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Abstract

Thiol redox state (TRS) refers to the balance between reduced thiols and their corresponding

disulfides and is mainly reflected by the ratio of reduced and oxidized glutathione (GSH/GSSG).

A decrease in GSH/GSSG, which reflects a state of thiol oxidative stress, as well as thiol

modifications such as S-glutathionylation have been shown to have important implications in a

variety of cardiovascular diseases. Therefore, research models for inducing thiol oxidative stress

are important tools for studying the pathophysiology of these disease states as well as examining

the impact of pharmacological interventions on thiol pathways. The purpose of this study is to

evaluate the use of a dithiocarbamate derivative, 2-acetylamino-3-[4-(2-acetylamino-2-

carboxyethylsulfanylthiocarbonylamino)phenylthiocarbamoylsulfanyl] propionic acid (2-AAPA)

as a pharmacological model of thiol oxidative stress by examining the extent of thiol

modifications induced in H9c2 rat cardiomyocytes and its impact on cellular functions. The extent

of thiol oxidative stress produced by 2-AAPA was also compared to other models of oxidative

stress including hydrogen peroxide (H2O2), diamide, buthionine sulfoximine (BSO) and N,N′-
bis(2-chloroethyl)-N-nitroso-urea (BCNU). Results indicated that 2-AAPA effectively inhibited

glutathione reductase (GR) and thioredoxin reductase (TrxR) activities and decreased the GSH/

GSSG ratio by causing a significant accumulation of GSSG. 2-AAPA also increased the formation

of protein disulfides as well as S-glutathionylation. The alteration in TRS lead to loss of

mitochondrial membrane potential, release of cytochrome c and an increase in reactive oxygen

species (ROS) production. Compared to other models, 2-AAPA is more potent in creating a state

of thiol oxidative stress with lower cytotoxicity, higher specificity and more pharmacological

relevance, and could be utilized as a research tool to study TRS-related normal and abnormal

biochemical processes in cardiovascular diseases.
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Introduction

Oxidative stress reflects an imbalance between the production of free radicals and ROS and

the cell’s antioxidant defense mechanisms. An increase in free radicals and ROS can cause

damage to the cell and disruption of cellular functions even though they are also involved in

normal cell processes [1]. Oxidative stress is believed to play an important role in the

pathogenesis of a variety of diseases including cardiovascular disorders such as ischemia-

reperfusion injury [2], atherosclerosis [3], heart failure [4], doxorubicin cardiotoxicity [5],

and diabetic cardiomyopathy [6].

Thiols are important in the cell’s protection against oxidative stress as thiol groups can be

oxidized to disulfides upon exposure to free radicals and reactive oxygen species [7], and

disulfides can be reversibly reduced by the related enzymes including GR, glutaredoxin, and

the thioredoxin (Trx)/TrxR system [4, 8]. The balance between reduced thiols and their

corresponding disulfides is referred to as TRS [9, 10]. In the cell, total thiols are contributed

by all cysteine residues found in proteins and small non-protein thiols such as GSH. GSH is

a tripeptide with a central cysteine amino acid. It is the most abundant thiol in cells with

concentrations ranging from 0.5 to 10 mM [11]. The cell normally maintains a high ratio of

GSH to its oxidized forms GSSG (~100:1) as the principal redox buffer against oxidative

stress, and this ratio is often used in the literature as a parameter of TRS [11–13]. A decrease

in the GSH/GSSG ratio reflects a state of thiol oxidative stress.

TRS is closely associated with intracellular redox homeostasis as well as a crucial mediator

of various essential metabolic, redox signaling, and transcription processes in cells [9, 14–

16]. Alterations in TRS and related enzymes have been shown to have important

implications in the protection of the heart against oxidative stress processes. During

myocardial ischemia and reperfusion, a decrease in myocardial GSH as well as GSH/GSSG

ratio within the ischemic tissues has been observed, and the extent of the myocardial injury

is inversely dependent on the myocardial GSH content [17]. Treatment with γ-

glutamylcysteine ethyl ester can increase intracellular reduced GSH concentrations and has

been shown to result in a dose-dependent reduction in infarct size in a canine model of

occlusion-reperfusion [18]. The beneficial effects of carvedilol in congestive heart failure

were also shown to significantly correlate with a change in GSH/GSSG [19]. In a rabbit

diabetes model, the activities of glutathione peroxidase and glutathione reductase were both

shown to increase in heart tissue. The level of total thiols in the cardiomyocytes also

increased in this model [20]. This has implications for the role of thiols in protection against

diabetic cardiomyopathy. Thiols modification has also been shown to be involved in

ischemia-reperfusion injury. S-glutathionylation is the formation of mixed disulfides

between proteins thiols and GSH in response to oxidative stress and has important

implications for protein structure and function. Following ischemia-reperfusion injury, S-
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glutathionylation of actin has been observed and is believed to contribute to declines in

contractility observed during ischemia-reperfusion injury [21]. In addition, S-

glutathionylation of an active site cysteine moiety in creatine kinase during ischemia-

reperfusion injury has been implicated in the development of cardiac injury [22].

