulated reperfusion (SR). In the simulated ischemia-reperfusion (SIR) group, SR-induced 

LDH release was evident, while the preceding SI for 24 hours did not include significant cell death.

(Figure 1B, C). LDH release was 4.19 ± 1.07 mUnit/dish during SI. In 17 hours after SR, the LDH 

release was 23.95 ± 3.32 mUnit/dish. To compare cell death rate, protein content was also measured

(Figure 1D). In the control group, protein content was 201.65 ± 16.02 µg protein/dish. In the SIR group, 

protein content was 118.71 ± 15.98 µg protein/dish. In addition, we investigated the time-course of

LDH release. SR-induced LDH release was rapidly increased for 2 hours after 1 hour of SR (Figure 1E). 

LDH release was increased from 1.99 ± 1.00 mUnit/dish to 10.45 ± 2.18 mUnit/dish for 1 hour of SR. 

In 3 hours after SR, LDH release was increased to 33.12 ± 4.74 mUnit/dish. After 3 hours of SR, there 

was no statistical difference by further LDH release. Taken together, these data suggest that the 

developed in vitro model reflects reperfusion-induced necrotic cell death, which is rapidly increased in

the early phase of SR.

SR-induced iron-dependent cell death

Fang. et al. suggested that I/R injury is related to iron-dependent cell death, which was recently named

ferroptosis (19). The authors suggested that oxidized lipid species are byproducts of ferroptosis. It has 

been reported that lipid peroxidation inhibitors (e.g. tocopherol or Fer-1, a ferroptosis inhibitor) (32)

suppress the membrane damage during ferroptosis (33). To investigate the association between SR-

induced cell death and iron-dependent cell death, we used 100 µM DFO (deferoxamine, an iron 

chelator), 1 µM Fer-1 (ferrostatin-1, a ferroptosis inhibitor) and 20 µM Nec-1 (necrostatin-1, a 

necroptosis inhibitor) during SR. DFO and Fer-1 reduced SR-induced LDH release (Figure 2A). Percent 
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of LDH release was calculated with released LDH amount of total LDH amount. LDH release was 

decreased from 39.73 ± 4.07% to 12.77 ± 2.85%. In the Fer-1 group, LDH release was 14.14 ± 0.95%. 

In the Nec-1 treatment, however, LDH release was not affected. LDH release was 50.73 ± 1.95% in the 

Nec-1 group. These data suggest that SR-induced cell death is associated with iron-dependent 

mechanism. SR-induced LDH release was 39.73 ± 4.07% in the DFO-free group during SI and SR. SR-

induced LDH release was lowered to 6.37 ± 0.83% by DFO treatment during SI, 12.77 ± 2.85% by

DFO treatment during SR, 4.17 ± 0.98% by DFO treatment during both SI and SR. there was no 

statistically significant among these three groups. We suggest that SR-induced LDH release is related 

to intracellular chelatable iron content.

Increase of Fe2+ during SI and oxidation to Fe3+ in early phase of SR

We examined changes in LIP during SIR. For this study, we used a fluorescent iron chelator. Calcein-

acetoxymethyl ester (AM) is accumulated in cells and transforms to a free form. The free form of calcein 

has fluorescence in Ex 495 / Em 515, which is quenched by binding of iron. To detect a dequenched

signal of free calcein, we used 2,2’-bipyridyl (BIP), a Fe2+-specific chelator, and pyridoxal isonicotinoyl 

hydrazone (PIH), a Fe3+-chelator. In other words, 100 µM of BIP was treated to generate the dequenched 

signal of Fe2+. 100 µM of PIH was treated. These indicated the Fe3+ level. The calculation was described 

in the methods.

We investigated whether LIP is increased in each condition. We assessed the LIP level under lactic 

acidosis or hypoxia condition for 24 hours. Lactic acidosis did not induce a significant change of LIP

(Figure 3A). Whereas, hypoxia condition significantly affected the LIP. Total LIP was increased from 

10.69 ± 2.25 to 27.09 ± 2.83. Fe3+ was increased from 0.27 ± 2.00 to 13.63 ± 3.06. However, the Fe2+ 

level was not changed under hypoxia. In the SI group, acidosis with hypoxia conditions increased the 

LIP level. Total LIP was increased from 10.69 ± 2.25 to 43.37 ± 3.54. Fe2+ was increased from 11.93 ± 

