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Abstract

Aging is associated with progressive oxidation of the extracellular environment. The redox state of 

human plasma, defined by the concentrations of cysteine (Cys) and cystine (CySS), becomes more 

oxidized as we age. Recently, we showed that fibroblasts isolated from the lungs of young and old 

mice retain this differential phenotype; old cells produce and maintain a more oxidizing 

extracellular redox potential (Eh(Cys/CySS)) than young cells. Microarray analysis identified 

down-regulation of Slc7a11, the light subunit of the CySS/glutamate transporter, as a potential 

mediator of age-related oxidation in these cells. The purpose of the present study was to 

investigate the mechanistic link between Slc7a11 expression and extracellular Eh(Cys/CySS). 

Sulforaphane treatment or overexpression of Slc7a11 was used to increase Slc7a11 in lung 

fibroblasts from old mice, and sulfasalazine treatment or siRNA-mediated knock down was used 

to decrease Slc7a11 in young fibroblasts. Slc7a11 mRNA levels were measured by real-time PCR, 

Slc7a11 activity was determined by measuring the rate of glutamate release, Cys, CySS, 

glutathione (GSH) and its disulfide (GSSG) were measured by HPLC, and Eh(Cys/CySS) was 

calculated from the Nernst equation. The results showed that both Eh(Cys/CySS) and Eh(GSH/

GSSG) were more oxidized in the conditioned media of old cells than in young cells. Up-

regulation of Slc7a11 via overexpression or sulforaphane treatment restored extracellular Eh(Cys/

CySS) in cultures of old cells, whereas down-regulation reproduced the oxidizing Eh(Cys/CySS) 

in young cells. Only sulforaphane treatment was able to increase total GSH and restore Eh(GSH/
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GSSG), whereas overexpression, knock down and sulfasalazine had no effect on these parameters. 

In addition, inhibition of GSH synthesis with buthionine sulfoximine had no effect on the ability 

of cells to restore their extracellular redox potential in response to an oxidative challenge. In 

conclusion, our study reveals Slc7a11 is the key regulator of age-dependent changes in 

extracellular Eh(Cys/CySS) in primary mouse lung fibroblasts, and its effects are not dependent on 

GSH synthesis.
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INTRODUCTION

Reversible reduction and oxidation (redox) of the sulfur-containing amino acid cysteine 

(Cys) is exploited for a large number of biological processes [1]. Redox reactive Cys can be 

found as the free amino acid, as part of the thiol antioxidant glutathione (γ-

glutamylcysteinylglycine; GSH), or as functional/regulatory sites within proteins [2]. Cys 

and its oxidized form, cystine (CySS), constitute a redox couple that can be expressed in 

terms of its redox potential, or Eh value. Likewise, GSH and its disulfide form, abbreviated 

GSSG, comprise another redox couple. These 2 couples are functionally connected but 

differentially regulated [3]. Cys and CySS are present in greater concentrations than GSH 

and GSSG outside of cells, whereas GSH and GSSG predominate within the intracellular 

compartment [4, 5]. In addition, each couple and each compartment are maintained at 

different redox potentials [6]. Therefore, it is important to specify which compartment is 

being considered when reporting redox potentials. Both intracellularly and extracellularly 

Cys/CySS and GSH/GSSG function as redox buffers to maintain redox homeostasis [2] and 

resist or facilitate oxidation of protein thiols to change protein functions and transduce 

signals [7, 8]. Thus, changes in redox potential can have a dramatic effect on cellular 

function. For example, oxidation of extracellular Eh(Cys/CySS) suppressed proliferation and 

inhibited signal transduction in Caco2 cells [9, 10], increased pro-inflammatory IL-1β in 

human monocytic U937 cells [11], and stimulated proliferation and pro-fibrotic gene 

expression in mouse lung fibroblasts [12].
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Oxidation of the extracellular space is reflected in changes in plasma redox potentials. In 

vivo studies have shown that plasma Eh(Cys/CySS) was oxidized in mice with bleomycin-

induced lung injury [13], and in rats with kainic acid and pilocarpine-induced epilepsy [14]. 

In humans, plasma Eh(Cys/CySS) was found to be more oxidized in adults chronically 

exposed to arsenic [15], adults acutely exposed to acetaminophen [16], and in children with 

autism [17]. Thus, oxidation of the extracellular environment, or redox stress, is associated 

with disease processes and environmental or pharmacological exposures.

