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Abstract

Cystine, the disulfide form of cysteine, is dominant form of cysteine equivalent in the extracellular 

milieu. Cystine is mainly transported into cells via Xc
- exchanger. Intracellular cystine is rapidly

converted to cysteine. Some of cysteine is exported out of the cells and oxidized to cystine. This series 

of reactions is called cystine/cysteine cycle. This cystine/cysteine cycle is attracting attention recently 

because it was reported this cycle itself can play an important role in antioxidant function and 

promote the progression of cancer by altering the extracellular environment. However, cysteine is

known as highly reactive compound. Moreover, during the cysteine oxidation process, it is possible 

that reactive oxygen species (ROS) is generated. Therefore, we hypothesized that cystine uptake could 

cause cell death through cysteine oxidation.

We used H9c2 cell-line and cells were mainly cultured in modified Krebs-Henseleit buffer (MKH) 

containing cystine during experiment.

Cystine facilitated lactate dehydrogenase (LDH) release when cells were cultured in Krebs-

Henseleit buffer. Cell death was prevented by bathocuproine sulfonate (BCS) treatment, which 

inhibits cysteine oxidation by copper chelation. On the other hand, deferoxamine, an iron chelator, 

didn’t prevent LDH release. However, the cystine-induced cell death didn’t occur when cells were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM). Therefore, we speculated certain 

compounds protected cells from cystine-induced cell death. We found glutamine protected cells from 

cystine-induced cell death. To elucidate whether extracellular cysteine caused cell death, we measured 

the extracellular thiol concentration. Thiol release was steadily increased for 24 hours when BCS was 

added, which suggested that oxidation of extracellular thiol was almost completely inhibited. 

Glutamine explosively stimulated thiol release in 4 hours after glutamine treatment, but the 

concentration of extracellular thiol was decreased at 24 hours after it. To clarify whether extracellular 

cysteine triggered cell death, we treated MK-571 to inhibit thiol release completely. By l-buthionine 

sulfoximine (BSO) treatment, glutathione was depleted. However thiol release facilitated by 

glutamine didn’t decrease, which suggested the main released thiol was cysteine. Cysteine release 

facilitated by glutamine was completely inhibited by MK-571. MK-571 treatment reduced cystine-

induced cell death. 

In conclusion, cystine uptake would trigger cell death via cysteine release and its oxidation. 

Cystine-induced cell death has not occurred in normal cell culture buffer as glutamine protected cells 

from it. Glutamine facilitated thiol release. The mechanism of cell protection and thiol release by 

glutamine needs to be further studied.
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Introduction

Cysteine is a rate limiting substrate for the synthesis of glutathione (GSH), a key intracellular thiol 

antioxidant (1). Cysteine is a functional group of numerous other thiol antioxidants, such as 

peroxiredoxin (2), and thioredoxin (3). Cysteine can also act as an antioxidant that scavenges ROS 

both inside and outside the cell (4). Due to the critical function of cell defense from oxidative stress, 

the need for cysteine is exceeding the ability to synthesize cysteine from methionine (5). Therefore, 

although cysteine is not an essential amino acid, it is considered that most cells should be supplied 

with it (6).

In extracellular environment, however, cystine, the disulfide form of cysteine, is dominant (7)

because cysteine is rapidly oxidized (8). Therefore, most cells mainly obtain cysteine through the 

uptake of cystine (9) except several cells, such as B cells (10), T cells (11), or neuron cells (12). The 

Xc
- exchanger is known as the major cystine transporter. Via the Xc

- exchanger, cystine is transported 

into cells in exchange for glutamate (13). Intracellular cystine is mainly reduced by thioredoxin 

related protein 14 (TRP14) (14). Thiol-containing compounds, such as cysteine or GSH are released. 

GSH is released mainly through multidrug resistance protein 1 (MRP1) (15). However, although 

several transporters have been reported to be capable of transporting cysteine (16), the main 

transporter through which cysteine is released needs to be elucidated (17). The released thiol-

containing compounds are oxidized and cystine is regenerated. This series of reactions is called the 

cystine/cysteine cycle because it was reported that most of released thiol was cysteine (18). 