1.15 to 31.22 ± 2.55, and Fe3+ was increased from 0.27 ± 2.00 to 11.59 ± 1.95. Together, we found that 

acidosis has a synergistic effect on increase of LIP under hypoxia.
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We also assessed LIP during SR. For 1 hour of SR, the total LIP level was remained increased (Figure 

3B). Meanwhile, Fe2+ was decreased to 15.85 ± 1.35 and Fe3+ was increased to 23.19 ± 2.09, suggesting 

rapid oxidation of Fe2+ to Fe3+. For 2 hours after 1 hour of SR, the total LIP was decreased to 23.46 ± 

2.15. Meanwhile, Fe2+ was not changed, Fe3+ was decreased to 6.80 ± 2.30. After 3 hours of SR, the 

total LIP was normalized to 9.03 ± 4.72. However, Fe2+ was not recovered from 3.78 ± 2.41 and Fe3+

was not changed. These data indicated Fenton reaction via oxidation of Fe2+ for 1 hour of SR.

Lipid peroxidation and necrotic cell morphology in SR

Ferroptosis is characterized by the distinctive morphology (e.g., blebbing or rupture of cell membrane) 

and genetic regulation (e.g., RAS mediated regulation of iron homeostasis gene expression such as 

transferrin receptor, ferritin) (34, 35). Braughler. et al. have reported that the Fe2+ and Fe3+ ratio 

important to the initiates the reaction of radical-mediated lipid peroxidation of polyunsaturated fatty 

acid (PUFAs) (36). lipid peroxidation produces lethal lipid species which cause an increase of 

susceptibility to oxidative damages (37). Thus, we hypothesized that changes in LIP during SR caused 

lipid peroxidation. To examine SR-induced lipid peroxidation, The cells were directly loaded BODIPY 

C11 which is an oxidation-sensitive fluorescence lipid peroxidation probe (30). The image was obtained 

every 30 minutes in 3 hours of SR. The time-course was based on SR-induced LDH release time-course. 

The BODIPY C11 signal (red) was decreased during SR and the oxidized signal (green) was increased 

after 1 hour of SR (Figure 4A). Also, we observed blebbing of cell membrane after 60 minutes of SR 

(Figure 4B). Taken together with Figures 1E, 2, 3B and 4, we concluded that change of increased LIP

during SI is associated with SR-induced lipid peroxidation which causes iron-dependent necrotic cell 

death.

Effects of Baf A1 on LIP and SR-induced cell death

We hypothesis that inhibition of increase of LIP improves SR-induced cell death. We investigated

which iron source contributed to increase of LIP. First, we examined ferritin-mediated increase of LIP. 

Most iron is presented as heme or non-heme iron forms (38) and most non-heme iron is ferritin (iron 
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storage protein) iron. Autophagy is induced by hypoxia, which is well known (39, 40). Moreover, 

ischemic conditions or glucose deprivation induce induction of autophagy via AMP-activated protein 

kinase (41). Ferritinophagy is a type of autophagy which is NCOA4 pathway-mediated ferritin 

degradation process, which induces ferroptosis (42). For these reasons, we used Baf A1 during SI. Baf 

A1 and chloroquine are frequently used to study for autophagy or ferritinophagy (42, 43). As a result, 

Baf A1 inhibited the increase of LIP during SI (Figure 5A). In the Baf A1 group, total LIP and Fe2+ were

less increased than the SI group. Total LIP was decreased from 56.91 ± 2.14 to 46.44 ± 3.00. While Fe2+

was decreased from 50.66 ± 1.97 to 38.49 ± 4.17, Fe3+ was not changed. LDH release was partially 

decreased in 17 hours after SR in the Baf A1 group (Figure 5B). In the SI group, LDH release was 20.90 

± 3.78 mUnit/dish. In the Baf A1 group, LDH release was 14.67 ± 2.85 mUnit/dish. However, protein 

content and lysate LDH were not statistically remained more than the SI group (Figure 5C, 5D). In 

conclusion, we suggest that Baf A1 attenuates SR-induced LDH release by less increase of LIP. 

However, this effect not dominantly alleviated SR-induced damage.

