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Abstract

Redox imbalance is a primary cause for endothelial dysfunction (ED). Under oxidant stress, many

critical proteins regulating endothelial function undergo oxidative modifications that lead to ED.

Cellular levels of GSH, the primary reducing source in cells, can significantly regulate cell

function via reversible protein thiol modification. N-Acetyl cysteine (NAC), a precursor for GSH

biosynthesis, is beneficial for many vascular diseases; however, the detailed mechanism of these

benefits is still not clear. From HPLC analysis, NAC significantly increases both cellular GSH and

BH4 levels. Immunoblotting of eNOS and DUSP4, a dual-specificity phosphatase with a cysteine

as its active residue, revealed that both enzymes are up-regulated by NAC. EPR spin-trapping

further demonstrated that NAC enhances NO generation from cells. Long-term exposure to Cd2+

contributes to DUSP4 degradation and the uncontrolled activation of p38 and ERK1/2, leading to

apoptosis. Treatment with NAC prevents DUSP4 degradation and protects cells against Cd2+-

induced apoptosis. Moreover, the increased DUSP4 expression can redox regulate p38 and

ERK1/2 pathways from hyper-activation, providing a survival mechanism against the toxicity of

Cd2+. DUSP4 gene knockdown further supports the hypothesis that DUSP4 is an antioxidant gene,

critical in the modulation of eNOS translation, and thus protects against Cd2+-induced stress.

Depletion of intracellular GSH by BSO makes cells more susceptible to Cd2+-induced apoptosis.

Pre-treatment with NAC prevents p38 over-activation and thus protects the endothelium from this

oxidative stress. Therefore, the identification of DUSP4 activation by NAC provides a novel target

for future drug design.
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INTRODUCTION

Elevated production of oxygen free radicals and reduced antioxidant activity contribute to

cellular redox imbalance, the primary pathogenic factor of many oxidant-induced

cardiovascular, aging-associated, and neurodegenerative diseases [1-3]. Under oxidant

stress, many critical redox-sensitive proteins are either reversibly or irreversibly modified.

Reversible modification, especially protein thiol oxidation, plays a key role in regulating

cellular redox signaling and modulating cell function [2-4]. Glutathione (GSH), the primary

reducing source in cells, is a substrate for many antioxidant enzymes, and GSH can also

scavenge reactive oxygen species (ROS) through oxidation of its thiol to form oxidized GSH

(GSSG) [5]. As such, an increase in the [GSSG]/[GSH] ratio is indicative of oxidative stress

and leads to reversible thiol oxidation of many redox sensitive proteins, resulting in either

their activation or inactivation [4, 6-8]. Thus, the regeneration of intracellular GSH can

reverse this oxidative modification and restore protein function, and be of therapeutic

significance for targeting oxidant-induced diseases.[9, 10].

NAC is a thiol-containing antioxidant and a precursor for GSH biosynthesis [11]. Because

of its antioxidant nature and ability to elevate or restore the intracellular GSH, NAC has

been used to treat various oxidant-derived diseases, such as chronic pulmonary diseases,

cardiovascular diseases, neurodegenerative diseases, and cancer [12-14]. In cardiovascular

diseases, NAC has been used in numerous clinical trials for ischemia/reperfusion injuries

[15, 16]. However, the outcomes of these trials were inconsistent. Whereas some studies

found NAC treatment to be beneficial, others found no significant difference between

treatment groups. An underlying reason for this discrepancy lies in the complexity of NAC

on cell redox modulation [11, 14]. As such, further and more detailed investigations are

required to elucidate the redox mechanism of NAC treatment on oxidant-derived diseases,

especially with regard to ED. Redox imbalance is a main contributing factor for ED. The

resulting effects of elevated endothelial ROS are to increase cell surface expression of

adhesion molecules through cytokine activation [14] and decrease the NO bioavailability

[17-19]. NAC inhibits the expression of these adhesion molecules [14] and restores the level

of NO generation by scavenging the endogenous ROS, thus benefiting vascular function.

Further identification of NAC redox mechanisms will provide new therapeutic strategies

targeting oxidant-derived diseases.

Apart from its antioxidant effect, NAC has been demonstrated to prevent apoptosis and

enhance cell survival through activation of the extracellular signal-regulated kinase

(ERK1/2) pathway [20]. NAC also inhibits the p38 [21] and c-Jun N-terminal kinases

(JNKs) [14] of the mitogen-activated protein kinase (MAPK) signaling cascades that

regulate differentiation, proliferation and apoptosis. The duration and extent of

phosphorylation of these MAPKs are critical factors in determining their physiological

effects [22, 23]. Kinetic control of the MAPK signal cascades is modulated by the process of

kinase dephosphorylation, conducted by the MAPK phosphatase (MKPs) or dual-specificity

protein phosphatases (DUSPs) [24-26]. Nonetheless, the mechanism of inhibition of these

kinases by NAC is still unclear. A previous study showed that DUSP4/MKP2 is one of the

genes up-regulated by NAC treatment using microarray gene expression analysis of
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endothelial cells treated with NAC [27], and we ourselves have seen similar effects.

Therefore, in this study we hypothesize that NAC treatment results in MAPK inhibition via

the activation of DUSP4, providing a feedback regulation of MAPKs, which are important

in cell survival.

DUSPs, a subset of the protein tyrosine phosphatase superfamily, have an active cysteine for

their catalytic function. The unique feature of DUSPs is to inactivate the terminal MAPKs

via the dephosphorylation of both serine/threonine and tyrosine residues within the one

substrate [24-26]. Each of the DUSP members has different substrate specificity (p38, ERK,

or JNK) and different subcellular localization. Because DUSPs have an active cysteine in

their catalytic domain, they are redox sensitive and can be inactivated by ROS or thiol

modification [28].

In the endothelium, NO is a critical small molecule involved in regulating vascular tone,

vascular growth, platelet aggregation, and modulation of inflammation [29-31]. The over-

production of ROS, which reacts with NO in the vasculature, leads to a decrease in NO

bioavailability and contributes to ED, including hypertension and atherosclerosis [17-19]. A

study showed that chronic NAC treatment lowers the blood pressure of spontaneously

hypertensive rats by increasing eNOS expression and activity [32]. However, the mechanism

of eNOS activation by NAC treatment has not been determined. Recently, we demonstrated

that eNOS is S-glutathionylated in hypertensive vessels and in endothelial cells with

treatment by BCNU or Cd2+, leading to eNOS uncoupling and increased superoxide

generation [6, 33]. This eNOS oxidative modification can be reversed by glutaredoxin1 but

this reversal is dependent on the ratio of GSSG and GSH [34]. Thus, the restoration of

intracellular GSH is expected to provide a beneficial effect for endothelial function by

favoring eNOS in its reduced form.