Because of the important role of alterations in TRS in the development of cardiovascular

disorders, models for studying intracellular TRS in cardiomyocytes are important for

understanding the molecular changes that occur during the oxidative stress state as well as

examining potential pharmacological interventions and the impact of medications on thiol

pathways. Several models have been developed to study oxidative stress in cardiomyocytes.

Induction of ischemia-reperfusion injury in vivo via coronary artery ligation [23] or

Langendorff perfusion [24] are models for inducing an oxidative stress state. However, these

models require special expertise and facilities for conducting the surgical procedure and

require the use of animals. Pharmacological models would be useful tools for inducing thiol

oxidative stress in vitro and in vivo. The most frequently used compounds to induce

oxidative stress in cardiomyocytes are H2O2 [25–27] and tertiary butyl hydroperoxide [28–

30]. However, they are not ideal for increasing thiol oxidative stress because of the

nonspecific oxidative nature of these agents. Diamide is also used to oxidize thiols to

disulfides to create thiol oxidative stress [31]. The drawback of this reagent is that it can also

react with other functional groups such as carboxylic acids [32] and alcohols [33] leading to

unwanted effects.

Creation of thiol oxidative stress can also be achieved by using enzyme inhibitors of the

glutathione pathway. Intracellular GSH level is maintained by two pathways: the de novo

synthesis of glutathione from the constituent amino acids and the reduction of GSSG back to

GSH by GR [13]. Depletion of GSH in cardiomyocytes can be achieved by BSO, an

inhibitor of GSH synthesis [34, 35]. Inhibition of GR is a more attractive model for

alteration of TRS as GR inhibition creates a state of thiol oxidative stress by an increase in

GSSG, which is expected to have a more significant impact on thiol redox potential than

GSH depletion considering the high ratio of GSH/GSSG. BCNU is the most commonly used

irreversible GR inhibitor in the literature [34–36]. However, BCNU is an alkylating agent

which can complicate the use of BCNU as a research tool to study TRS [36, 37].

2-AAPA (Figure 1), a dithiocarbamate derivative, is a novel irreversible inhibitor of GR and

glutaredoxin developed in this laboratory [38, 39]. Previously, 2-AAPA has been shown to

be capable of producing disturbances in cellular thiol status in the CV-1 (monkey kidney)

cell line without the production of free radicals or alteration of the expression of other

cellular antioxidant systems [40]. In addition, 2-AAPA is 10 times more potent than BCNU

as a yeast GR inhibitor [38]. These features make 2-AAPA a good candidate for creating a

model for alterations in TRS in cardiomyocytes. Therefore, the objective of this study was to

evaluate the potential for 2-AAPA to be utilized as a research tool to induce thiol oxidative

stress in cardiomyocytes.
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Materials and Methods

Materials

GSH, GSSG, 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), sodium borohydride (NaBH4),

BSO, BCNU, H2O2, diamide, p-aminobenzoic acid, sulfosalicylic acid, dimethyl sulfoxide

(DMSO), ethylenediaminetetraacetic acid (EDTA), recombinant human thioredoxin, insulin

and Bradford reagent were obtained from Sigma-Aldrich Chemical Co. (Milwaukee, WI,

USA). Dulbecco’s Modified Eagle’s medium (DMEM) was purchased from the American

Type Culture Collection (Bethesda, MD, USA). Fetal bovine serum was obtained from

Atlanta Biologicals (Lawrenceville, GA, USA). Penicillin/streptomycin, trypsin and

phosphate-buffered saline were purchased from Mediatech (Herndon, VA, USA). BCA

protein assay kit was bought from Thermo Scientific (Rockford, IL, USA). 2-AAPA was

synthesized in this laboratory by a previously reported method [38].

Stock solutions

Solutions of DTNB, p-aminobenzoic acid, and NaBH4 were made in 0.15 M NaH2PO4 (pH

7.5). Solutions of GSH and GSSG were prepared in 0.1% formic acid aqueous solution. 2-

AAPA (2 mM) was dissolved in DMEM containing 10% FBS and 1% penicillin/

streptomycin and prepared fresh each time before using. BSO (20 mM) was made in

ultrapure water (Milli-Q purification system; Millipore, Bedford, MA, USA) with pH

adjusted to 10. Diamide (20 mM) and H2O2 (20 mM) were prepared directly in ultrapure

water. BCNU (20 mM) was dissolved in ethanol. Solutions of 2-AAPA, diamide and BSO

were filtered through a Medical Millex-GP filter (0.22 μm, sterilized; Millipore). All stock

solutions were stored at −80°C before use except NaBH4, which was prepared fresh and

stored over ice for 1-day assay.

Cell Culture

H9c2 cell line (embryonic rat myocardium) was obtained from ATCC (Bethesda, MD,

USA) and maintained in DMEM with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin/

streptomycin at 37 °C with 5% CO2. In this study, only cells with passage number below 15

were utilized.