The correlation between aging and extracellular redox state was reported (19-22). Extracellular 

cystine/cysteine redox state was also well known as an important risk factor for cardiovascular disease 

(23). However, there was little interest in cystine/cysteine cycle or thiol release. Only recently, this 

cystine/cysteine cycle has begun to attract attention. In 2008, Conrad and his group demonstrated that 

by overexpression of xCT, a functional subunit of Xc
- exchanger, cells are rescued from oxidative 

stress induced by GSH deficiency (18). In 2011, Rubarteli and his group demonstrated that the 

cystine-cysteine cycle can perform antioxidant activities independently of GSH and be a target for 

cancer treatment (24). It was reported increased expression of xCT, a functional subunit of the Xc
-

exchanger, correlates with tumor progression and cancer prognosis in patients with glioblastoma (25).  

The correlation between aging and cysteine or GSH efflux was also reported (26).

However, cysteine is a highly reactive thiol compound that can be spontaneously oxidized (27). A 

trace amount of copper promotes the oxidation of cysteine (28-30). In this process, reactive oxygen 

species (ROS) can be generated and can induce cell death (31, 32). In fact, bathocuproine sulfonate 

(BCS), a copper chelator, prevented cytotoxic effect of thiol treatment to lymphoma (33). Cell death 

was induced in renal tubular cells by treatment with high concentration of cysteine (34). DNA damage 

was provoked by intracellular cysteine oxidation via Fenton reaction (32). In addition, extracellualar 
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cysteine concentration correlated with risk of cardiovascular disease (35). Therefore, it is necessary to 

inhibit cysteine oxidation or to control the concentration of cysteine strictly.

As cysteine is highly reactive and cystine is converted to cysteine in the intracellular milieu, we 

hypothesized that cystine uptake would result in cell death, which is caused by cysteine oxidation. 

Our data showed that cystine uptake can induce cell death via cysteine oxidation and glutamine, while 

promoting thiol release, prevented cell death by an unknown mechanism.
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Materials and Methods

Materials

The H9c2 cell line was purchased from ATCC (Rockville, MD). Dulbecco’s modified Eagle 

medium (DMEM) was purchased from Hyclone (Irvine, CA). Fetal bovine serum (FBS) was 

purchased from Gibco. Other reagents were obtained from Sigma Aldrich (St. Louis, MO).

Cell culture

H9c2 cells, a permanent cell line derived from cardiac myoblasts of rat embryo, were initially 

cultured as monolayers in DMEM supplemented with 10% FBS. Cells were grown under an 

atmosphere of 5% CO2 in air at 37 . The medium was replaced ℃ with fresh DMEM every 2 or 3 days. 

60000 cells were placed on a 60 mm dish and grown for 5 days before use in the experiment.

  Experiments were conducted with cells incubated in Krebs-Henseleit physiologic solution (KH), 

containing 118 mM NaCl, 4.7 mM KCl, 1.64 mM MgSO4, 24.88 mM NaHCO3, 1.18 mM KH2PO4, 

0.5 mM sodium pyruvate, 5.5 mM glucose, and 1.8 mM CaCl2. We modified KH by adding 200 μM 

cystine (MKH). For stabilization of the culture condition, medium was replaced 1 day before the 

experiment with MKH supplemented with 10% FBS, excluding media changes with DMEM. 

Measurement of LDH release

  Medium was collected and centrifuged for 5 min at 21000 G. Cell lysate was collected in 1 ml PBS 

containing 2% Trixon X-100 and centrifuged for 5 min at 21000 G. 160 μl of buffer containing 156 μl 

of 100 mM potassium phosphate buffer (pH 7.4), 2 μl of 18 mM NADH and 2 μl of 60 mM sodium 

pyruvate were mixed with 40 μl medium or cell lysate samples. NADH was measured by 

spectrophotometry at 340 nm for a minute and variation of its concentration per a minute was 

calculated to estimate lactate dehydrogenase (LDH) activity.

Measurement of Extracellular Thiol

For extracellular thiol assay, medium sample was centrifuged at 8000 g for 5 min. One hundred 

microliter of medium sample was added to a total 0.2 ml of reaction mixture containing 1.2 mM

DTNB (5,5’-Dithiobis (2-nitrobenzoic acid)), 100 mM sodium phosphate (pH 7.4) and 5 mM EDTA. 