Our results support the hypothesis that NAC treatment in endothelial cells up-regulates the

expression of DUSP4 and eNOS, contributing to cell growth and augmenting NO

generation. The increase in DUSP4 expression specifically prevents Cd2+-induced over-

activation on both p38 and ERK1/2 pathways, thus promoting cell survival. This process is

dependent on the intracellular [GSSG]/[GSH] ratio. Furthermore, the result of DUSP4 gene

silencing demonstrates that DUSP4 plays a critical role against oxidant stress, and is

important for eNOS expression via translational modulation. Therefore, the identification of

DUSP4 activation in response to NAC treatment provides new insight into redox signaling

and vascular function.

EXPERIMENTAL PROCEDURES

Materials

Anti-NOS3 (C-20) HRP, DUSP4, and β-actin antibodies were obtained from Santa Cruz

(Santa Cruz, CA), GCH1 antibody from Abnova (Taipei, Taiwan), p-ERK1/2, ERK1/2, p-

p38, p38, GAPDH, cleaved caspase-3, MEK1/2, and Histone antibodies from Cell Signaling

(Cambridge, MA). NAC, GSH, GSSG, HEPES, and Tris were purchased from Sigma-

Aldrich (St. Louis, MO). Secondary anti-rabbit and anti-mouse IgG-HRP antibodies were

purchased from GE Life Sciences (Piscataway, NJ). RNA was isolated using Trizol reagent
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purchased from Ambion (Carlsbad, CA). cDNA was synthesized with a High-Capacity

cDNA Reverse Transcription kit from Applied Biosystems (Foster City, CA) and real-time

PCR conducted using LightCycler 480 SYBR GreenI from Roche (Mannheim, Germany).

p38 inhibitor, SB 203580, was purchased from Cayman Chemical (Ann Arbor, MI).

Cell culture and NAC treatment

The maintenance of bovine aortic endothelial cells (BAECs) cultures was the same as

previously described [6, 33, 34]. BAECs were treated overnight with various concentrations

(1, 2, and 5 mM) of NAC. The activity of eNOS from BAECs was measured using EPR NO

spin-trapping with Fe-N-methyl-d-glucamine dithiocarbamate (Fe2+-MGD) [33, 34] after 24

hours of NAC treatment. High-performance liquid chromatography (HPLC) was used to

determine the cellular level of GSH and BH4 after treatment.

Measurement of NO generation from BAECs by EPR spectroscopy

Spin-trapping measurements of NO from BAECs were performed with a Bruker EMX

spectrometer with Fe2+-MGD as the spin trap [6, 33, 34]. Spin-trapping experiments were

performed on cells grown in six-well plates (106 cells per well). Before EPR spin-trapping

measurements, control cells, and cells treated overnight with NAC were washed twice with

PBS. Next, 0.8 ml of PBS containing glucose (1 g/L), CaCl2, MgCl2, the NO spin-trap Fe2+-

MGD (0.5 mM Fe2+, 5.0 mM MGD) and calcium ionophore (1 μM) was added to each well,

and the plates were incubated for 20 min at 37 °C in a humidified environment containing

5% CO2. After incubation, the medium from each well was removed, and the trapped NO in

the supernatants was quantified by EPR. Spectra recorded from these cellular preparations

were obtained with the following parameters: microwave power 20 mW, modulation

amplitude 4.0 G, modulation frequency 100 kHz. 1 mM L-NAME was used to inhibit the

intracellular eNOS activity. The quantification of NO generation from eNOS was

determined from the L-NAME inhibitable EPR intensity.

HPLC measurement of cellular GSH and GSSG

The cellular level of GSH and GSSG in BAECs was determined using HPLC

chromatography [35]. Cells were first lysed and sonicated in degassed PBS. The cellular

level of reduced GSH was determined by addition of 50 μl of supernatant to 900 μl of 75

mM borate buffer pH 8.0 and 50 μl of 36.4 mM OPA (prepared in 75 mM borate buffer pH

8.0 and 10% ethanol) for 10 minutes in the dark. 50 μl of the reaction was separated using a

Shimadzu LC-2010AT HPLC system with a C18 reversed-phase column (Tosoh Reversed-

Phase C18 HPLC Columns, 4.6 mm × 150 mm) consisting of a mobile phase of 150 mM

sodium acetate in 30% methanol and a flow rate of 0.5 mL/min. A Shimadzu RF-10A XL

fluorescence detector with excitation wavelength of 338 nm and emission wavelength of 458

nm was used to detect GSH-OPA adduct and the integration of peak area used for GSH

quantification. Bradford assay was used to determine the protein concentration. For

comparison, the level of GSH was normalized to the total protein concentration.

GSSG content was determined separately by incubating 39 μl of cell lysate with 1 μl of 100

mM N-ethylmaleimide for 5 minutes to inactivate the reduced GSH. 10 μl of 100 mM DTT
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was then added to samples and incubated at RT for 10 minutes to reduce GSSG to GSH

before the reaction with OPA to form a GSH-OPA adduct for HPLC analysis.

HPLC measurement of cellular BH4

The cellular level of BH4 in BAECs was determined using HPLC chromatography [36]. For

BH4 measurement, cells were lysed and sonicated in cold extraction buffer (50 mM Tris-

HCl, pH 7.4, 1 mM DTT, 1 mM EDTA). The total protein concentration was determined

using a Bio-Rad protein assay. Total biopterin (BH4 + BH2 + biopterin) was quantified

through acid oxidation, while BH2 and biopterin were quantified via alkaline oxidation. To

determine total biopterin, 90 μl of cell extract was treated with 10 μl of a 1:1 mixture of 1.5

M HClO4 and 2 M H3PO4 and centrifuged for 30 min at 12,000 rpm. Acidic oxidation was

performed by addition of 10 μl of 1% iodine, in 2% KI solution, to 90 μl of the acid-treated

supernatant and incubated at room temperature for 1 hour in the dark. Alkaline oxidation

was achieved by adding 10 μl of NaOH to 80 μl of cell lysate followed by addition of 10 μl

of 1% iodine in 2% KI. The alkaline oxidation was carried out at room temperature for 1 hr

in the dark and was then acidified with 20 μl of 1 M H3PO4. 50 μl of the acid or alkaline

oxidized product was separated using a Shimadzu LC-2010AT HPLC system with a C18

reverse-phase column (Tosoh Reversed-Phase C18 HPLC Columns, 4.6 mm × 150 mm)

using 5 % methanol as a mobile phase with a flow rate of 0.5 ml/min. A Shimadzu RF-10A

XL fluorescence detector with excitation wavelength of 350 nm and emission wavelength of

450 nm was used to detect biopterin elution. The peak area was integrated and normalized to

total protein for quantification.