Effects of ZnPP on LIP and SR-induced cell death

We investigated whether free heme and heme oxygenase-1 (HO-1) is associated with increase of LIP 

or not. It has been reported that hypoxic condition induces induction of HO-1 (31, 44). HO-1-mediated 

heme degradation produces CO, biliverdin, and Fe2+ (45). Especially in cardiac tissue, heme content is

higher than other tissues (46). For these reasons, we hypothesis that heme degradation by HO-1 causes 

elevation of LIP during SI. We examined that ZnPP (a HO-1 inhibitor) inhibits the increase of LIP and 

improves SR-induced cell death. The cells were treated with ZnPP during SI. As a result, ZnPP was 

significantly decreased the increase of LIP during SI (Figure 6A). Total LIP was considerably decreased 

from 57.83 ± 3.74 to 24.36 ± 4.12. Fe2+ was significantly decreased from 57.40 ± 4.06 to 23.76 ± 3.79.

We found ZnPP inhibited increase of LIP during SI. We found that ZnPP induced apoptotic morphologic 

cell death in 17 hours after SR (data not shown). We measured LDH release in ZnPP group after 3 hours 

of SR. LDH release was significantly decreased by ZnPP. LDH release was 12.24 ± 1.85 mUnit/dish in 
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the SI group. In ZnPP group, LDH release was 1.97 ± 0.30 mUnit/dish (Figure 6B). To compare cell 

death rate, we assessed lysate LDH content and protein content. Lysate LDH was 23.77 ± 2.28 

mUnit/dish in the SI group. Lysate LDH was 33.04 ± 1.77 mUnit/dish in the ZnPP group (Figure 6C). 

The protein content of the ZnPP group significantly less decreased (Figure 6D). Protein content was 

82.14 ± 4.29 µg protein/dish in the SI group. In the ZnPP group, protein content was 96.00 ± 5.56 µg 

protein/dish. Taken together, we suggest that ZnPP inhibits the increase of LIP during SI, which 

alleviates SR-induced cell death.

Because ZnPP inhibited increase of LIP and SR-induced necrotic cell death, we investigated HO-1-

mediated heme degradation during SI. However, heme content was not decreased during SI (Figure 7). 

In conclusion, we suggest that ZnPP alleviates SR-induced cell damages independent of heme 

degradation.
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Discussion

The iron homeostasis area recently has been reported. The detection assay was developed and a variety 

of probes were identified and commercialized. This impact becomes a breakthrough in the progression 

of cation study, specifically about intracellular transition metal ion. We found that the labile iron pool 

(LIP) was increased during SI (Figure 3). Increased Fe2+ was oxidized to Fe3+ in early phase of SR. A

time-course of SR-induced lipid peroxidation was coincided with changes in LIP (Figure 4). The SR-

induced LDH release was also coincided with these data (Figure 1E). Although there were no

statistically significant, the absolute value of LDH release was different between DFO treatment during 

SI and only SR (Figure 2B). We assumed that the difference associates with cell permeability of DFO 

and chelatable iron concentration during SI or SR, Because DFO has low cell permeability (47). We

assumed that DFO inhibited SR-induced necrotic cell death in vitro, while there is a possibility of which 

DFO could not reach sufficient enough concentration in vivo studies. 

Baf A1 was used to confirm increase of LIP via vacuolar acidification-mediated ferritin degradation, 

but it is not clear whether it contributed to the increase LIP during SI. Most intracellular iron is stored

in ferritin or be present as heme-bound form (15). We assumed that there are two possibilities of ferritin-

mediated increase of LIP. One is ferritin released iron mediates increase of LIP. It has been reported that

ferritin iron is released to the cytosol by the FMN-NADH system in hypoxia with acidosis (9). Moreover, 

NADH is accumulated in the cytosol in hypoxic conditions (48), which leads to FMN reduction to

FMNH2. After, FMNH2 induces the releasing iron from ferritin mediated with NADH:oxidoreductase 