Aging is a risk factor for development of a number of chronic diseases. One way in which 

aging may promote disease development or progression is by changing the set-point of the 

redox buffering systems. Aging is associated with a steady oxidation of plasma Eh(Cys/

CySS) [18], but the mechanisms responsible are unclear. Cells in culture maintain an 

Eh(Cys/CySS) remarkably close to the redox potential of plasma [10, 19, 20], suggesting 

that cells are actively involved in controlling their immediate extracellular redox 

environment. Recently, we found that lung fibroblasts from old mice (24 months old) 

produced an extracellular Eh(Cys/CySS) that was more oxidized than that produce by their 

young counterparts (2 months old) [21].

Differential gene expression analysis revealed that Slc7a11 was down-regulated in old 

mouse lung fibroblasts [21]. Slc7a11 (also called xCT) is the light chain of system Xc- 

which transports CySS into cells and exports glutamate with 1:1 as the exchange ratio [22]. 

Previous studies have suggested that Slc7a11 expression is linked to control of the 

extracellular Cys/CySS redox state. Mice lacking Slc7a11 have a more-oxidizing 

extracellular Eh(Cys/CySS), as evidenced by an increase in their plasma CySS 

concentrations that is not balanced by a corresponding increase in plasma Cys [23]. 

Conversely, stimulation of B cell differentiation is accompanied by an upregulation of 

Slc7a11 and an increase in extracellular Cys concentration [24]. In the latter study there was 

also an increase in intracellular GSH, consistent with other studies showing that Slc7a11 

activity supports intracellular GSH levels by supplying Cys, which is the rate-limiting amino 

acid for its synthesis [25]. The purpose of the present study was to determine whether down-

regulation of Slc7a11 in fibroblasts from old mice was sufficient to explain the oxidation of 

the extracellular redox environment associated with aging, and to determine whether 

synthesis of intracellular GSH was a pre-requisite for this effect.

MATERIALS AND METHODS

2.1. Reagents

Reagents were purchased from Sigma-Aldrich (St. Louis, MO) or Corning (Manassas, VA) 

unless otherwise specified.

2.2. Primary lung fibroblasts culture

Lung fibroblasts were isolated from young (3 months) or old (24 months) female C57BL/6 

mice as described previously [21]. Animal use was approved by the Institutional Animal 

Care and Use Committee of the University of Louisville. DMEM with 10% FBS and 1% 
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antibiotic-antimycotic solution were used for regular cell culture [26]. Fibroblasts between 

passage numbers 8 and 15 were used in the experiments.

2.3 Preparation of redox media

Redox media refers to media with specific Cys and CySS concentrations to achieve a 

specific redox state. DMEM without Met or Cys was used to make redox media. For 0 mV 

(oxidizing) media, 99.75 μM CySS and 0.5 μM Cys were added. All redox media were 

freshly prepared immediately before use.

2.4 Pharmacological treatment of fibroblasts

For sulforaphane experiments, primary lung fibroblasts from old mice were seeded in 6-well 

plates at the density of 1,000,000 cells/well in DMEM containing 10% FBS and 1% 

antibiotic-antimycotic solution. After 24 hours, the media was changed in the induction 

group to fresh DMEM with 5 μM sulforaphane. In the controls, media was changed to fresh 

DMEM. After incubation for 4 hours, media was changed to 0 mV redox media and 

incubated for another 24 hours. Afterwards, media was collected for HPLC analysis and 

cells for qPCR analysis.

For sulfasalazine experiments, young fibroblasts were used. Twenty four hours after plating, 

media were changed to 0 mV redox media with or without 300 μM sulfasalazine. Four hours 

later, cells and media were collected.

For L-buthionine sulfoximine experiments, young fibroblasts were incubated with or without 

20 μM L-buthionine sulfoximine for 24 hours followed by 4 hours 0 mV redox media 

incubation. Afterwards, cells and media were collected.

2.5 Genetic manipulation of Slc7a11 expression in lung fibroblasts

Plasmid transfection was used to over-express Slc7a11 in old fibroblasts, while siRNA was 

used to knock down Slc7a11 in young fibroblasts. Plasmid encoding mouse Slc7a11 was 

from Origene Technologies, Inc. (Rockville, MD), and siRNA was from Dharmacon 

(Lafayette, CO). Plasmid LacZ encoding for beta-D-galactosidase and non-targeted NT2 

were used as plasmid and si-RNA control. Two μg of plasmid and 30 pmol of siRNA were 

used for electroporation. Electroporation was conducted using Mode U-023 in 

Nucleofector™ 2b Device (Lonza, Allendale, NJ) following the protocol in the Amaxa™ 

Basic Nucleofector™ Kit for Primary Mammalian Fibroblasts (Lonza, Allendale, NJ). One 

million fibroblasts were used for each electroporation and then plated in 6-well plates. 