Measurement of superoxide generated from BAECs using dihydroethidium (DHE) and
HLPC analysis

The level of superoxide generation from control BAECs and BAECs treated with NAC,

Cd2+, or Cd2+/NAC was measured using DHE HPLC analysis with a slight modification

[37]. After overnight treatment, cells were washed once with PBS and incubated in Krebs-

HEPES buffer. DHE was added to a final concentration of 25 μM and incubated at 37 °C for

30 min. The medium was then removed and replenished with fresh Krebs-HEPES buffer for

additional 1 hr incubation. After incubation, cells were collected and lysed in 500 μL cold

methanol, and centrifuged. 2-hydroxyethidium, dihydroethidium, and ethidium were

separated using a gradient HPLC system (Shimadzu LC-2010A) with a Hypersil Gold

column (250 × 4.6 mm, Thermo Scientific) and detected with a fluorescence detector using

an emission wavelength at 580 nm and an excitation at 480 nm. A linear gradient at a flow

rate of 0.5 mL/min was developed from mobile phase A (0.1% trifluoroacetic acid) to

mobile phase B (acetonitrile) over 23 min from 37% to 47% acetonitrile.

Cells treatment with NAC, Cd2+, or BSO

To determine the effects of the various treatments on endothelial function, cells were treated

overnight with 5 mM NAC, 100 μM Cd2+ alone, or 100 μM Cd2+ and 5 mM NAC. After

treatment, the levels of GSH and [GSSG]/[GSH] ratio were measured using HPLC.

Immunoblotting was used to determine the level of protein expression, and quantitative PCR

(qPCR) was used to measure transcript levels. To further demonstrate the role of GSH on

protein stability and cell viability, cells were pre-treated with 5 mM NAC or 1 mM
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buthionine sulfoximine (BSO) overnight, and followed with 100 μM Cd2+ exposure in fresh

medium for 2 hr. Live cell imaging microscopy was used to determine cell viability. Cell

apoptosis was determined using immunostaining of cleaved caspase-3. Immunoblotting was

used to determine the level of protein expression. Non-reducing electrophoresis and

immunoblotting of eNOS was used to determine eNOS protein thiol oxidation. Cellular level

of GSSG and GSH was measured by HPLC as described in the previous section.

Immunoblotting analysis

The procedure for the immunoblotting was followed as previously described [6, 33, 34].

Samples were first separated on a 4–20% or 8% Tris-glycine polyacrylamide gel, and then

electrophoretically transferred to a nitrocellulose membrane. Anti-eNOS, GCH1, and

DUSP4 were used to determine the level of expression of these proteins. The extent of p38

and ERK1/2 phosphorylation was determined using anti-p-p38 and p-ERK1/2. The ratio of

p-p38 and total p38 or p-ERK1/2 and total ERK1/2 was used to determine the extent of the

activation of these kinases. β-actin or GAPDH served as loading control markers.

RNA isolation and quantitative PCR

After treatment with NAC, Cd2+, or Cd2+/NAC, cells were first washed with PBS and

trypsinized, and pellet was then washed once with PBS before RNA isolation. In brief, total

RNA was isolated from BAECs via the Trizol-chloroform extraction procedure. Extracted

RNA was quantified via spectrophotometric analysis using absorption spectra at

wavelengths of 230, 260 and 280 nm. A total of 1 g of RNA was reverse-transcribed using a

High-Capacity cDNA Reverse Transcription Kit according to the kit’s instructions. Gene

expression was detected via quantitative real-time PCR using a Roche 480 thermal cycler.

Data were calculated using the 2−Cp method and are expressed as target gene transcript fold

induction normalized to β-actin. The primers utilized are listed in Table 1.

Nuclear and Cytoplasmic Extraction

NE-PER nuclear and cytoplasmic extraction kit from Thermo Scientific (Rockford, IL) was

used to determine the subcellular localization of proteins. Before the fractionation, BAECs

were treated with NAC, Cd2+, and NAC/Cd2+ as previously described. After extraction, the

protein localization was determined using immunoblotting for either nuclear or cytoplasmic

fraction. Histone was used as the nuclear marker, and MEK1/2 as the cytoplasmic marker.

Live Cell Imaging Microscopy

BAECs were cultured on 22-mm2 sterile coverslips in 35-mm sterile dishes at a density of

104 cells per dish, subjected to overnight pre-treatment with NAC or BSO, then exposed for

2 hr to Cd2+. After treatment, the coverslips with cells were then mounted on a glass slide

and viewed with the Zeiss Axiovert 135 microscope with Tucsen TCH-5.0ICE camera at

20× magnification, images were captured digitally and analyzed.

Immunostaining of cleaved caspase-3

BAEC cells were cultured on sterile coverslips coated with adhesion factor to a 50-60%

confluence. Cells were pre-treated with either NAC or BOS overnight following with 2hr
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Cd2+ exposure. After treatment, cell media was removed and coverslips were washed 2×

with PBS, fixed for 20 min at RT in 4% paraformaldehyde and subsequently washed 3×

with PBS containing 0.1% BSA. Cells were then blocked for 45 min at RT in PBS

containing 10% FBS and 0.3% TritonX-100 and then incubated overnight at 4°C in anti-

cleaved caspase-3 diluted 1/400 in PBS with 0.3% TritonX-100. After overnight incubation,

coverslips were rinsed 2× with PBS containing 0.1% BSA, and incubated with Alexa Fluor

594 secondary antibody (Cell Signaling) for 1 hr at RT. Finally, coverslips were washed 3×

with PBS containing 0.1% BSA, mounted onto a glass slide with ProLong Gold antifade

reagent with DAPI (Life technologies, Grand Island, NY), and fluorescent images (20×)

obtained using a Zeiss Axiovert 135 microscope. To further demonstrate that the over-

activation of p38 is one of contributing factors for apoptosis, BSO-treated cells were

incubated with 10 μM SB 203580 30 min prior to and during 2 hr Cd2+ exposure.

DUSP4 gene silencing

The important role of DUSP4 on the modulation of p38 and ERK1/2, and eNOS expression

in response to NAC treatment was demonstrated via DUSP4 gene silencing in rat aortic

endothelial cells (RAECs) with rat DUSP4 siRNA kit (OriGene, Rockville, MD). For the

control, cells only received DharmaFECT transfection reagent (GE Life Sciences, Pittsburg,

PA) The efficiency of DUSP4 gene silencing was determined by qPCR analysis for DUSP4,

eNOS, GAPDH, and β-actin 48 hr post transfection. Furthermore, immunoblotting of

DUSP4 was also conducted 72 hr post transfection. The ratios of p-ERK1/2/ERK1/2 and p-

p38/p38 were used to determine the effects of DUSP4 on ERK1/2 and p38 activities. The

eNOS expression level was also measured using immunoblotting against eNOS. For the

negative control, cells were transfected with Allstars Negative Control siRNA from Quiagen

(Valencia, CA). Cellular apoptosis was determined using immunostaining of cleaved

caspase-3 as detailed above, while cell death was determined by visually counting cells in at

least 10 field of views/treatment group. Cell death was expressed as a percentage of dead

cells (floating or rounded).