(49, 50). However, this theory is unclear yet. Properties of FMN:NAD(P)H oxidoreductase enzyme was

not known yet (50). Furthermore, this ferritin-released iron study was performed in only ferritin solution, 

but not used cells or lysates. For these reasons, we also considered another possibility which is the 

ferritin degradation-mediated increase of LIP. As noted above, autophagy is induced by ischemia or 

glucose deprivation (41). Moreover, hypoxia condition induces induction of autophagy-related gene 
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expression (39, 40). Autophagy-mediated ferritin degradation was also known (42). For these reasons, 

we hypothesized that Baf A1 (a V-ATPase inhibitor) decreases ferritin degradation-mediated increase

of LIP during SI. LDH release was decreased by Baf A1 (Figure 5B). However, protein content and 

lysate LDH content were not statistically significant (Figure 5C, D). In these results, we assumed that 

other effects of Baf A1. Baf A1 inhibits ATPase, which is an active proton pump for acidification of the 

lysosome. There is a possibility of which Baf A1 inhibited transferrin-mediated iron uptake, which via 

endocytosis of transferrin receptor with ATPase-mediated acidification of endosome (51). For these 

reasons, Figure 5 data is unclear whether the transferrin-mediated mechanism was excluded. we 

concluded that Baf A1 data have to investigate transferrin-mediated iron uptake mechanisms.

Although ZnPP was known as a HO-1 inhibitor, there is a possibility that ZnPP had other effects. Most 

of the intracellular iron consists of the heme-bound form except for non-heme iron. The heme content 

of cardiac tissues is much more than other tissues (38, 46). HO-1 induction is related to antioxidant 

function in oxidative stress conditions such as hypoxia (52, 53). HO-1-mediated heme degradation 

produces biliverdin, CO, Fe2+ and biliverdin is converted to bilirubin by biliverdin reductase (BVR)

(45). It has been reported that bilirubin and biliverdin cycles have antioxidant properties via the redox 

cycle similar to the GSH-GSSG cycle (52). H2O2-induced oxidative stress was decreased by adding 

exogenous bilirubin and a GSH synthesis inhibitor, buthionine sulfoximine (BSO) mediated ROS level 

was increased by RNA interference of BVR (52). It is well known that nuclear factor erythroid 2 related 

factor (Nrf2) has properties of multifunctional regulation for anti-oxidant including HO-1 expression 

(54). In normal condition, Nrf2 is present as Keap1-Nrf2 bound form which is an inactive form. In stress 

conditions, however, Nrf2 is translocated from cytosol to nucleus and activates antioxidant response 

element (ARE)-related gene such as hmox1, γ-glutamylcysteine ligase (GCL) which is a rate-limiting 

enzyme of GSH synthesis (54). Therefore, we hypothesis that HO-1-mediated heme degradation causes 

increase of LIP during SI. We examined whether ZnPP inhibits increase of LIP during SI. ZnPP is used 

in many I/R injury or hypoxia-mediated heme degradation studies (19, 55). We found that ZnPP 

inhibited SR-induced damages, and LIP was also decreased by ZnPP (Figure 6). We investigated that 
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change of endogenous heme content mediated the HO-1 inhibition effect during SI. However, 

intracellular heme content was not changed during SI (Figure 7). We speculated that ZnPP may have

dual effects. One is well known as the HO-1 inhibitor. Another one is the exogenous source of the 

protoporphyrin ring. Shetfel. et al. have reported that HO-1 mediated antioxidant function with bilirubin 

induced by an exogenous substrate such as extracellular hemin without endogenous heme degradation 

(45). Therefore, we suggest that ZnPP affects the decrease of LIP during SI as an exogenous substrate 

of porphyrin ring.

Endogenous iron sources were not contributed to increase of LIP during SI. Therefore, we assumed

that extracellular iron source caused the increase of LIP during SI. Transferrin is the main route of

exogenous iron uptake and transferrin receptor expression also induced by hypoxia condition (56, 57). 

In the culture system, most of the extracellular iron content is present as serum iron which is 

predominantly transferrin-bound iron. Moreover, Gao. et al. have reported that transferrin is required 

to necrotic cell death by serum loaded iron (58). Although we performed a transferrin-association 

experiment yet, we found that endogenous iron sources did not affect predominantly the increase in LIP 

during SI (Figure 5-7). Therefore, we assumed that transferrin receptor-mediated iron uptake increased

LIP during SI.

Regulation of iron homeostasis is an essential mechanism for cell viability. The handling of Iron is 

inevitable to live using aerobic metabolism. Unregulated iron will become a double-edged sword that

can lead to generation of ROS via Fenton reaction with intracellular products of aerobic metabolism.