Serum-free and antibiotic-free DMEM were used to incubate the transfected cells. After 24 

hours recovery, DMEM were changed to 0 mV media for 4 hours incubation. Then, media 

and cells were collected.

2.6 Media derivatization and HPLC analysis

Collected media were centrifuged at 800g for 4 minutes to pellet the suspended fibroblasts. 

Five hundred μl cell-free media were combined with 500 μl ice-cold 10% (w/v) perchloric 

acid, 0.2 M boric acid and 20 μM γ-glutamyl glutamate [27]. These samples were 

derivatized by iodoacetic acid and dansyl chloride, and then analyzed by HPLC (Waters 
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Corporation, Millford, MA) as previously described [28]. Concentrations of Cys, CySS, 

GSH, GSSG, CySSG were measured by integration relative to the internal standard γ-

glutamyl glutamate. Total Cys concentration = [Cys]+2*[CySS]+[CySSG] and total GSH 

concentration = [GSH]+2*[GSSG]+[CySSG]. Eh of Cys/CySS and GSH/GSSG were 

calculated according to the Nernst equation for pH 7.4: Eh(Cys/CySS) = 

−250+30*log([CySS]/[Cys]2); Eh(GSH/GSSG) = −264+30*log([GSSG]/[GSH]2) [29].

2.7 Measurement of Slc7a11, Gclc and Nqo1 mRNA level

RNAqueous®-4PCR Kit (Thermo Fisher Scientific, Waltham, MA) was used for DNA-free 

RNA isolation from primary mouse lung fibroblasts. SuperScript™ VILO™ cDNA 

Synthesis Kit (Thermo Fisher Scientific, Waltham, MA) was used for cDNA synthesis. Real-

time quantitative PCR (qPCR) was conducted to measure Slc7a11, Gclc, Nqo1 and Gapdh 

mRNA expression with TaqMan probes (TaqMan® Gene Expression Assay 

Mm00442530_m1, Mm00802655_m1, Mm01253561_m1, Mm99999915_g1; Applied 

Biosystems), according to the manufacturer’s protocol (TaqMan Universal Master Mix II; 

Applied Biosystems). Step One Plus Real Time PCR System (Applied Biosystems) was 

used for qPCR with the parameters: 50°C 2 minutes, 95°C 10 minutes, followed by 40 

cycles of 95°C 15 seconds and 60°C 1 minute. Results were analyzed using Step One 

Software version 2.3 (Applied Biosystems). The amplification curves were analyzed by the 

mathematical equation of the second derivative, and the amounts of Slc7a11, Gclc, Nqo1 

mRNA expression were normalized to the housekeeping gene Gapdh mRNA expression. 

The 2−ΔΔCT method was used to calculate relative quantification [30].

2.8 Measurement of Slc7a11 activity

Slc7a11 activity was measured as the rate of glutamate release. Fresh 0 mV media 

containing 100 μM CySS and 0 μM glutamate was added to cells, and aliquots of 

conditioned media were removed at 15 minute intervals. Glutamate concentrations in media 

were measured using the Glutamate/Glutamate Oxidase assay kit from Molecular Probes 

(Waltham, MA) according to manufacturer’s recommendations.

2.9 Statistical analysis

Data were presented as mean ± standard deviation. Significance was evaluated by one-way 

ANOVA and unpaired two-tailed t-test. Linear regression was used to assess differences 

between rates of glutamate release.