Statistics

Results were expressed as mean ± SEM, n ≥ 3. Statistical significance of difference between

results was calculated using Anova single factor. A P value < 0.05 was considered

statistically significant.

RESULTS

NAC treatment enhances endothelial NO production

The level of NO generation from endothelial cells with or without NAC treatment is

determined by EPR spin-trapping using Fe2+-MGD as the spin trap. Double integration of

the EPR signals (Fig 1A) is used to determine the level of NO generation from cells. L-

NAME inhibitable EPR intensity is further used to calculate the level of NO generation from

eNOS. Long-term (24 hr) treatment of endothelial cells with various concentrations of NAC

(1, 2, and 5 mM) leads to a dose-dependent increase in the NO generation from eNOS (Fig

1B). When cells are treated overnight with 5 mM NAC, the level of NO generation increases
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two fold. Thus, NAC treatment promotes NO production by eNOS in cultured endothelial

cells.

NAC treatment promotes cellular GSH biosynthesis and prevents BH4 oxidation

Using EPR spin-trapping we have demonstrated that NAC (5 mM) treatment significantly

enhances NO generation from endothelial cells (196 % ± 36.8% compared to control) (Fig 1

A and B). We next measured the cellular level of GSH and the ratio of [GSSG]/[GSH] using

HPLC to determine the effect of NAC treatment on the GSH biosynthesis. NAC is a

precursor for GSH biosynthesis. It was expected that NAC treatment would augment the

cellular level of GSH and, in turn, enhance the cellular reducing environment.

Supplementation with 5 mM NAC overnight did indeed increase the intracellular GSH (2.7

± 0.27 fold change compared to control (2.06 ± 0.68 nmol/mg protein)) and decreases the

ratio of [GSSG]/[GSH] (0.51 ± 0.18 fold change compared to control) (Fig 2A), favoring a

reducing intracellular environment. BH4 is a critical cofactor for eNOS coupling and NO

generation by the enzyme. HPLC measurement of the cellular level of BH4 and the ratio of

[BH2]/[BH4] is used to further determine the effect of the cellular level of GSH on the

prevention of BH4 oxidation and maintenance of eNOS coupling. Overnight treatment with

5 mM NAC also increases intracellular BH4 (2.86 ± 0.27 fold change compared to control

(11.20 ± 3.02 nmol/mg protein)) and decreases the ratio of [BH2]/[BH4] (0.57 ± 0.10 fold

change compared to control) (Fig 2B).

NAC enhances protein and gene expression of eNOS, but not GCH1 protein expression

To further determine the mechanism underlying the augmented NO generation by NAC,

immunoblotting is used to assess the level of eNOS expression before and after 5 mM NAC

treatment. 5 mM NAC treatment increases eNOS expression by 1.43 ± 0.16 fold compared

to that of the untreated cells (Fig 2C). However, NAC does not change the level of GCH1

protein expression, the rate-limiting enzyme for BH4 biosynthesis. Relative quantification of

transcripts for eNOS and GCH1 are both up-regulated by NAC treatment of BAECs (Fig

2D). 5 mM NAC treatment more than doubled the transcription of both proteins (3.21 ± 0.91

fold for eNOS and 2.35 ± 0.33 for GCH1 versus control).

Elevated GSH by NAC treatment promotes DUSP4 expression, protecting against Cd2+-
induced oxidative stress

Long-term exposure (24 hr) to Cd2+ (100 μM) leads to an increase in oxidative stress and

contributes to an elevated [GSSG] to [GSH] ratio (2.36 ± 0.57 fold change versus control; P

< 0.05). Cells treated with 5 mM NAC are protected against Cd2+-induced oxidative stress

(ratio of [GSSG]/[GSH] of NAC/Cd2+ versus Cd2+ is 0.82 ± 0.29 and 2.36 ± 0.57,

respectively) (Fig 3A). The level of eNOS and DUSP4 expression determined by

immunoblotting is assessed to identify the NAC protective mechanism against Cd2+ toxicity.

When cells are treated with 5 mM NAC, the level of eNOS expression is increased by 1.43 ±

0.16 fold as seen in the previous section (Fig 3B). When cells are treated overnight with 100

μM Cd2+, the level of eNOS expression decreases (0.38 ± 0.05 fold change versus control).

NAC treatment inhibits this Cd2+-induced eNOS degradation, and returns protein expression

to basal levels. Transcription of eNOS is affected in a similar manner as protein expression
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(Fig 3C). Overnight treatment with NAC increases eNOS transcription (3.53 ± 1.1 fold

increase versus control), and NAC co-treatment with Cd2+ (3.09 ± 0.98 versus control) is

able to rescue the Cd2+-induced loss of eNOS transcript (0.72 ± 0.12 fold of control). With

respect to DUSP4 expression, 5 mM NAC treatment up-regulates it, thus providing a

beneficial effect (Fig 3D). Cells exposed to 100 μM Cd2+ overnight experienced a

degradation of DUSP4 (0.36 ± 0.09 versus control). When cells are co-administered Cd2+

and NAC, DUSP4 is not just protected but actually increased (1.39 ± 0.2 versus control).

The increase in DUSP4 expression provides a unique mechanism for cell survival against

the toxicity of Cd2+. Similar to the effect on protein expression, NAC doubles DUSP4

mRNA (2.08 ± 0.35 versus control) and Cd2+ decreases it (0.33 ± 0.08 versus control) (Fig

3E). In contrast to the protein effect, co-treatment with NAC and Cd2+ returns DUSP4

mRNA to control level (0.8 ± 0.29 fold change versus control). It is interesting to note that

long-term Cd2+ exposure indeed increases superoxide generation when DHE is used as a

probe (Fig 3F). However, NAC co-treatment does not diminish Cd2+-induced superoxide

generation.

The increase in DUSP4 expression regulates p38 and ERK1/2 signal pathway as a survival
mechanism against the toxicity of Cd2+

In the previous section, when cells are treated with NAC, the level of DUSP4 expression is

increased, and this treatment protects DUSP4 from Cd2+-induced degradation (Fig 3D).