For these reasons, iron metabolism is tightly regulated by the iron-responsive elements – iron regulatory 

protein system. In I/R injury, it is necessary for effective therapy to understand in detail what factors 

change and cause cell damage. We developed the optimal in vitro model for the study of I/R injury and 

we found that increase of LIP during SI causes lipid peroxidation mediated SR-induced damage in the 

early phase of SR.
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Table 1. Comparison of experimental conditions of SI model

It is well known that ischemia causes nutrient deprivation, hypoxia and lactic acidosis (7). Serum 

deprivation and glucose deprivation were used to simulate nutrient deprivation in OGD model. Unlike 

the OGD model, diFBS was used to control the pH and glucose concentration of the medium while 

preventing the deprivation of growth factors and hormones caused by serum deprivation. The SI 

medium was supplemented with lactate and adjusted pH with NaHCO3 to reflect lactic acidosis. Lactic 

acidosis is a critical factor to simulate reperfusion injury, which had been reported (8). The normal 

concentration of glucose was used to prevent severe cell damage during SI before SR. (OGD, oxygen 

glucose deprivation. SI, simulated ischemia. diFBS, dialyzed fetal bovine serum)
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Figure 1. LDH release in the newly developed SIR model

(A) To simulate ischemia-reperfusion, the confluent H9c2 cells were exposed to SI medium for 24 

hours. The SI medium was described in Table 1. Subsequently, the cells were exposed to SR medium 

for 17 hours. The medium for SR was used DMEM contained with 10% fetal bovine serum which is 

the normal culture medium (B) Cell images were obtained just before each step using a magnification 

microscope. Unlike the SIR group, control group used DMEM supplemented with 10% diFBS without 

adjusting pH with lactate and hypoxia instead of SI medium for 24 hours. Images represent morphology 

during SIR. (C) LDH samples were obtained from the medium after 24 hours of SI or 17 hours of SR. 

(n=11 to 13) (D) Cell lysate was obtained after 17 hours of SR. Protein content was determined by BCA 

assay. (n=11 to 13). (E) LDH samples were collected from the medium after 0, 1, 3 and 24 hours of SR 
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(n=6). Data were presented as mean ± SEM. ***P<0.001 was compared with control. ##P<0.01 was 

compared with 0 hour of SR. $$P<0.01 was compared with 1 hour of SR. Scale bar, 100 µm. (SIR, 

simulated ischemia-reperfusion. SI, simulated ischemia. SR, simulated reperfusion) 
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Figure 2. SR-induced iron-dependent cell death

(A) The H9c2 cells were treated with 100 µM DFO (an iron chelator), 1 µM Fer-1 (a ferroptosis 

inhibitor), 20 µM Nec-1 (a necroptosis inhibitor) for 17 hours of SR. LDH samples were obtained from 

medium after SR. Percent of LDH release was calculated with released LDH amount of total LDH 

amount. (n=3 to 13). (B) Cells were treated with 100 µM DFO during SI or/and SR. LDH samples were 

collected from medium after SI or SR (n=6 to 13). Data were presented as mean ± SEM. *P<0.05, 

**P<0.01, ***P<0.001 were compared with SIR. (SI, simulated ischemia. SR, simulated reperfusion. SIR, 

simulated ischemia-reperfusion. DFO, deferoxamine. Fer-1, ferrostatin-1. Ner-1, necrostatin-1)



１９

Figure 3. Increase of Fe2+ during SI and oxidation to Fe3+ in early phase of SR

To monitor LIP, calcein-AM (a fluorescence iron chelator) was loaded into the H9c2 cells after each 

time-course or conditions. The cells were trypsinized and transferred to a thermo-stated cuvette and 

stirred. The fluorescence of basal free-calcein signal was monitored at Ex 495 / Em 515 using a 

fluorescence spectrophotometer. Dequenched free-calcein signal was generated by BIP (a Fe2+-specific 

chelator) and PIH (a Fe3+-specific chelator) after detection of the basal signal. The calculation was 

described in methods. Black bars represent Fe2+ and grey bars represent Fe3+. Total LIP was summed 

with the value of Fe2+ and Fe3+. The statistical significance of the total LIP was described in the graph.

(A) Control, acidosis and hypoxia were performed parallel with SI. Control group used DMEM 

supplemented 10% diFBS without adjusting of pH with lactate and hypoxia. Acidosis group used 

DMEM supplemented with 10% diFBS adjusting pH with lactate and NaHCO3 without hypoxia. 