Cell Viability

Cell viability was measured by a colorimetric assay in a 96-well plate with MTT (3-(4,5)-

dimethylthiazol-2,5-diphenyltetrazolium bromide) [41]. Briefly, H9c2 cells were plated in

96 well plates at a density of 1,000 cells/well. After a 24 h attachment, the cells were treated

with increasing concentrations of 2-AAPA dissolved in growth medium (150 μL/well)

ranging from 1nM to 1mM for another 6 days. At the end of cell growth, MTT assay was

performed by replacing the medium with an MTT solution (0.5 mg/ml, 50 μl/well) and

incubated in the dark at 37°C for 4 h. The formed purple formazan product was dissolved by

DMSO (150 μl/well, 1 h). The absorbance of each well was quantified with a SpectraMax

M2 microplate reader (Molecular Devices, Sunnyvale, CA, USA) using a test wavelength of

570 nm and a reference wavelength of 650 nm. Cell viability of H9c2 cells treated with
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H2O2, diamide, BSO and BCNU were determined under the same conditions as descripted

above.

Enzyme Inhibition in H9c2 Cells

5 million H9c2 cells were placed in a 175-cm2 flask in DMEM and incubated for 24 h for

attachment. At the end of 24 h, the cells were treated with 2-AAPA (25, 50, 75 and 100 μM)

in a 5% CO2 incubator at 37 °C for different duration ranging from 20 min to 12 h. The

medium was collected, and the cells were rinsed with phosphate-buffered saline and

detached by trypsinization. The medium and the cell suspension were combined and

centrifuged at 1,000 g for 5 min. The pellet was washed with 5 ml of cold phosphate-

buffered saline with 1mM EDTA, suspended in hypotonic phosphate buffer (1 ml, 1 mM)

containing 1 mM EDTA, and homogenized over ice with an Omni 5000 homogenizer. The

homogenate was centrifuged at 120,000 × g for 30 min at 4 °C. The supernatant was

collected and used to determine GR and TrxR activities. To determine GR enzyme activity,

350 μl of the supernatant was added to a 0.1 M sodium phosphate buffer containing NADPH

(0.2 mM). The enzymatic reaction was initiated by addition of GSSG (1 mM). To determine

TrxR enzyme activity, 350 μl of the supernatant was added to a 0.1 M sodium phosphate

buffer pH 7.4, containing NADPH (0.24 mM) and 0.45 units/mL Trx. The enzymatic

reaction was initiated by addition of insulin (1.07 mg/mL). Both GR and TrxR activities

were measured by the initial rates of disappearance of NADPH determined

spectrophotometrically at λ=340 nm. Results were standardized to protein content

determined by the method of Bradford [42].

Intracellular GSH and GSSG

H9c2 cells were treated with 2-AAPA in a 175-cm2 flask and collected as described above.

The cell pellet was washed with cold phosphate-buffered saline (0.5 mL× 2) and

resuspended in 0.5 ml of 3% (w/v) sulfosalicylic acid. The cell suspension was sonicated

over ice using a Qsonica Q500 sonicator with a cup horn probe for 5 min and centrifuged at

20,817 × g for another 5 min at 4 °C. The supernatants of cell lysates were diluted with

0.1% (w/v) formic acid for analysis of GSH and GSSG by following a validated LC/MS/MS

method developed in this laboratory. The analysis was carried out on an Agilent 1100 series

HPLC system coupled with a Finnigan LCQ-DECA mass spectrometer, which is equipped

with an ESI ion source. Chromatographic separation of GSH and GSSG was achieved on an

Agilent Eclipse XDB-C18 column (1.0×150mm, 3.5μm) with mobile phase composed of

0.1% formic acid and acetonitrile at an isocratic ratio of 94/6 (v/v). The electrospray ion

source was operated in positive ionization mode and selected reaction monitoring (SRM)

was performed to detect GSH and GSSG at the mass transition of m/z 308→179 and m/z

613→484, respectively.

Protein Thiols, Protein Disulfides and S-glutathionylation

The lysate pellets were washed thoroughly with 3% (w/v) sulfosalicylic acid (0.5 ml × 3) to

ensure that no residual non-protein thiols were left before being resuspended in 0.5 ml of 3%

(w/v) sulfosalicylic acid. The quantification of protein thiols, protein disulfides and S-

glutathionylation followed a previously reported procedure developed in this laboratory
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[43]. Briefly, protein thiols were determined by reacting the thiols in suspension with DTNB

and measuring the subsequent formation of 2-nitro-5-thiobenzoic acid (TNB) using UV-

HPLC at a detection wavelength of 326 nm. Total thiol content was determined in the same

way as protein thiols except that a reaction to reduce disulfides was performed using NaBH4

before the reaction with DTNB. S-glutathionylation was measured by releasing the GSH

from protein upon NaBH4 reduction and detecting the conjugate of GSH with 2-nitro-5-

thiobenzoic acid (GS-TNB) formed in the reaction with DTNB. The reactions were

performed individually for each sample and manual injections were employed to shoot the

samples into HPLC. While protein thiols and S-glutathionylation were expressed directly as

equivalent of GSH, protein disulfide was quantified indirectly by subtracting the protein

thiols from total thiol content and expressed as equivalent of GSSG.