This DTNB was monitored at 412 nm and thiol concentration was calculated from a standard curve 

obtained with cysteine solutions of known concentration.
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Measurement of Glutathione Content

The total glutathione content was determined using an enzymatic recycling assay as described by 

Griffith (36). For preparation of the sample, cells were rapidly washed with 2 ml of cold phosphate-

buffered saline (PBS) and harvested with after adding 1 ml of 0.2 % Triton X-100 in cold PBS. To 0.5 

ml of this cell lysate, 0.1 ml of 30% perchloric acid in 6 mM EDTA solution was immediately added 

to minimize the alteration of glutathione (37). The cell lysate was centrifuged at 8000 g for 10 min 

and the supernatant were used for measurements of glutathione concentration. 

For glutathione assay, the supernatant sample was neutralized with 5 M K2CO3 and the potassium 

perchlorate salt was removed by centrifugation. Twenty microliters of the neutralized sample was 

added to a total 0.2 ml of reaction mixture containing 0.3 mM NADPH, 0.6 mM DTNB, 0.5 unit/ml 

glutathione reductase, 100 mM sodium phosphate (pH 7.4) and 5 mM EDTA. Glutathione 

concentration was measured from the rate of linear increase of O.D. at 412 nm. Values were 

normalized with protein content measured by BCA protein assay.

Measurement of protein content

Cells were harvested as described above. 0.5 ml of the cell lysate were used for GSH assay as 

described above and the other 0.5 ml of the cell lysate were used for measurements of protein amount. 

Protein content was measured using Pierce BCA protein assay kit, and values were determined using 

standard curve prepared using bovine serum albumin. 

Statistical Analysis

Statistical comparisons were analyzed using the paired Student’s t test. Asterisks are used in the

figures to specify statistical significance.

(*p<0.05; **p<0.01)
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Results

1. Cell death was significantly increased by cystine treatment

First, to investigate whether cystine uptake would induce cell death, we incubated cells with Kreb-

Henseleit buffer (KH) in the presence or absence of cystine and measured lactate dehydrogenase 

(LDH) release. LDH release was significantly increased when we added cystine to KH (Figure 1). 

These data suggested that cystine replenishment induced cell death. 

2. Cell death was significantly decreased by BCS treatment

Cystine itself is known as stable compounds, while cysteine is highly reactive compounds. 

Therefore, we speculated that cysteine converted from cystine in the intracellular milieu was the 

causal factor of cell death. To investigate whether cysteine oxidation induced cell death, we treated 

bathocuproine sulfonate (BCS), a copper chelator and deferoxamine, an iron chelator to inhibit 

cysteine oxidation. LDH release was significantly decreased by BCS treatment (Figure 2). However, 

deferoxamine didn’t have an effect on LDH release (data not shown). These data suggested that cell 

death caused by cystine was not iron dependent necrosis (ferroptosis), but copper dependent cell death.

3. Glutamine protected cells from cystine-induced cell death.

Cystine is needed for long-term cell culture, so most cell culture medium contains cystine. However, 

we demonstrated cystine facilitated cell death when cells were cultured in KH. As cell death had not 

been apparent under most cell culture medium, we hypothesized that certain compounds in cell 

culture medium protected cells from cystine induced cell death. As we expected, cell death was not 

apparent when cells were cultured in DMEM (Figure 3A). Among the several candidates in DMEM, 

we found glutamine prevented LDH release (Figure 3B). 

4. BCS efficiently inhibited oxidation of extracellular thiol, and glutamine facilitated thiol 

release.

To investigate whether oxidation of extracellular cysteine caused cell death, and to reveal the 

mechanism of glutamine effect on cell protection, we measured the extracellular thiol level. 