Hypoxia groups used DMEM supplemented with 10% diFBS without adjusting pH of medium. LIP was 

measured after each condition. (n=5 to 8) (B) LIP was measured each time-course during SR. Black 

bars represent Fe2+ and grey bars represent Fe3+. Data were presented as mean ± SEM. *P<0.05, **P<0.01 

and ***P<0.001 were compared with value of total iron. ###P<0.001 was compared with SR 0 hour. 

$$P<0.01 were compared with SR 1 hour. (n=5 to 8) (SI, simulated ischemia. SR, simulated reperfusion. 

diFBS, dialyzed fetal bovine serum. BIP, 2,2’-bipyridyl. PIH, pyridoxal isonicotinoyl hydrazine)
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(A)

(B)

Figure 4. Lipid peroxidation and necrotic cell morphology in SR

(A) To examine SR-induced lipid peroxidation, cells were loaded with 3 µM BODIPY C11 in serum-

free DMEM after SI. The cells were washed out with PBS. The cells were exposed to NaHCO3 buffered 

KH physiologic solution to monitor lipid peroxidation. Live-cell fluorescence image was obtained every 

30 minutes for 3 hours of SR. Reduced BODIPY (Red) image was obtained at Ex 581 /Em 595, 

BODIPY oxidized form (Green) image was obtained at Ex 485 / Em 520. (B) To observation of SR-
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induced necrotic morphology, the H9c2 cell images were taken every 10 minutes of fixed field.

Representative images are shown blebbing of cell membrane between 60 minutes and 90 minutes of 

SR. All images were obtained using Etaluma’s LS620 3 color fluorescence microscope. Scale bar, 100 

µm. (SR, simulated reperfusion. KH, krebs-henseleit)
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Figure 5. Effects of Baf A1 on LIP and SR-induced cell death

To investigate the association with increase of LIP and autophagy-mediated ferritin degradation via 

vacuolar acidification by ATPase, the H9c2 cells were treated with 1 nM Baf A1 (a V-ATPase inhibitor)

during only SI. (A) LIP was measured by the calcein-AM method. The calculation of the fluorescence 

signal was described in methods. Black bars represent Fe2+, grey bars represent Fe3+. The statistical 

significance of the total LIP was described in the graph (n=4). (B) The H9c2 cells were treated with 1 

nM Baf A1 during only SI. Thereafter, the cells were exposed to SR medium. LDH sample was obtained 

from each medium after 17 hours of SR. (n=8 to 10). (C) Cell lysate samples were collected after 17 

hours of SR (n=8 to 10). (D) Protein content was determined by BCA assay using lysate samples. (n=8 

to 10). Data are presented as mean ± SEM. *P<0.05, **P<0.01 were compared with the SI group. (SI,

simulated ischemia. SR, simulated reperfusion. Baf A1, Bafilomycin A1)
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Figure 6. Effects of ZnPP on LIP and SR-induced cell death

To examine heme degradation-mediated increase of LIP, ZnPP (a heme oxygenase-1 inhibitor) group 

was treated with 5 µM ZnPP during only SI. (A) LIP was measured by Calcein-AM method. Black bars

represent Fe2+ and grey bars represent Fe3+. The statistical significance of the total LIP was described 

in the graph (n=5). (B) The H9c2 cells were treated with 5 µM ZnPP during only SI. Thereafter, the 

cells exposed to SR medium during SR. LDH samples were collected from each medium after 3 hours 

of SR (n=7). (C) Cell lysates were collected after 3 hours of SR (n=7). (D) Protein content was measured 

by BCA assay using cell lysates (n=7). Data were presented as mean ± SEM. **P<0.01, ***P<0.001 were 

compared with SI group. (SI, simulated ischemia. SR, simulated reperfusion. ZnPP, zinc protoporphyrin)
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Figure 7. Changes of intracellular heme content during SI

Heme content was determined using cell lysate. The control group (black) was performed parallel 

with the SI group (grey). Control group used DMEM supplemented with 10% diFBS without adjusting 

pH and hypoxia instead of SI medium for the described time-course. The cell lysates were collected 

after each time of SR. The method as described above. Heme contents were normalized to protein

contents. The protein contents were determined by BCA assay (n=3 to 9). Data were presented as mean 

± SEM. (SI, simulated ischemia)
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국문요약