ROS Production

ROS production was assessed using cell-permeable probe carboxy-H2DCFDA (Invitrogen,

Life Technologies). Upon entry into the cytoplasm, this probe is cleaved by cellular esterase

and oxidized by ROS to yield fluorescence. Briefly, H9c2 cells were plated in 96 well plates

at a density of 10,000 cells/well. After 24 h attachment, the cells were pretreated with

carboxy-H2DCFDA for 30 min followed by treatment with 2-AAPA at concentration of 25,

50, 75 and 100 μM. Fluorescence intensity was measured at 492 nm (excitation) and 527 nm

(emission) on a SpectraMax M2 fluorescence microplate reader (Molecular Devices,

Sunnyvale, California) at different time points (20 min, 1 h, 2 h and 4 h).

Mitochondrial Membrane Potential

H9c2 cells were plated in 96 well plates at a density of 10,000 cells/well. After 24 h

attachment, the cells were treated with 2-AAPA 100 μM for 20 min and 2 h. Mitochondrial

membrane potential was determined by incubating the cells with a fluorescent dye 5,5′,6,6′-
tetrachloro-1,1′,3,3′-tetraethylbenzimidazolocarbocyanine iodide (JC-1, 0.5 μg/mL) for 15

min. JC-1 is a cationic dye which exhibits potential-dependent accumulation in

mitochondria indicated by a fluorescence emission shift from green (monomer) to red

(aggregates). Fluorescence intensity was measured on a SpectraMax M2 fluorescence

microplate reader (Molecular Devices, Sunnyvale, California). For red fluorescence, an

excitation wavelength of 550 nm and an emission wavelength of 600 nm were used while an

excitation wavelength of 485 nm and an emission wavelength of 610 nm were used to

measure green fluorescence. The ratio of fluorescence intensity of red to green in cells was

used as a marker of mitochondrial membrane potential.

Cytochrome C Release

15 million H9c2 cells were treated with 2-AAPA 100 μM for 20 min and 2 h. The cells were

harvested and intact mitochondria were isolated from cytosolic component by differential

centrifugation using a mitochondria isolation kit (Thermo Scientific, Rockford, IL). The

cytosolic fractions were analyzed using Western blotting to detect the release of cytochrome

c from mitochondria. Briefly, equal amounts of protein (30 μg) from each sample were

resolved by SDS-PAGE (15%) and transferred onto a 0.22 μm nitrocellulose membrane. The

membrane was blocked using 5% (w/v) dried milk powder in Tris-buffered saline (TBS) [10
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mM Tris-HCl (pH 7.5) and 0.15 M NaCl] with 0.1 % Tween 20 at room temperature and

incubated with primary antibodies raised against antigens of rat origin for 12 h in TBS with

0.1 % Tween 20 [rabbit polyclonal cytochrome c (Cell Signaling Technology, Danvers,

MA) and β-actin (Santa Cruz Biotechnology, Santa Cruz, CA)] at 4 °C. Secondary antibody

[Horseradish peroxidase (HRP)-conjugated antibody (Santa Cruz Biotechnology, Santa

Cruz, CA)] was then added to the membrane for 1 h at room temperature. Thereafter, the

membrane was washed, exposed to HRP substrate (Amersham, UK), and visualized using

UVP Bioimaging system. The band intensity was quantified by Lab Works™ image

acquisition and analysis software (UVP, Inc., Upland, CA).

Extent of Thiol Oxidative Stress in Other Models

The thiol oxidative stress produced by 2-AAPA was compared to other commonly used

pharmacological models of oxidative stress: H2O2, diamide, BSO and BCNU under the

same conditions. A concentration of 100 μM was selected for all compounds based on

literature reports. While the incubation time of H2O2, diamide and BCNU with H9c2 cells

was 2 h, the incubation time of BSO with H9c2 cells was 24 h to allow enough time for

GSH depletion. The thiol content including GSH, GSSG, protein thiols, protein disulfides

and S-glutathionylation was evaluated as described above and compared to the data obtained

from 2-AAPA.

Statistical Analysis

Data are expressed as means ± standard deviation (SD) from three independent experiments

and were analyzed using one-way ANOVA and Tukey’s post hoc test. A p value < 0.05 was

considered to be statistically significant.

Results

IC50 of 2-AAPA, H2O2, diamide, BSO and BCNU in H9c2 cells

The IC50, the concentration of 2-AAPA that decreases the cell viability by 50%, was

determined to be 68 ± 7 μM in H9c2 cells. IC50s of H2O2, diamide, BSO and BCNU in

H9c2 cells were determined to be 277 ± 68 μM, 47 ± 11 μM, 16 ± 5 μM and 55± 6 μM,

respectively.

2-AAPA inhibited GR and TrxR activities in H9c2 cells

The inhibitory effects of 2-AAPA on GR were determined in H9c2 cells over a 12 h period.