RESULTS

Manipulation of Slc7a11 by pharmacological agents

Consistent with our previous studies [21], primary lung fibroblasts from old mice had lower 

expression of Slc7a11 (Figure 1A) and more oxidized extracellular Eh(Cys/CySS) redox 

potential (Figure 1B) relative to fibroblasts from young mice. To begin to assess whether 

expression level of Slc7a11 was responsible for the observed differences in the extracellular 

redox states of young and old fibroblasts, we treated old fibroblasts with sulforaphane, an 

Nrf2 inducer known to increase expression of Slc7a11 [31]. Sulforaphane increased Slc7a11 

expression in old cells to the level seen in young cells (Figure 1A). Sulforaphane also 
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reduced extracellular Eh(Cys/CySS) to the value seen in young cells (Figure 1B). There was 

no significant difference in the concentration of CySS in the conditioned media from 

cultures of young and old fibroblasts (Figure 1C). Rather, a decrease in the amount of Cys 

(Figure 1D) that accumulated in the media was responsible for the 30 mV oxidation of old 

fibroblasts conditioned media.

Extracellular glutathione concentrations were also different between cultures of young and 

old fibroblasts. GSH, GSSG and the mixed disulfide between CySS and GSH (abbreviated 

CySSG) were all lower in the conditioned media from old cells compared to young cells 

(Figure 2A). There was a larger decrease in GSH than in GSSG; as a result, the redox 

potential of this couple (Eh(GSH/GSSG)) was 30 mV more oxidized in the old cultures than 

in the young (Figure 2B). GSH was not present in the 0 mV redox media initially. Therefore, 

the appearance of GSH indicated that it was released from the cells. To facilitate analysis of 

GSH export, the total GSH pool size was calculated by combining GSH contributed by all 3 

forms: GSH, GSSG and CySSG. As shown in Figure 2C, total GSH was 4-fold lower in old 

fibroblasts than in young fibroblasts. Sulforaphane treatment restored extracellular GSH, 

GSSG, CySSG, total GSH and Eh(GSH/GSSG) in old cultures to the levels seen in cultures 

of young fibroblasts (Figure 2A–C).

Sulforaphane is known to induce the expression of a number of antioxidant genes via its 

activation of the transcription factor Nrf2 [32]. To determine the extent to which the effects 

of sulforaphane on extracellular Eh(Cys/CySS) are mediated by Slc7a11 as opposed to its 

other transcriptional targets, cells were first transfected with siRNA to knock down Slc7a11 

and then treated with sulforaphane. The results in Figure 3 showed that extracellular Eh(Cys/

CySS) no longer became more reduced in response to sulforaphane in cells depleted of 

Slc7a11 (Figure 3A). Expression of Slc7a11 was still induced by sulforaphane in the knock 

down cells, but not to the level seen in control cells (Figure 3B). In contrast, other Nrf2 

target genes (Gclc and Nqo1) were induced equally well in both control and knock down 

cells (Figures 3C and 3D).

Having shown that a drug that increased Slc7a11 expression also reduced extracellular 

Eh(Cys/CySS), we sought to demonstrate that the inverse was also true: that inhibition of 

system Slc7a11 activity would oxidize extracellular Eh(Cys/CySS). For this purpose, we 

used sulfasalazine, an inhibitor of CySS transport that acts on the Slc7a11 subunit of system 

Xc- [33]. As predicted, sulfasalazine treatment of young fibroblasts oxidized extracellular 

Eh(Cys/CySS) by 30 mV (Figure 4A). This oxidation was due to a significant decrease in 

the concentration of extracellular Cys, while extracellular CySS concentration was 

unaffected by sulfasalazine (Figure 4B and 4C). Inhibition of Slc7a11 activity had no effect 

on accumulation of total GSH in the conditioned media (Figure 4D).

Not only Slc7a11 mRNA, but also the activity of Slc7a11-mediated transport was lower in 

fibroblasts from old mice (Figure 5). Because Slc7a11 exports a glutamate for every CySS it 

imports, we measured accumulation of glutamate in the media as a function of time to assess 

transport activity. This approach avoided having to account for the multiple fates of CySS 

once imported into the cell. Using this approach, we could also demonstrate that our 

pharmacological manipulations translated to changes in activity. Sulforaphane increased 
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Slc7a11 transporter activity (Figure 5A), whereas sulfasalazine inhibited activity (Figure 

5B).

Modulation of Slc7a11 expression via genetic methods

Because pharmacological agents can have off-target effects, we next attempted to verify the 

above results using transfection to overexpress and knock down Slc7a11 in old and young 

fibroblasts. Similar to the results with induction by sulforaphane, transfection of old 

fibroblasts with a Slc7a11-encoding plasmid increased Slc7a11 mRNA expression by three-

fold (Figure 6A) and reduced the extracellular Eh(Cys/CySS) by 30 mV (Figure 6B). 