H9c2 심근세포주를 이용하여 새로운 허혈-재관류 시뮬레이션 모델을 구축했다. 허혈

동안 영양분 결핍과 젖산 산증, 무산소증이 나타난다고 알려져 있다. 혈청을 사용하지

않는 전통적인 산소-글루코스 결핍 모델과는 다르게, 본 연구에서는 혈장 결핍에 따른

성장 인자와 호르몬의 결핍에 의한 효과를 방지하면서, 이 특징을 세포 배양 조건에

적용하는데 용이한 투석한 소 태아 혈청을 사용했다. 산소-글루코스 결핍 모델에서는

나타나지 않았던 재관류 시뮬레이션에 의한 괴사성 세포 사멸이 본 모델에서 나타나는

것을 확인했다. 허혈-재관류에 의한 손상은 불안정 철에 의존적인 Fenton 반응과 연관

있다는 것이 보고 되었다. 하지만 허혈 또는 재관류 동안 불안정 철이 변하는지에

대해서는 논란의 여지가 있다. 본 연구를 통해 허혈-재관류 시뮬레이션 동안 불안정

철을 관찰하고 재관류에 의한 괴사성 세포 사멸과의 연관성을 조사하였다. 허혈의

시뮬레이션을 위해 투석한 소 혈청 10% 와 함께 H9c2 세포를 저산소증과 젖산 산증에

노출시켰다. 허혈 시뮬레이션 이후, 재관류 시뮬레이션을 위해 다시 원래의 배양 배지에

노출시켰다. 괴사성 세포사멸을 확인하기 위해 Lactate dehydrogenase (LDH) 유출을 측정한

결과, LDH 유출은 허혈 시뮬레이션 동안이 아닌 재관류 시뮬레이션 초기에 급격히

증가하였다. 재관류 시뮬레이션에 의한 세포 손상과 불안정 철의 연관성을 조사하였다. 
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불안정 철은 Calcein-AM (형광 킬레이트제) 을 이용하여 측정하였다. 전체 불안정 철은

일반적인 상태의 세포에 거의 존재하지 않는 Fe3+를 포함하여 허혈 시뮬레이션 동안

증가하였고, 함께 증가한 Fe2+이 재관류 시뮬레이션 1시간 동안 Fe3+으로 산화되는 것을

확인하였다. 재관류 시뮬레이션 1시간 동안 전체 불안정 철은 변화하지 않으면서 Fe2+는

감소하였고 Fe3+는 증가하였다. 이 결과는 Fenton reaction이 발생했을 가능성을 시사하며

이 반응은 지질 과산화 반응을 일으킬 수 있다. 지질 과산화의 여부를 확인하기 위해

BODIPY C11을 사용하였다. 그 결과, 재관류 시뮬레이션 초기에 지질 과산화가 진행되는

것을 확인하였다. 어느 철의 출처가 허혈 시뮬레이션 동안의 불안정 철의 증가에

기여하는지 조사하였다. 세포 내의 대부분 철은 철의 저장 단백질인 ferritin 철과 heme 

단백질과 연관된 철로 이루어져 있기에 Ferritin의 분해 기전에 관여하는 Bafilomycin A1 

(Baf A1)과 Heme의 분해 효소인 Heme oxygenase-1 (HO-1)의 억제제를 허혈 시뮬레이션

동안 사용하였다. 그 결과, Baf A1, V-ATPase 억제제가 허혈 시뮬레이션 동안의 불안정

철의 증가와 재관류 시뮬레이션에 의한 손상을 억제하였다. 이는 Autophagy에 의한

Ferritin 분해가 LIP의 증가에 영향을 미쳤을 가능성을 나타낸다. 또한, Zinc protoporphyrin

(HO-1 억제제)가 불안정 철의 상승을 억제하고 재관류 시뮬레이션에 의한 손상을

감소시켰으며 이는 Heme 분해에 의한 LIP가 증가했을 가능성을 시사한다. 본 연구를

통해 기존의 산소-글루코스 결핍 모델에서 발전시킨 허혈 시뮬레이션 모델을 이용하여
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허혈-시뮬레이션 동안 증가한 불안정 철이 재관류-시뮬레이션 초기 동안 Fenton 반응과

함께 지질 과산화를 일으키는 것이 재관류에 의한 세포 손상 기전임을 알아내었다.
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