DUSP4 has been shown to specifically modulate p38, ERK1/2, or JNK signal pathways

depending on the cell type and thus determine the cell fate. When cells are treated with 100

μM Cd2+ overnight, the phosphorylation of p38 is dramatically increased (6.71 ± 1.42 fold

change versus control) (Fig 4A). Treatment with NAC enhances the level of DUSP4

expression, as previously discussed. The increased DUSP4 expression, in turn,

dephosphorylates p38 preventing it from over-activation and protects cells from Cd2+-

induced oxidative stress.

The phosphorylation of ERK1/2 has been considered a cell survival mechanism. When cells

are treated with 5 mM NAC, the level of ERK1/2 phosphorylation is increased (1.42 ± 0.13

fold change compared to control) (Fig 4B). The increase in ERK1/2 phosphorylation

contributes to cell proliferation, and ultimately enhances the level of eNOS and DUSP4

expression. However, the level of phosphorylation of ERK1/2 is further increased (2.48 ±

0.58 fold change compared to control) when cells are treated with 100 μM Cd2+. NAC

treatment prevents DUSP4 degradation, and dephosphorylates ERK1/2, preventing over-

activity. It is interesting to note that there is no effect on the JNK pathway when cells are

treated with NAC, Cd2+, or Cd2+/NAC (results not shown). This suggests that the increase

in DUSP4 expression by NAC regulates both p38 and ERK1/2 pathways and may serve as a

protective mechanism against Cd2+-induced oxidative stress.

Subcellular fractionation

In the previous section, it is demonstrated that NAC up-regulates the expression of DUSP4,

providing feedback modulation on ERK1/2 and p38 signaling pathways. After treatment,

subcellular fractionation (Fig 4C) indicates that NAC induces DUSP4 expression in the
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nucleus. Nuclear localization of DUSP4 is important for regulation of ERK1/2 and p38,

preventing them from over-activation.

DUSP4 gene silencing

The efficiency of DUSP4 gene silencing is greater than 80%, as determined by

immunoblotting with DUSP4 antibody (Fig 5A). This is further confirmed by quantitative

mRNA measurement (DUSP4 mRNA of siRNA treated cells is 0.27 ± 0.01 versus control

(Fig 5B)). DUSP4 gene silencing is closely associated with the over-activation of p38 and

ERK1/2 (Fig 5A). The DUSP4 gene knockdown also leads to a dramatic decrease in eNOS

expression (0.53 ± 0.12 versus control; P < 0.05) (Fig 5B). However, because there is no

significant change in eNOS mRNA level, this siRNA effect is likely at the translational

level. Moreover, endothelial cells are more sensitive to Cd2+-induced death (3 hr exposure)

when DUSP4 is silenced (Fig 5C). There is an increase in cleaved caspase-3 positive

immunoreactivity seen in cells with DUSP4 gene knockdown compared to control cells after

3 hr Cd2+ exposure (Figure 5D). In negative control, cells are transfected with scrambled

RNA. No change in DUSP4 and eNOS expression is seen. This further demonstrates that

DUSP4 is an important antioxidant gene, and plays a critical role on eNOS expression.

The role of GSH on the function of DUSP4

To further demonstrate the critical role of GSH on the function of DUSP4, cells are treated

with either BSO or NAC to deplete or elevate intracellular GSH, respectively. After BSO or

NAC pre-treatment, cells are then subjected to 2 hr Cd2+-induced oxidative stress. The

depletion of cellular GSH leads to DUSP4 degradation and inactivation, which contributes

to the over-activation of p38 and ERK1/2 when cells are exposed to Cd2+ (Fig 6A).

However, the pre-treatment of NAC prevents DUSP4 inactivation and the over-activation of

p38 and ERK1/2 (Fig 6A). Moreover, cells pre-treated with BSO are prone to Cd2+-induced

apoptosis, which is demonstrated by immunostaining against cleaved caspase-3 (Fig 6B and

C). p38 inhibitor, SB 20358, prevents the phosphorylation of p38 and significantly reverses

the Cd2+-induced apoptosis demonstrating that the over-activation of p38 is one of

contributing factors of apoptosis. Elevated cellular GSH by NAC also protects cells from

Cd2+-induced apoptosis. Under the non-reducing condition of immunoblotting analysis of

eNOS, the depletion of GSH by BSO contributes to the formation of the inter-disulfide bond

of eNOS after 2 hr Cd2+ exposure (Fig 6D), which led to the inactivation of eNOS

demonstrated in our previous study [34]. The formation of eNOS inter-disulfide bonds is

further demonstrated by DTT treatment, resulting in the monomeric form. Furthermore, the

pre-treatment of NAC can prevent the aggregation of eNOS via reversal of thiol oxidation,

maintaining normal endothelial function. These results are correlated with the change in the

ratio of [GSSG]/[GSH] after treatment (Fig 6E). BSO not only depletes cellular GSH, but

also increases the [GSSG]/[GSH] ratio. However, NAC increases the total GSH level and

decreases [GSSG]/[GSH], favoring DUSP4 and eNOS in their reduced conformation.

DISCUSSION

Glutathione is the most abundant small molecule and the primary reducing source in cells.

An increase in GSSG contributes to redox imbalance leading to an increase in protein S-
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glutathionylation. This oxidative modification plays an important role in redox signaling,

and is reversed by glutaredoxin using GSH as a reducing equivalent [38, 39]. We previously

demonstrated that an increase in [GSSG]/[GSH] ratio under oxidative stress can switch the

function of glutaredoxin from de-glutathionylation to glutathionylation, affecting the redox

state which, in turn, regulates eNOS and endothelial function [34]. As such, restoring the

cellular level of GSH is pivotal for maintaining endothelial function. In this study, we

demonstrate that NAC supplementation in endothelial cells enhances the cellular level of

GSH and up-regulates the expression of DUSP4, a redox-sensitive phosphatase, and

modulates MAPK signaling cascades. MAPK signaling pathways have been shown to be

involved in regulating several cellular functions, such as differentiation, proliferation, and

apoptosis in response to extracellular stimuli [23, 40, 41]. Therefore, the identification of

DUSP4 activation by NAC provides an initial step toward understanding the specific

mechanism of the beneficial effects of NAC treatment against ED.

Previously, it was proposed that the mechanism of NAC-stimulated cell survival is through

the stimulation of the ERK1/2 pathway, which activates multiple transcription factors and

genes implicated in cell growth and survival [14]. More importantly, the extent and duration

of phosphorylation of these MAPKs are the critical factors in determining their

physiological effects [22, 23, 42]. Thus, the imperative question remains: what is the exact

mechanism via which NAC treatment modulates signaling pathways to favor cell survival?