Results from GR activity assays are shown in Figure 2. The average GR activity in the

control was determined to be 0.033 units/mg protein. When the cells was incubated with 2-

AAPA, GR activity was inhibited and the maximum inhibition was observed within the first

2 h with remaining activity determined to be 49%, 33%, 20% and 13% at concentrations of

25, 50, 75, and 100 μM, respectively. The GR activity started to return after 2 h and almost

reached to the level of control at the end of 12 h for all concentrations. 2-AAPA also

inhibited TrxR activity in H9c2 cells. The remaining activity of TrxR in H9c2 cells treated

with 100 μM 2-AAPA for 20 min was determined to be 34%.
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GR inhibition by 2-AAPA decreased GSH/GSSG

To determine the extent of thiol oxidative stress induced by GR inhibition, intracellular GSH

and GSSG in H9c2 cells were quantified. The average values of GSH and GSSG in control

samples over a 4 h period were determined to be 32.9 ± 2.3 and 0.20 ± 0.02 nmol/mg protein

(n=24), respectively. As shown in Figure 3, a 2 to 20 fold increase in GSSG was observed in

2-AAPA treated cells depending on the concentrations and incubation time studied. For

intracellular GSH, slight depletion by 2-AAPA (~28%) was seen only at the first 20 minutes

with a concentration of 100 μM, and induction was found with lower concentrations of 2-

AAPA (25, 50 and 75 μM) after 1 h incubation. The intracellular GSH/GSSG ratios were

calculated and presented in Figure 4. In control H9c2 cells, the GSH/GSSG ratios were

determined to be 165:1. In 2-AAPA treated H9c2 cells, the GSH/GSSG ratios were

significantly decreased to be in a range of 11:1–108:1 depending on concentrations and

incubation time studied.

2-AAPA increased protein disulfides and S-glutathionylation

The extent of thiol oxidative stress in 2-AAPA treated H9c2 cells was also evaluated by

determining the content of protein thiols, protein disulfides and S-glutathionylation. As

shown in Figure 4, protein thiols content was found to decrease in 100 μM 2-AAPA treated

H9c2 cells (~20% reduction) throughout the 4 h period. For cells incubated with lower

concentrations of 2-AAPA, the content of protein thiols was also found to decrease but was

only statistically significant at 20 min and 4 h with the concentration of 75 μM. By contrast,

the content of protein disulfides was significantly increased in a concentration-dependent

manner. In addition, by detecting the GSH released from protein-glutathione mixed

disulfides upon reduction with NaBH4, a significant amount of protein S-glutathionylation

was found in 2-AAPA treated cells (except the concentration of 25 μM) while S-

glutathionylation was not detectable in control samples (Table 1). The formation of protein

S-glutathionylation was found to be highest at the first 1 h and started to decrease afterward.

No GSH release was detected in 2-AAPA treated H9c2 cells after 2 h incubation.

2-AAPA increased intracellular ROS production in H9c2 cells

The time course profile of ROS production in 2-AAPA treated H9c2 cells is shown in Figure

5. Interestingly, no significant difference in ROS production was noticed between the

control and the 2-AAPA treated cells within the first hour. Increased ROS was observed

when the cells were incubated with 2-AAPA for longer times (Figure 5).

2-AAPA induced mitochondrial membrane potential loss in H9c2 cells

Mitochondrial membrane potential of H9c2 cells in the presence of 2-AAPA was measured

to evaluate the effect of an altered TRS on mitochondrial function. As shown in Figure 6,

the ratio of red/green fluorescence intensity of JC-1 was decreased in 2-AAPA treated H9c2

cells at both 20 min and 2 h time points with concentrations of 75 μM and 100 μM, which

indicated the loss of mitochondrial membrane potential in cells. Imaging of the stained cells

under fluorescence microscopy also demonstrated the results by observations of decreased

red fluorescence and increased green fluorescence in 2-AAPA treated cells (data not shown).
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2-AAPA induced cytochrome c release from mitochondria

The mitochondrial integrity in 2-AAPA treated H9c2 cells was evaluated by determining the

cytochrome c in cytosol. Western blotting results are shown in Figure 7. Release of

cytochrome c to cytosol from mitochondria was detected as early as 20 minutes in 100 μM

2-AAPA treated H9c2 cells.

H2O2, diamide, BSO and BCNU induced less extent of thiol oxidative stress in H9c2 cells

The extent of thiol oxidative stress produced by 2-AAPA was compared to existing

pharmacological models of thiol oxidative stress including H2O2, diamide, BSO and BCNU

at a concentration of 100 μM. Intracellular GSH, GSSG, protein thiols, protein disulfides

and S-glutathionylation were measured and summarized in Figure 8. Depletion of both GSH

and GSSG was seen in BSO and BCNU treated H9c2 cells. Slight depletion of GSH (33%)

was also found in H2O2 treated cells but no significant difference was observed in GSSG

compared to control. For diamide, no significant difference in either GSH or GSSG was

found between control and treatment at concentration of 100 μM, and depletion of GSH and

an increase of GSSG were seen only when the concentration of diamide was increased to

250 μM (data not shown). GSH/GSSG ratios were decreased in BCNU (81:1) and H2O2

(91:1) treated cells. No significant difference was found when comparing the GSH/GSSG

ratio among diamide, BSO and control. For protein thiols, slight depletion was observed in

H2O2 (20%) and BCNU (8%) treated H9c2 cells and no significant difference was found in

diamide and BSO treated cells compared to control. Increased protein disulfides were only

seen in in H2O2 and BCNU treated cells.