Conversely, siRNA-mediated knock down of Slc7a11 in young fibroblasts decreased 

Slc7a11 mRNA level by three-fold (Figure 6C). Correspondingly, extracellular Eh(Cys/

CySS) became 45 mV more oxidized after Slc7a11 knock-down (Figure 6D). The changes 

in extracellular Eh(Cys/CySS) were largely driven by differences in Cys concentrations. 

Neither overexpression nor knock down had a significant effect on extracellular CySS 

concentrations (Figure 7A and 7B). However, Slc7a11 over-expression in old cells 

significantly increased extracellular Cys from 2 μM to 5 μM while Slc7a11 knock-down in 

young cells significantly decreased extracellular Cys from 6 μM to 1 μM (Figure 7C and 

7D). Neither overexpression nor knock down of Slc7a11 had a significant effect on the 

accumulation of extracellular GSH (Figure 7E and 7F).

Both Cys and GSH can be exported by cells and used to reduce an oxidized extracellular 

Eh(Cys/CySS). To determine whether metabolism of Cys to GSH is necessary for cells to 

reduce an oxidizing extracellular Eh(Cys/CySS), buthionine sulfoximine (BSO) was used to 

inhibit GSH synthesis by γ-glutamylcysteinyl ligase. As shown in Figure 8, 24 hours pre-

treatment with BSO dramatically lowered intracellular GSH (Figure 8A). The inhibition of 

GSH synthesis by BSO also led to a dramatic decrease in extracellular GSH concentrations 

(Figure 8B). BSO treatment had no effect on extracellular Cys concentration (Figure 8C) or 

the ability of cells to restore extracellular Eh(Cys/CySS) within 4 hours of challenge with 0 

mV media (Figure 8D), suggesting that GSH synthesis was not required for the 

normalization of an oxidizing extracellular Eh(Cys/CySS).

DISCUSSION

The current studies confirm the finding that Slc7a11 expression was lower in primary lung 

fibroblasts from old mice than in those from young mice, and that this was associated with 

increased oxidation of extracellular Eh(Cys/CySS) redox potential [21]. We have now 

extended those findings by investigating the mechanistic link between these two 

observations. We found that up-regulation of Slc7a11 expression by either sulforaphane 

treatment or transient transfection was sufficient to restore the ability of lung fibroblasts 

from old mice to reduce their extracellular Eh(Cys/CySS) to the level achieved by those from 

young mice. Conversely, inhibition of Slc7a11 activity by either sulfasalazine treatment or 

siRNA-mediated knock down produced young fibroblasts that resembled old fibroblasts in 

terms of their extracellular redox potential. Taken together, these findings show that Slc7a11 

activity is the major determinant of the extracellular redox environment produced and 

maintained by primary lung fibroblasts.
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In each of the studies presented here, Slc7a11 was positively correlated with extracellular 

Cys concentrations. This suggests that intracellular reduction of CySS to Cys, and the 

subsequent export of Cys, is limited by the rate of delivery of CySS to cells. Differences in 

Slc7a11 activity had no effect on extracellular CySS concentrations under the culture 

conditions used in this study. This is most likely a reflection of the process by which cells 

regulate their extracellular redox environment. CySS cannot be reduced to Cys in the 

extracellular space. Therefore, cells adjust the relative proportions of extracellular CySS and 

Cys by importing CySS, reducing it to Cys, and then exporting Cys via system ASC [34-37]. 

To achieve physiological redox potential of about −80 mV [18], only a fraction of the media 

CySS needed to be reduced to Cys. Because each molecule of CySS yields 2 molecules of 

Cys, very little CySS is consumed in the process of normalizing the extracellular redox 

potential. Thus, CySS import via Slc7a11 appears to be the rate-limiting factor for 

intracellular Cys formation and export, just as it is rate-limiting for GSH synthesis in some 

cell types [38, 39].

An increase in extracellular Cys, but not CySS, in response to increased Slc7a11 activity has 

been observed previously. Overexpression of Slc7a11 in Burkitt’s Lymphoma cells was 

associated with increased extracellular Cys concentrations [40], similar to our results. In 

contrast, knock out mice had elevated plasma CySS, but no change in plasma Cys [23]. The 

discrepancy between these findings and our results with sulfasalazine or siRNA-mediated 

knock down of Slc7a11 may have been due to the fact that the fibroblasts used in the current 

studies do not completely lack Slc7a11, or it could be the presence of other cell types in the 

mice that may remove Cys from the plasma [41].