In this study, we demonstrate that the administration of NAC stimulates the activation of

ERK1/2 pathway, which in turn can elevate the expression of several important proteins

involved in endothelial function such as eNOS and DUSP4. The increase in DUSP4

expression in endothelial cells can further modulate ERK1/2 signal, preventing it from

prolonged activation and promoting cell growth [22, 23]. Because DUSP4 possesses an

active cysteine in its catalytic site, it is believed to be a redox sensitive phosphatase

regulated by GSH [28]. When endothelial cells were treated with NAC, the increase in the

cellular level of GSH not only up-regulates DUSP4 expression through transcription but also

redox-regulates DUSP4 activity, through which it can modulate the ERK1/2 pathway for

cell survival.

The hallmark of ED is a decline in endothelial NO bioavailability. This decrease in NO is

due to increased ROS formation that directly reacts with NO or indirectly affects NO

generation by NOS [6, 17-19, 33, 34]. Short-term NAC treatment improved endothelial

function possibly through its antioxidant effect by scavenging ROS formation [14, 43]. In

this study, a long-term NAC treatment is conducted to determine the specific mechanism

that is regulated by NAC and the beneficial effect for endothelial function. Long-term (24

hr) treatment with 5 mM NAC indeed increases the cellular level of GSH, and BH4, and up-

regulates eNOS expression. This increase is correlated with an increase in endothelial NO

production. We have previously demonstrated that, under oxidative stress, the increase in

GSSG led to the formation of eNOS S-glutathionylation and inter-disulfide bond formation,

thus affecting NO output [6, 33]. Therefore, the increase of intracellular GSH by NAC

maintains the reducing state of eNOS, enhances its enzymatic activity and NO generation. It

is interesting to note that NAC treatment does not alter expression of GCH1, a rate-

determining enzyme for BH4 biosynthesis. However, HPLC analysis reveals that the cellular

level of BH4 is dramatically improved when endothelial cells are treated with 5 mM NAC.
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Therefore, the elevation in the cellular BH4 level is primarily due to the increase in GSH and

the antioxidant properties of NAC, which protects against BH4 oxidation, and ultimately

improves endothelial function through enhanced eNOS coupling.

Cadmium (Cd2+) exposure is associated with many oxidant-induced diseases [44, 45]. Cd2+,

a heavy metal, has high affinity for sulfhydryl groups in proteins, and can inactivate

numerous thiol-containing enzymes, including glutaredoxin [46]. Our prior study

demonstrated that in endothelial cells, short-term Cd2+ exposure led to direct inactivation of

the glutaredoxin function and contributed to the accumulation of protein S-glutathionylation,

including eNOS S-glutathionylation [34]. This oxidative modification is one of the major

contributing factors for ED, and is reversible with the restoration of the cellular GSH level

[47, 48]. Several studies showed that NAC administration can protect against Cd2+-induced

toxicity [45, 49]. However, the mechanism of this protection is still unclear and appears to

be multifactorial. Our current results demonstrate that NAC treatment in the endothelial cells

protects DUSP4 and eNOS from Cd2+-induced thiol oxidation and degradation. It is

interesting to note that NAC co-treatment does not diminish the Cd2+-induced superoxide

generation, indicating that its mechanism of action is not merely as a direct antioxidant.

Moreover, when endothelial cells are exposed long-term to Cd2+, the level of DUSP4 is

significantly reduced, contributing to the hyper-phosphorylation of ERK1/2 and p38.

Because DUSP4 becomes depleted, it is unable to modulate ERK1/2 and p38 signal

cascades, and this is the primary factor leading to the sustained phosphorylation of both

kinases. The prolonged phosphorylation of p38 and ERK1/2 ultimately contributes to cell

death [50]. With NAC treatment, DUSP4 degradation is inhibited, and is thus able to

kinetically modulate the extent and duration of phosphorylation of both kinases, preventing

cell death. It is interesting to note that NAC induces DUSP4 expression in the nucleus,

where DUSP4 can specifically regulate p38 and ERK1/2 phosphorylation and prevent

hyper-phosphorylation. Interestingly, no DUSP1 protein degradation is seen in endothelial

cells treated with Cd2+ (data not shown).

A previous study showed that overexpression of DUSP4 in human endothelial cells

enhances adhesion molecule expression and protects against apoptosis [51]. Furthermore,

DUSP4 gene deletion in mouse embryonic fibroblasts revealed that DUSP4 plays an

important role in proliferation and cell survival [52]. A more recent study demonstrated that

the combined disruption of DUSP1/4 promotes unrestrained p38 activity in both mouse

embryonic fibroblast and heart [42]. Our results of DUSP4 gene silencing from rat

endothelial cells reveals that DUSP4 plays a critical role in modulating activities of p38 and

ERK1/2, especially p38. More importantly, DUSP4 gene silencing affects eNOS protein, but

not mRNA, expression. This further suggests that DUSP4 is important in modulation of

eNOS expression via translational control. Moreover, cells are significantly more sensitive

to Cd2+-induced death, when DUSP4 is silenced. Together with these results, it supports our

hypothesis that DUSP4 is an important anti-oxidant gene, and plays a critical role in

regulating endothelial function.

The restoration of cellular GSH level is considered the primary beneficial effect of NAC

against oxidant-derived diseases [15, 53]. This effect is further demonstrated via the pre-

treatment with NAC and BSO, an inhibitor for GSH biosynthesis, in response to Cd2+-
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induced oxidative stress. Depletion of cellular GSH by BSO sensitizes cells to Cd2+-induced

apoptosis via uncontrolled p38 phosphorylation, which is further supported by p38

inhibition. Pre-treatment with NAC protects cells from this Cd2+-induced apoptosis. The

increase in the ratio of [GSSG]/[GSH] by BSO induces eNOS dimerization via the

formation of inter-disulfide bonds in response to Cd2+ exposure. This Cd2+-induced eNOS

dimerization is prevented by NAC pre-treatment. This further demonstrates that the ratio of

[GSSG]/[GSH] is a critical factor affecting the stability and function of redox sensitive

proteins, such as DUSP4 and eNOS. Thus, elevated cellular GSH and activation of DUSP4

by NAC pre-treatment can be a better therapeutic strategy against oxidant-derived diseases.