Discussion

GR inhibition could serve as a valuable research tool in creating thiol oxidative stress to

study TRS-related normal and abnormal biochemical processes in cardiovascular diseases.

For various reasons, BCNU has been the most commonly used GR inhibitor in the literature.

However, the DNA-alkylating property complicates the use of BCNU as a GR inhibitor.

Therefore, a GR inhibitor that can selectively modify intracellular TRS is more desirable. In

this study, we used a dithiocarbamate derivative, 2-AAPA, to create a model of thiol

oxidative stress in cardiomyocytes. The compound was initially designed and developed as a

GR inhibitor, although later it was also found to be an inhibitor of glutaredoxin. Overall this

compound is still a selective TRS modulator as it showed only minimal inhibition of two

glutathione-related enzymes, glutathione S-transferase and glutathione peroxidase, and had

no inhibition of the enzymes involved in GSH synthesis or other antioxidant enzymes

including catalase and superoxide dismutase [38].

We assessed the impact of 2-AAPA on thiol oxidative stress parameters and cellular

functions in H9c2 rat cardiomyocytes. This cell line was chosen because it has been used in

numerous literature reports studying the effects of oxidative stress in cardiovascular diseases

[5, 25–27, 29, 30, 35]. In addition, this cell line is relatively easy to maintain. We selected

four concentrations of 2-AAPA including 25, 50, 75 and 100 μM to be evaluated in the

study. The selection was based on the dose-response curve from cell viability assays, and

concentrations of 50 μM and below produced over 80% viability.
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As demonstrated by GR activity assays, 2-AAPA produced GR inhibition in H9c2 cells. The

maximal GR inhibition was observed within the first two hours, and the GR activity started

to return afterward and reached to the normal level of control at the end of 12 h (Figure 2).

2-AAPA is known to inhibit GR through thiocarbamoylation of thiols at the active site.

Although the primary mode of 2-AAPA inhibition is irreversible, the labile thiocarbamate

bonds formed between 2-AAPA and enzyme might have undergone hydrolysis to release the

enzyme during incubation in cells [38]. Another possible explanation for the return of GR

activity in H9c2 cells is the synthesis of new GR proteins as indicated in an earlier reported

literature [44]. This paper reported a 50% return of GR activity in a murine leukemia cell

line within 12 h after completely inhibition by BCNU, which is also an irreversible GR

inhibitor. The return of activity observed in this paper was demonstrated to be dependent on

the synthesis of new proteins [44].

By inhibiting GR, 2-AAPA blocked the reduction of GSSG to GSH resulting in significant

accumulation of GSSG in H9c2 cells as expected (Figure 3). However, there is a

discrepancy between the GR activity and the GSSG accumulation as no drop in GSSG was

observed as the GR activity returned. This discrepancy is likely due to the limited capacity

of GR in cardiomyocytes as the heart tissue has been reported to have a low GR activity

compared to other major organs [45]. In this study, the basal GR activity in control H9c2

cells was determined to be 0.033 units/mg protein which is much lower than in a monkey

kidney cell line (0.3 units/mg protein) [40]. Therefore, even though there is return of GR

activity observed in H9c2 cells, the limited GR capacity might not be enough to effectively

decrease the accumulated GSSG. Another possible explanation for the discrepancy is the

limitation of GSSG efflux system either by the saturation of accumulated GSSG or even

inhibition by 2-AAPA. In a separate study in this laboratory, we have found that verapamil,

which has been reported to inhibit GSSG efflux [46], increased GSSG accumulation (~3

fold) in BCNU treated H9c2 cells (Xie J and Seefeldt T, unpublished data), and interestingly

BCNU alone as a GR inhibitor was shown to deplete GSSG instead of causing GSSG

accumulation as indicated in Figure 8. This indirectly indicated that GSSG efflux might be

inhibited in 2-AAPA treated H9c2 cells leading to the persistent accumulation of GSSG

despite returned GR activity. However, there is also other alternative possibility regarding

GSSG transport system for explanation of the discrepancy. A recent published study

revealed that GSSG that is not immediately reduced in the cytosol is rapidly transported into

the vacuole in yeast cells by the ABC-C transporter Ycf1 [47]. Although further evidences

are needed, it is possible that mammalian cells under oxidative stress can also transport

cytosolic GSSG into a subcellular compartment such as endoplasmic reticulum that is not

accessible for reduction by the newly synthesized cytosolic GR. If so, the discrepancy might

be due to the inability of the method employed to distinguish the cytosolic GSSG from

subcellular GSSG as the GSSG levels were measured after lysis of the complete cells.