Extracellular thiol concentration was steadily increased when BCS was added. However, extracellular 

thiol was nearly undetected when cells were cultured in the absence of BCS (Figure 4 A). As cell 

death and extracellular thiol oxidation were inhibited by BCS, and copper is known to bind glutamine 
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in serum (38), we hypothesized glutamine would also inhibit thiol oxidation. Glutamine facilitated 

thiol release in 4 hours, but extracellular thiol concentration decreased in 24 hours after glutamine 

treatment (Figure 4B). We speculated that no extracellular thiol was detected in MKH, because the 

rate of extracellular thiol oxidation was equal to the rate of thiol release. Glutamine facilitated thiol 

release but didn’t efficiently inhibit extracellular thiol oxidation compared with BCS.

5. MK-571 inhibited cysteine release, and partially protected cells from cystine-induced 

cell death.

The extracellular thiol concentration at 24 hours after glutamine treatment was lower than that at 4 

hours. But it could not be concluded that there was no effect of extracellular cysteine oxidation on cell 

death, as the concentration of extracellular thiol in glutamine treatment group was higher than that in 

control group. To investigate further about the effect of extracellular cysteine on cell death, we treated 

cells with MK-571 to inhibit thiol release. MK-571 is widely used to inhibit GSH release, because it is 

known to inhibit MRP1 (15, 39). However it was reported that MK-571 almost completely inhibited 

thiol release, which suggested that MK-571 inhibited cysteine release as well as GSH release (40).

Our data also showed that MK-571 completely inhibited non-GSH thiol release. GSH was nearly 

undetectable when l-buthionine sulfoximine (BSO) was treated during pre-incubation time (Figure 

5A). Given BSO was added during experiment as well as pre-incubation period, these data suggested 

the intracellular GSH content was depleted during experiment by BSO. However thiol release was not 

decreased by BSO when glutamine was added. But when MK-571 was added, extracellular thiol

concentration was almost undetectable (Figure 5B). These data strongly suggested that the main 

extracellular thiol whose release was facilitated by glutamine was cysteine and MK-571 inhibited 

cysteine release. When MK-571 was treated, LDH release was partially prevented (Figure 5C). These 

data suggested that inhibition of cysteine release prevented cell death. Therefore, we concluded 

extracellular cysteine contributed to cell death derived from cystine. 
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Figure 1. Cystine in Krebs-Henseleit buffer facilitates cell death.

(A) Media samples were obtained 24 hours after media change to Krebs-Henseleit buffer (KH) in 

the presence or absence of 200 μM cystine and centrifuged in 21,000 G for 5 minutes. After 

removing the medium, cell homogenates were obtained by scraping with 1 ml of PBS 

containing 0.2% triton X-100 and centrifuged in 21,000 G for 5 minutes. The amount of LDH 

in the medium and cells was determined by measuring the rate of change of NADH

concentration detected by spectrophotometer after adding sample to pH 7.4 100 mM potassium 

phosphate buffer containing NADH and pyruvate. LDH release was determined by media LDH 

amount per sum of media and cell lysate LDH amount. These data showed the degree of cell 

death for 24 hours under KH conditions.

(B) Cell images were obtained just before the medium and cell lysate were obtained through a 40x

magnification microscope. Cell images were taken at random fields.

Means ± S.E. (n=3) of the data are shown.  (*P<0.05)
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(A)

(B)

Figure 2. It was not iron-dependent but copper-dependent cell death.

(A) When medium was changed to MKH (cystine containg Kreb-Henseleit buffer), 1 mM 

bathocuproine sulfonate (BCS) was added. Cell death was determined by LDH assay 24 

hours after media change as described in Figure 1. 

(B) Cell images were obtained through a 40x magnification microscope. Cell images were taken 

at random fields.

Means ± S.E. (n=3) of the data are shown. (**P<0.01)
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Figure 3. Cystine-induced cell death was prevented by glutamine.

(A) As we planned to change medium with DMEM, without pre-incubation with MKH 

containing 10% FBS, media was changed to DMEM or MKH. Medium was collected 24 

hours after media change. Amount of LDH in media was determined as described in Figure 1, 

excluding the amount of LDH in 10% FBS. Cell images were taken just before the media was 

collected. Cell images were obtained through 1 00x magnification microscope.

Means ± S.E. (n=2) of the data are shown.  (*P<0.05)

(B) When medium was changed with MKH, we added 4 mM glutamine. 24 hours after medium 

change, medium and cell lysate were collected. Ratio of the media LDH amount of total LDH 

amount in dish was determined as the degree of cell death.