Conclusions

NAC treatment in endothelial cells first promotes ERK1/2 activation and subsequently

activates several transcription factors, thus increasing eNOS and DUSP4 gene and protein

expression (Fig 7). NAC treatment also augments intracellular GSH concentration, which

redox modulates DUSP4 function, and maintains it in its active form. The active form of

DUSP4 can further provide a feedback regulation of ERK1/2 signaling and prevent it from

over-activation. In endothelial cells, however, Cd2+-induced oxidative stress coupled with a

rise in GSSG can lead to the increase in oxidative modification of many critical proteins

involved in vascular function. Without the restoration of GSH levels, these modified

proteins, including eNOS and DUSP4, will be targeted for degradation. Moreover, long-term

Cd2+ exposure also activates both p38 and ERK1/2 signal pathways. With the increase in

oxidative stress, DUSP4 becomes depleted, resulting in an over-activation of p38 and

ERK1/2 and deleterious effects on the cell. By restoring the cellular level of GSH, NAC is

able to prevent DUSP4 inactivation and degradation, which contributes to the unrestrained

activation of p38 and ERK1/2. Therefore, the identification of DUSP4 activation by NAC

provides a novel target for future drug design based on NAC.
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FIGURE 1. NAC treatment enhances endothelial cell NO production
A and B. NO generation from BAECs was measured by EPR spin-trapping using Fe2+-

MGD. NAC treatment increases NO generation in a dose-dependent fashion. When cells are

treated with 5 mM NAC, the level of NO generation from cells is increased by two-fold

compared to untreated. 1 mM L-NAME is used to inhibit intracellular eNOS activity, and it

is used as the zero point. Data are expressed as mean ± SEM (P < 0.05 vs. control), n=3.
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FIGURE 2. The beneficial effects of NAC treatment in BAECs
NAC (5 mM) treatment enhances NO generation from cells correlates with an increase in

GSH and BH4, a critical cofactor of eNOS. A. 5 mM NAC treatment increases the level of

GSH (2.7 ± 0.27 fold compared to the untreated cells (2.06 ± 0.68 nmol/mg protein)), and

decreases [GSSG]/[GSH] ratio (0.51 ± 0.18 fold compared to the untreated cells) determined

by HPLC (* P < 0.001 versus control and ** P < 0.05 versus control). B. 5 mM NAC

treatment increases the level of BH4 (2.86 ± 0.27 fold compared to the untreated cells (11.20

± 3.02 nmol/mg protein)) and decreases the ratio of [BH2]/[BH4] (0.57 ± 0.10 fold

compared to the untreated cells) determined by HPLC. (* P < 0.001 versus control and ** P

< 0.05 versus control) C. Left: Upper panel is immunoblot of eNOS. Lower panel is

immunoblot of GAPDH as an internal standard. Right: Upper panel is immunoblot of

GCH1. Lower panel is immunoblot of GAPDH as an internal standard. NAC treatment up-

regulates eNOS expression, but not GCH1, as determined via immunoblotting analysis. 5

mM NAC increases eNOS expression by 1.43 ± 0.16 fold compared to the untreated cells (*

P < 0.001 vs. control). D. Relative gene quantification of transcripts for eNOS and GCH1

are up-regulated by NAC treatment of BAECs. Using -actin as the reference gene, and

normalizing data to the control cells, relative mRNA for eNOS and GCH1 are all increased
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by 5 mM NAC treatment (3.21 ± 0.91 fold and 2.35 ± 0.33 fold n ≥ 3;* and ** P < 0.05

versus control, respectively). Data are expressed as mean ± SEM, n ≥ 3.
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FIGURE 3. Long-term exposure to Cd2+ leads to the degradation of eNOS and DUSP4 while
NAC treatment promotes their transcription and prevents protein degradation, providing a
protective effect in BAECs
A. NAC treatment protects endothelial cells from Cd2+-induced oxidative stress via the

increase intracellular GSH and the decrease in [GSSG]/[GSH] ratio. The intracellular GSH

and the ratio of [GSSG]/[GSH] are determined by HPLC. Long-term Cd2+ exposure

dramatically increased intracellular [GSSG]/[GSH] ratio. NAC treatment reversed this

oxidative stress. Data are expressed as mean ± SEM, n ≥ 3; P < 0.05 versus control. B.
Upper panel is the immunoblotting against eNOS. Lower panel is the immunoblotting for

GAPDH, the loading control. Densitometric analysis of the immunoblots reveals that long-

term exposure to 100 μM Cd2+ leads to eNOS degradation (0.38 ± 0.05 fold change versus

control; ** P < 0.001). NAC treatment prevents this Cd2+-induced eNOS degradation. C.

NAC increases eNOS transcription. Overnight treatment with NAC leads to a significant

increase in eNOS transcription (3.21 ± 0.91 fold increase versus control; * P < 0.05), and

NAC co-treatment with Cd2+ (3.09 ± 0.98 fold versus control; # P < 0.05) was able to rescue

the Cd2+-induced degradation in eNOS mRNA (0.72 ± 0.12 fold of control; ** P < 0.01). D.
Upper panel is the immunoblotting against DUSP4. Lower panel is the immunoblotting for
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β-actin, the loading control. Long-term exposure to 100 μM Cd2+ leads to DUSP4

degradation (0.36 ± 0.09 fold change versus control; ** P < 0.05). NAC treatment reverses

this Cd2+-induced degradation. All experiments were performed at least in triplicate. E.

NAC treatment promotes DUSP4 transcription in endothelial cells. The effect of NAC/Cd2+

treatment on DUSP4 transcription closely mirrored that seen in the protein blotting. NAC

doubled DUSP4 mRNA (2.08 ± 0.35 fold versus control; * P < 0.01) whereas Cd2+ less than

halved it (0.33 ± 0.08 fold; ** P < 0.001). However, unlike the protein effect, co-treatment

with NAC and Cd2+ only returned DUSP4 mRNA to control level. F. Measurement of

superoxide from endothelial cells. Cd2+ exposure induced cellular superoxide generation

(2.04 ± 0.30 fold versus control; * P < 0.05); however, NAC treatment did not diminish

Cd2+-induced superoxide generation (2.24 ± 0.17 fold versus control; ** P< 0.005).
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FIGURE 4. NAC treatment prevents Cd2+-induced hyper-phosphorylation of p38 and ERK1/2
in BAECs
A. Upper panel is the immunoblotting against p-p38. Lower panel is the immunoblotting for

p38. The ratio of p-p38/p38 is used to determine the extent of p38 phosphorylation. Cell

exposure to 100 μM Cd2+ leads to the hyper-phosphorylation of p38. Co-treatment with 5

mM NAC reverses the phosphorylation of p38. * versus control; P < 0.05, and ** versus

Cd2+ treatment; P < 0.05. B. Upper panel is the immunoblotting against p-ERK1/2. Lower

panel is the immunoblotting for ERK1/2. The ratio of p-ERK1/2/ERK1/2 is used to

determine the extent of ERK1/2 phosphorylation. 5 mM NAC treatment significantly

enhances the phosphorylation of ERK1/2. With exposure to 100 μM Cd2+, the

phosphorylation of ERK is further increased. Treatment with 5 mM NAC reverses the Cd2+-

induced ERK1/2 phosphorylation. * and ** versus control; P < 0.05, and # versus Cd2+

treatment; P < 0.01. Data were expressed as mean ± SEM, n=3. C. Subcellular fractionation.