For intracellular GSH, we initially expected the GSH to be depleted to some degree by 2-

AAPA. However, the depletion was observed only in the treatment of 100 μM 2-AAPA at

the first 20 minutes. Intracellular GSH was unexpectedly increased when the cells were

treated with lower concentrations of 2-AAPA for longer times (Figure 3). The elevation of

GSH is likely due to an increase in γ-glutamylcysteine synthetase (γ-GCS) activity, which

currently is being investigated in a separate study. γ-GCS is an enzyme responsible for
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catalyzing the rate limiting reaction in GSH de novo synthesis. Even though the GSH level

was elevated substantially (23–154%), the more profound accumulation in GSSG (up to 20

fold) significantly decreased the GSH/GSSG ratio in 2-AAPA treated H9c2 cells (165:1 in

control compared to 11:1–108:1 in 2-AAPA treated, Figure 3). Because the cells were

completely lysed by 3% sulfosalicylic acid, the measured GSH/GSSG ratios reflect the

overall redox state in H9c2 cells. In literatures, the reported GSH/GSSG ratios are highly

varied due to the different methods employed in measurement. Therefore, it is difficult to

compare the GSH/GSSG ratios measured in this paper to those reported in other literatures.

Nevertheless, the significantly decreased GSH/GSSG ratios in 2-AAPA treated H9c2 cells

indicated a state of thiol oxidative stress created by 2-AAPA. Besides decreasing the GSH/

GSSG ratio, 2-AAPA also increased the protein disulfide bond formation as well as S-

glutathionylation in H9c2 cells (Figure 4). The increase in protein disulfides is consistent

with the finding of inhibited TrxR activity in this study. TrxR is the enzyme catalyzing the

reduction of Trx and hence is the central component in the Trx system. Together with Trx

and NADPH, this system is responsible for protein disulfide reduction in cells and is

important in regulating TRS. The Trx/TrxR system has also been shown to have important

role in the development of cardiovascular diseases [4]. The ability to inhibit TrxR is

therefore a strong asset to 2-AAPA in creating the thiol oxidative stress model in H9c2 cells.

The altered TRS induced by 2-AAPA readily impacts the normal cellular functions of

cardiomyocytes as demonstrated by the decreased mitochondrial membrane potential and

the release of cytochrome c from mitochondria observed at the first 20 min. The disruption

in mitochondrial function is likely due to the opening of the permeability transition pore,

which is sensitive to a change in TRS and has been implicated in ischemia-reperfusion

injury in heart [48, 49]. Release of cytochrome c subsequently initiated the apoptosis

processes in H9c2 cells as detected in Annexin-V staining assays (data not shown).

Interestingly, while cytochrome c release has been detected as early as in 20 min, no

increase in ROS was detected in 2-AAPA treated H9c2 cells at the first hour. A significant

increase in ROS was detected only when the cells were treated for a longer time which is not

unexpected as a disruption in mitochondrial electron transport chain will cause leakage of

free radicals.

Compared to other pharmacological models of oxidative stress including H2O2, diamide,

BSO and BCNU, 2-AAPA has several advantages in creating a state of thiol oxidative stress

in H9c2 cells. First, 2-AAPA has relatively lower cytotoxicity in H9c2 cells. The IC50 of 2-

AAPA in H9c2 cells was determined to be 68 ± 7 μM, which is much higher than that of

BSO (IC50 = 16 ± 5 μM). In addition, while BSO requires a long incubation time (12–24h)

to deplete the intracellular GSH, 2-AAPA alters TRS almost instantly as a decreased GSH/

GSSG ratio was detected as early as 20 min.

Second, 2-AAPA is more potent in increasing intracellular GSSG and decreasing GSH/

GSSG. As indicated earlier, a decrease in GSH/GSSG has been shown to strongly correlate

with oxidative stress induced cardiac injuries [17–19]. Although lower GSH/GSSG ratios

have also been observed in H2O2 and BCNU treated cells (not in BSO and diamide treated

cells, Figure 8), the decreases were due to a more significant depletion of GSH and not
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because of an actual increase in GSSG. In fact, other than 2-AAPA, no significant increase

in GSSG has been found with any compounds selected in this study, and even in BSO and

BCNU treated cells, intracellular GSSG was significantly depleted as well as GSH (Figure

8). By contrast, even the lowest concentration of 2-AAPA (25 μM) studied can produce a 3-

fold increase in GSSG in 2 h. Such an increase in GSSG might have more physiological

relevance with cardiovascular diseases, because myocardial GSSG has been shown to

significantly increase in the left ventricle (up to 4 fold) during heart failure in a coronary

artery ligation model of myocardial infarction in rats [50].

Third, 2-AAPA is able to induce protein S-glutathionylation in H9c2 cells which was not

detected with other compounds selected in this study. Protein S-glutathionylation is involved

in redox regulation of various cellular protein functions and is known to maintain sulfhydryl

homeostasis by protecting protein cysteine residues from irreversible oxidation under

oxidative stress conditions [8, 51]. It also has been shown to have important implications in

the development of cardiac injury such as ischemia-reperfusion injury as indicated earlier.

Deglutathionylation of proteins are mainly catalyzed by the enzyme glutaredoxin, and 2-

AAPA has been identified as an irreversible inhibitor of human glutaredoxin-1 recently [39].