Means ± S.E. (n=3) of the data are shown.  (**P<0.01)
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  (A)

(B)

Figure 4. BCS efficiently inhibited extracellular thiol oxidation and glutamine facilitates thiol 

release.

We collected medium at 0, 10, 30, 60, 120, 240, and 1440 minutes after media change and medium 

was centrifuged in 21,000 G for 5 minutes. The medium samples were added to reaction mixture

containing DTNB (5,5’-Dithiobis (2-nitrobenzoic acid)) solution. The concentration of extracellular 

thiol was determined by using standard curve prepared with cysteine solution. 

(A) 1 mM BCS was added to MKH and the extracellular thiol concentration was measured. 

(B) 4 mM glutamine was added to MKH and the extracellular thiol concentration was measured.
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Figure 5. MK-571 inhibited release of non-GSH thiol, and partially prevented LDH release.

(A) During the pre-incubation period when cells were cultured in MKH containing 10% FBS to 

give time for cells to adapt to the medium, 1 mM l-buthionine sulfoximine (BSO) was added.

Cell homogenate was collected immediately after pre-incubation. Cell homogenate was 

obtained as described in Figure 1 and 500 μl cell lysate was directly added to 100 μl of 30% 

perchloric acid. After neutralization with 5 M K2CO3, sample was added to reaction mixture 

containing with DTNB, NADPH and glutathione reductase. The GSH content was determined 

by the rate of change of TNB concentration compared with the GSH standard curve.

(B) 1 mM BSO was added during pre-incubation time and experiment time. 4 mM Glutamine and 

50 μM MK-571 was added after media change with MKH. At 0, 10, 30, 60, 120, 240, and 1440 

minutes after media change, we collected cell media and measured the extracellular thiol 

concentration. 

(C) 50 μM MK-571 was added during the experiment. Cell images were taken just before 

collecting media and cell lysate using a 40x magnification microscope. Cell media and cell 

lysate were collected 24 hours after media change.
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Discussion

Usually in physiologic buffer such as Krebs-Henseleit buffer, cell death did not occur significantly

within 24 hours. However, in cystine-containing KH (MKH), cell death was markedly increased. 

These data suggested that cystine facilitated cell death (Figure 1). BCS, a copper chelator, inhibited 

LDH release (Figure 2). Deferoxamine, an iron chelator, had no effect on cystine-induced cell death. 

These data suggested that cystine-induced cell death was copper-dependent cell death, not iron-

dependent cell death (ferroptosis). Although DMEM also contains cystine, LDH was not significantly 

released when cells were cultured in DMEM, unlike when cultured in MKH (Figure 3A). These data 

suggested certain substances in DMEM protected cells from cystine associated damages. 

While we maintained the H9c2 cell line with DMEM containing 10% FBS, we found that thiol 

release was abruptly increased by the media change (data not shown). Considering the fact that 

oxidative stress is caused by media change (41), it might be speculated that the rapid release of thiol 

which occurred in a short time after the medium change was induced by oxidative stress (42, 43). As 

cystine/cysteine cycle functions as a crucial anti-oxidant system, it might be a defensive mechanism 

against oxidative stress (24, 43). On the other hand, no thiol release was detected by DTNB assay 

when cells were cultured in MKH after pre-incubation for 24 hours with 10% FBS and MKH (Figure 

4A). These data suggested that a substance that induced thiol release was present in DMEM rather 

than FBS.

Therefore, we investigated which substances induced thiol release. Since cystine is mainly carried 

through the Xc
- exchanger into the cell, we speculated that intracellular glutamate is needed to induce 

thiol release (13). Therefore, we speculated glutamine would facilitate thiol release. Glutamate itself 

was not suitable for this purpose because extracellular glutamate suppresses cystine uptake as a 

competitive inhibitor (44). On the other hand, glutamine is well converted to glutamate in the 

intracellular environment (45, 46). Moreover, glutamine is regarded as the main source of intracellular 

glutamate (47).