NAC promotes DUSP4 expression in the nucleus, where it can redox regulate p38 and

ERK1/2 signaling and serve as a protective mechanism. Left are immunoblots of nuclear

fraction, and right are immunoblots of cytoplasmic fraction.
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FIGURE 5. DUSP4-dependent eNOS expression, and the modulation of p38 and ERK1/2 signal
cascades in RAECs
A. DUSP4 gene silencing. Left: The efficiency of DUSP4 gene silencing is greater than 80%

as determined by immunoblotting against DUSP4, with β-actin as a loading control. Middle:

DUSP4 gene silencing contributes to the over-activation of both p38 (upper panel) and

ERK1/2 (lower panel). Right: Fold change of the ratio of p-ERK1/2/ERK1/2 (2.12 ± 0.25

fold versus control; * P < 0.05) and p-p38/p38 (5.14 ± 0.13 fold versus control; ** P <

0.0001). B. DUSP4 gene silencing leads to a decrease in eNOS expression (0.55 ± 0.12 fold
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versus control; P < 0.05) via the translational modulation. Left: immunoblotting of eNOS

and β-actin as a loading control. Right: Quantitative mRNA analysis of eNOS, DUSP4, and

GAPDH using β-actin as an internal control. DUSP4 siRNA only affects DUSP4 gene

expression (0.27 ± 0.01 fold versus control; * P < 0.0001), but not eNOS or GAPDH. C.
Time course of cell death during 3 hr Cd2+ exposure. Rat endothelial cells with DUSP4

knockdown are more susceptible to Cd2+-induced death. Greater cell death is seen in cells

with DUSP4 gene silencing compared to control cells after 3 hr Cd2+ exposure (21.54% ±

6.46% versus control; * P < 0.05). D. Immunostaining against cleaved caspase-3. Rat

endothelial cells with DUSP4 knockdown are susceptible to Cd2+-induced apoptosis. More

cleaved caspase-3 positive is seen in cells with DUSP4 gene silencing compared to control

cells after 3 hr Cd2+ exposure (10.31% ± 2.01% versus control; * P < 0.05).
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FIGURE 6. Intracellular GSH is important for DUSP4 stability and activity, and protects
BAECs against short-term Cd2+-induced apoptosis
A. Left: Immunoblots of DUSP4 and β-actin as a loading control. Depletion of GSH by BSO

increases the Cd2+-induced DUSP4 degradation (0.55 ± 0.06 fold versus control; * P <

0.005). NAC pre-treatment prevents this. Middle: Immunoblots of p-p38 and p38. Depletion

of GSH by BSO leads to the over-activation of p38 (1.32 ± 0.05 fold versus control; * P <

0.005). Right: Immunoblots of p-ERK1/2 and ERK1/2. Depletion of GSH by BSO also leads

to the over-activation of ERK1/2 (1.51 ± 0.12 fold versus control; * P < 0.05). B. Upper

panel is the live cell image using Zeiss Axiovert 135 microscope. When intracellular GSH is

depleted by BSO, cells become hyper-sensitive to 2hr Cd2+-induced death. 5 mM NAC pre-

treatment protects cells against Cd2+-induced death. Middle panel is the immunostaining

against cleaved caspase-3. GSH depletion increases apoptosis. NAC pre-treatment prevents

cells from Cd2+-induced apoptosis. Addition of 10 μ SB 203580, a p38 inhibitor,

significantly reverses this Cd2+-induced apoptosis. Lower panel is DAPI nuclear staining. C.
Left: Percentage of cell death. NAC pretreatment protects endothelial cells from Cd2+-

induced death. Addition of SB 203580 significantly protects cells from this oxidative stress.
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(12.77% ± 1.13%; * P < 0.001 versus control; 1.28% ± 0.12% and 3.13% ± 0.51%,

respectively; # and ## P < 0.001 versus BSO/Cd). Right: Percentage of apoptotic cells.

Depletion of GSH by BSO increases apoptosis (5.19% ±1.1%; *P < 0.01, versus control).

This process can be reversed by either the pre-treatment of NAC or addition of p38

inhibitor, SB 203580 (0.27% ± 0.05% and 1.15% ± 0.61%; # and ## P < 0.01, versus BSO/

Cd). D. Depletion of GSH by BSO increases cellular oxidative stress contributing to eNOS

inter-disulfide bond formation. Left: Non-reduced immnuoblotting against eNOS shows that

BSO increases eNOS dimerization via inter-disulfide bond formation, and NAC pre-

treatment prevents this thiol oxidation. Right: Incubation with DDT shows eNOS is in its

monomer form. E. Cellular level of GSSG and GSH measured by HPLC. BSO inhibits GSH

synthesis (0.32 ± 0.05 fold versus control, * P < 0.001), and enhances intracellular [GSSG]/

[GSH] ratio (4.18 ± 1.21 fold versus control, # P < 0.05). NAC promotes GSH synthesis

(2.79 ± 0.27 fold versus control, ** P < 0.001), and lowers the ratio of [GSSG]/[GSH] (0.51

± 0.18 fold versus control, ## P < 0.05).

Barajas-Espinosa et al. Page 41

Free Radic Biol Med. Author manuscript; available in PMC 2015 September 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 7. Mechanism of the beneficial effects of NAC treatment
ERK1/2 activation by NAC promotes transcription leading to the overexpression of DUSP4

and eNOS. NAC also enhances intracellular GSH, which can maintain eNOS in its reduced

state and DUSP4 in its active form, and prevent BH4 from oxidation. Therefore, NAC

treatment increases NO generation from cells providing a beneficial effect. The increase in

DUSP4 expression actively regulates ERK1/2 signaling, thus prevents it from over-

activation. Cd2+ induces oxidative stress and with the increase in cellular level of GSSG,

which can contribute to protein oxidative modification and degradation. The degradation of

DUSP4 leads to the hyper-activation of p38 and ERK1/2, which ultimately induces

apoptosis.
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Table 1
Primers for real-time PCR gene quantitation

Gene Protein Forward primer, 5’→3’ Reverse primer, 5’→3’

Dusp4,
Mkp2

DUSP4 ATTCCGCCGTCATCGTCTAC ATAGCCACCTTTCAGCAGGC

Nos3 NOS3 TACCAGCCGGGGGACCACATAGGC CTCCAGCTGCTCCACAGCCACAGAC

Gch1 GCH1 GCCATGCAGTTCTTCACCAAA CCGATATGGACCTTTCCAACAAA

Actb β-actin TGCCCATCTATGAGGGGTACG GGACGATTTCCGCTCGGC
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