The ability of 2-AAPA in inducing protein S-glutathionylation makes it a good tool for

studying the important role of redox signaling in the development of cardiovascular

diseases.

Last but not least, the effect of 2-AAPA on intracellular TRS and cellular functions of H9c2

cells is concentration and time dependent. Thus, 2-AAPA might be capable to meet the

needs of different cardiovascular research by selection of different concentrations and

incubation times. For example, 2-AAPA does not induce ROS production in H9c2 cells

within the first hour. This can differentiate 2-AAPA from H2O2, which produces a general

state of oxidative stress with nonspecific oxidative nature, and makes 2-AAPA a more

specific model of thiol oxidative stress for cardiovascular diseases.

Conclusions

In conclusion, 2-AAPA is capable of producing a state of thiol oxidative stress in H9c2 rat

cardiomyocytes by increasing the intracellular GSSG, protein disulfides and S-

glutathionylation. The alteration in TRS elicits a disruption in normal mitochondrial and

cellular functions. In comparison to other compounds, 2-AAPA is superior as a model of

thiol oxidative stress with lower cytotoxicity, higher specificity and more pharmacological

relevance. The use of 2-AAPA as a model of thiol oxidative stress in H9c2 rat

cardiomyocytes has been extensively and successfully employed in this laboratory to screen

and study compounds in protection of heart against abnormal TRS.
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Abbreviations

TRS thiol redox state

2-
AAPA

2-acetylamino-3-[4-(2-acetylamino-2-

carboxyethylsulfanylthiocarbonylamino)phenylthiocarbamoylsulfanyl]propionic

acid

GSH reduced form glutathione

GSSG oxidized form of glutathione or glutathione disulfide

ROS reactive oxygen species

GR glutathione reductase

Trx thioredoxin

TrxR thioredoxin reductase

BCNU N,N′-bis(2-chloroethyl)-N-nitroso-urea

BSO buthionine sulfoximine

MTT 3-(4,5)-dimethylthiazol-2,5-diphenyltetrazolium bromide

DTNB 5,5′-dithiobis(2-nitrobenzoic acid)

TNB 2-nitro-5-thiobenzoic acid

GS-
TNB

the conjugate of GSH with 2-nitro-5-thiobenzoic acid

PBS phosphate-buffered saline

EDTA ethylenediaminetetraacetic acid

DMSO dimethyl sulfoxide

DMEM Dulbecco’s Modified Eagle’s medium
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Figure 1.
Chemical structure of 2-acetylamino-3-[4-(2-acetylamino-2-

carboxyethylsulfanylthiocarbonylamino)phenylthiocarbamoylsulfanyl]propionic acid (2-AAPA)

Xie et al. Page 17

Free Radic Biol Med. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
GR activity in the control and 2-AAPA treated H9c2 cells. The data are presented as units/mg protein and expressed as the

means ± SD of three independent experiments. One-way ANOVA and Tukey’s post hoc test were performed to analyze data at

each time point. # p < 0.05 and * p < 0.01 compared with control group.
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Figure 3.
Intracellular GSH (A), GSSG (B) and GSH/GSSG ratio (C) in the control and 2-AAPA treated H9c2 cells. The data are

presented as nmol/mg protein and expressed as the means ± SD of three independent experiments. One-way ANOVA and

Tukey’s post hoc test were performed to analyze data at each time point. # p < 0.05 and * p < 0.01 compared with control group.
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Figure 4.
Protein thiols (A) and protein disulfides (B) in the control and 2-AAPA treated H9c2 cells. The data are presented as nmol/mg

protein and expressed as the means ± SD of three independent experiments. One-way ANOVA and Tukey’s post hoc test were

performed to analyze data at each time point. # p < 0.05 and * p < 0.01 compared with control group.
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Figure 5.
ROS production in the control and 2-AAPA treated H9c2 cells. The data are presented as fluorescence intensity and expressed

as the means ± SD of three independent experiments. One-way ANOVA and Tukey’s post hoc test were performed to analyze

data at each time point. # p < 0.05 compared with control group.
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Figure 6.
Mitochondrial membrane potential in the control and 2-AAPA treated H9c2 cells. The data are presented as the ratio of JC-1

red/green fluorescence from three independent experiments and normalized with control group. One-way ANOVA and Tukey’s

post hoc test were performed to analyze data at each time point. # p < 0.05 and * p < 0.01 compared with control group.
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Figure 7.
Cytochrome c release in the control (A: 20 min; C: 2 h) and 100 μM 2-AAPA treated H9c2 cells (B: 20 min; D: 2h) determined

by Western blot analysis.
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Figure 8.
Intracellular GSH (A), GSSG (B), GSH/GSSG (C), protein thiols (D), protein disulfides (E) in the control and H2O2, diamide,

BSO and BCNU treated H9c2 cells. The data are presented as nmol/mg protein and expressed as the means ± SD of three

independent experiments. One-way ANOVA and Tukey’s post hoc test were performed to analyze data at each time point. # p <

0.05 and * p < 0.01 compared with control group.
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