As expected, glutamine facilitated thiol release but it also protected cystine-induced cell death

(Figure 3 and 4). The mechanism of cell protection by glutamine remained to be studied. It may 

contribute to GSH synthesis, or NADPH synthesis, which enhances antioxidant function. It may also 

contribute to cell protection via copper chelation (48, 49). However, steady glutamine supply is 

needed to protect cells, as glutamine treatment during pre-incubation period did not show cell 

protection effect (data not shown).

There has been controversy as to whether cysteine or GSH is the predominant thiol in the released 

thiol (50, 51). As released GSH would react with cystine and be converted to cysteine or γ-glutamyl 

cystine by γ -glutamyl transferase, the amount of released GSH was easily underestimated (52, 53). In 
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fact, the amount of released GSH in astrocytes was almost same with the amount of released thiol. 

Moreover many researchers used l-buthionine sulfoximine (BSO) or induced xCT overexpression, 

which is the functional subunit of Xc
- exchanger, to clarify which one is the majority of released thiol

(24). However, using BSO depleted GSH, which made it unclear what was the major released thiol in 

physiological situations. As the concentration of cysteine should be controlled strictly due to its 

toxicity (32), the increase of cysteine concentration would enhance cysteine release, which results in 

the exaggeration of the amount of released cysteine. Therefore, further research is needed to 

determine which thiols influence the reduction of the extracellular environment. 

However, thiol release facilitated by glutamine was not changed by BSO treatment and thiol 

release was inhibited by MK-571 (Figure 5B). These data strongly suggested MK-571 inhibited 

cysteine release. Therefore, MK-571 would be a drug candidate targeting cystine/cysteine cycle. It 

can also be a key to reveal the main transporter of cysteine release.

Inhibiting cysteine release by MK-571 reduced cystine-induced cell death (Figure 5C). These data 

suggested that oxidation of released cysteine can induce copper-dependent cell death.

Selenite (SeO3
2-) is used to test whether cystine/cysteine cycle would be expressed well in cells. As 

selenite toxicity would increase if it was well expressed, it has been investigated to target malignant 

cancer cells in which cystine/cysteine is well expressed (40). Copper would be another targeting agent 

to them.

Concentrations of free copper in cerebrospinal fluid (CSF) were 50-200 nM, which is sufficient to 

induce the oxidation of extracellular cysteine (data not shown) (54). In addition, the free copper 

concentration in CSF of Parkinson's patients was two times higher than that of the control group (55). 

There is a need to study the relationship between CSF free copper and Parkinson's disease, and 

copper-catalyzed cysteine oxidation may be an important key to elucidate its relation.

Recently, several researchers showed cystine uptake could facilitate cell death under glucose 

deprivation (45, 56). It was reported cystine uptake was essential to induce cell death of glioblastoma 

cells under glucose deprivation. Under the glucose deprivation state, NADPH supply was lower than 

NADPH consumption, which induced NADPH depletion. Cystine uptake facilitated NADPH 

depletion as NADPH was used to reduce intracellular cystine. Therefore, the antioxidant function 

could not operate normally, which caused the cell death (45). Another report suggested that cystine 

uptake facilitated cell death under glucose deprivation via depletion of the intracellular glutamate 

level. The depletion of intracellular glutamate induced malfunction of mitochondria because 

glutamate is one of the important amino acids for anaplerosis. On the other hand, our data suggested 

cystine uptake induced cell death via cysteine oxidation. We speculated that it can be also the 

mechanism of cell death under glucose deprivation. Not only did Katoh and his group demonstrate 

NADPH depletion due to cystine uptake, but they also showed increase of the intracellular ROS level 

(45). It would be a possible mechanism that ROS generated from cysteine oxidation caused increase 
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of the intracellular ROS level and cell death. Gan and his group also showed supply of α-ketoglutarate 

rescued cells from cystine-induced cell death under glucose deprivation (56). Although they 

concluded that mitochondrial dysfunction induced cell death, intracellular glutamate derived from α-

ketoglutarate may also be used in the synthesis of GSH, which results in the decrease of the cysteine 

levels. Therefore, we speculated that cysteine oxidation would contribute to cystine-induced cell death 

under glucose deprivation. 

In conclusion, cysteine release originated from cystine uptake would result in cell death by copper-

catalyzed cysteine oxidation. Glutamine facilitates thiol release and protects cells through un-known 

mechanism, which would not make cell death caused by cystine happen in DMEM.
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국문요약

시스틴은 시스테인의 산화되어 이황화결합을 이루고 있는 물질로 세포 밖에 주로

존재한다. 이 시스틴은 Xc
- exchanger 에 의해 세포 내로 유입되며, 세포 내로 들어온 즉시

시스테인으로 환원된다. 환원된 시스테인의 일부는 세포 밖으로 다시 방출되어

시스틴으로 산화되는 데, 이런 일련의 과정을 시스틴/시스테인 사이클이라고 한다. 최근

이 사이클이 주목을 받고 있는 데, 이 사이클 자체가 중요한 항산화 역할 및 세포 밖

환경을 변화시켜 암의 진행을 촉진하는 등의 역할을 할 수 있기 때문이다. 하지만

시스테인은 매우 반응성이 큰 물질로 산화가 매우 잘 된다. 더 나아가 시스테인이

산화되는 과정에서 활성산소종이 발생할 수 있다는 것이 잘 알려져 있다. 그래서 우리는

시스틴의 세포 내 유입이 시스테인 산화 과정에 의해 세포의 손상을 유도할 수 있을

것이라는 가설 하에 실험을 진행하였다.

우리는 H9c2 세포주를 이용하여 실험하였고, Krebs-Henseleit (KH) 버퍼에 시스틴을

첨가한 변형된 Krebs-Henseleit (MKH) 버퍼를 주로 사용하였다. 

H9c2 를 KH 에서 24 시간 키울 때, 시스틴에 의해 세포가 더 많이 죽는 것을

확인하였다. 시스테인의 산화를 막기 위해 구리 킬레이터인 BCS 를 처리하였을 때

세포사가 유의미하게 감소하는 것을 확인하였다. 반면에, 철 킬레이터인 deferoxamine 은

유의미한 효과를 보이지 않았다. 시스틴에 의한 세포사는 Dulbecco’s modified Eagle’s 

Medium (DMEM)에서는 확인되지 않았다. 따라서 DMEM 에 있는 어느 성분이 시스틴에

의한 세포사를 억제한다고 생각하였고, 그 중 글루타민이 시스틴으로 인한 세포사를

억제하는 것을 확인하였다. 우리는 세포 밖으로 방출된 시스테인이 세포사를 유도한

것인지를 명확히 하기 위해 세포 밖 티올의 농도를 측정하였다. BCS 를 처리하였을 때

세포 밖 티올의 농도는 24 시간 동안 일정한 속도로 꾸준히 증가함을 보여주어 세포 밖

티올의 산화가 거의 완벽하게 억제됨을 보여주었다. MKH 에서는 세포 밖 티올이 거의

검출되지 않았는 데, 이는 세포 밖으로 티올이 방출되는 속도와 산화되는 속도가 같기

때문이라고 해석했다. 글루타민은 티올의 방출을 폭발적으로 유도했으나, 글루타민을

처리한 후 24 시간 뒤 티올의 농도는 4 시간 뒤 티올의 농도에 비해 감소하였다. 티올의

방출을 거의 완벽히 막기 위해 MK-571 를 처리하였다. BSO 를 통해 세포의 글루타치온

(GSH)의 고갈을 유도했으나 글루타민에 의한 티올의 방출은 줄어들지 않음을

확인함으로 방출된 티올의 대부분은 시스테인임을 보여주었다. 시스테인의 방출은 MK-

571 에 의해 완벽히 억제되었다. 이 때 시스틴에 의한 세포사는 억제됨을 확인하였다. 
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  따라서 우리는 시스틴의 섭취가 방출된 시스테인의 산화에 의해 세포사를 유도할 수

있음을 보여주었다. 평소 이런 현상이 나타나지 않았던 이유는 글루타민이 이런

시스틴에 의한 세포사를 억제하였기 때문이라는 것을 보여주었다. 또한 글루타민은

세포의 시스테인 방출을 촉진하였는 데, 글루타민에 의한 세포의 보호 기전과 시스테인

방출 기전에 대해서는 추가적인 연구가 필요하다고 결론지었다.
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