Of the 3 component amino acids of GSH, Cys is usually present at the lowest concentrations 

within cells and limits the rate at which GSH can by synthesized [25]. Therefore, changes in 

Slc7a11 activity can affect intracellular GSH production. In cancer cells, elevated Slc7a11 

expression is associated with increased resistance to chemotherapy drugs [42]. Conversely, 

inhibition of CySS transport can sensitize cancer cells to radiation therapy [43]. The age-

related decrease in Slc7a11 expression observed in the current study may limit GSH 

synthesis and contribute to lower extracellular concentrations of GSH.

CySS and GSH have many fates both extracellularly and intracellularly, complicating efforts 

to account for contributions of metabolism and transport to changes in concentrations in any 

given location. Extracellular GSH can be used to increase extracellular Cys concentrations 

by two mechanisms: it can undergo thiol-disulfide exchange with extracellular CySS to yield 

Cys and the mixed disulfide CySSG, or it can be catabolized enzymatically by gamma-

glutamyltransferase and dipeptidase to yield Cys and the other two component amino acids 

of GSH, glutamate and glycine [25]. GSH can also be oxidized to GSSG and used to 

glutathionylate extracellular proteins. Similarly, CySS can cysteinylate proteins. 

Extracellular Cys itself can be taken up by some cell types through other amino acid 

transporters such as systems ASC, EAAT and LAT2 [44, 45]. Once CySS is imported, it can 

be reduced to Cys either non-enzymatically through thiol-disulfide exchange with GSH or 

enzymatically by Txnrd1 or Txndc17 [36]. Intracellular Cys can be used to synthesize 

proteins or GSH, which can then by oxidized, glutathionylate proteins, conjugate to 

electrophilic metabolites, or be exported. Despite the complexity of these interconnected 
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pathways, our data point to a rather straightforward relationship between Slc7a11 activity 

and extracellular Eh(Cys/CySS). Importantly, we found that GSH was not involved in 

regulation of extracellular Eh(Cys/CySS), and that accumulation of Cys in the extracellular 

space was directly related to the level of Slc7a11 activity.

Extracellular GSH was less abundant and more oxidized in cultures of lung fibroblasts from 

old mice. Whereas sulforaphane treatment corrected these defects, Slc7a11 overexpression 

did not. A likely explanation for this discrepancy is that sulforaphane activates a much 

broader antioxidant response than does Slc7a11 overexpression alone. For example, our 

study confirmed that, in addition to Slc7a11 induction, sulforaphane upregulated the 

expression of Gclc, the catalytic subunit of the rate-limiting enzyme in GSH synthesis. Both 

Slc7a11 and Gclc are transcriptionally regulated by the transcription factor Nrf2. 

Sulforaphane is an electrophile that interacts directly with nucleophilic residues on Keap1, 

thereby activating Nrf2 [46]. In cancer cells, sulforaphane can induce anticancer responses 

driven in part through production of reactive oxygen species via interactions with 

mitochondrial respiratory complex I [47]. Oxidative stress produced in this way can promote 

the formation of 4-hydroxynonenal, an endogenous electrophilic activator of Nrf2 [48]. 

However, untransformed cells, such as the primary fibroblasts used in the present study, are 

typically protected from the anticancer effects of sulforaphane [49].

In conclusion, oxidative stress has been well recognized in aging. While oxidative stress can 

be measured in many ways, our studies focused on oxidation of the extracellular Eh(Cys/

CySS) redox potential. Oxidation of extracellular Eh(Cys/CySS) has been linked to age-

dependent lung matrix remodeling and changes in the phenotype of lung fibroblasts [12, 21], 

as well as phenotypic changes in other cell types [50-52]. Identification of Slc7a11 as a 

critical factor in the regulation of the extracellular redox environment will undoubtedly lead 

to novel approaches to understanding the effects of aging in health and disease.
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ABBREVIATIONS

Cys cysteine

CySS cystine

GSH glutathione

GSSG glutathione disulfide
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CySSG cysteine-glutathione mixed disulfide

HPLC high performance liquid chromatography

Eh redox potential

IL-1β interleukin-1β

qPCR real-time quantitative polymerase chain reaction

Gapdh glyceraldehyde-3-phosphate dehydrogenase

Slc7a11 solute carrier family 7 (cationic amino acid transporter, y+ system), member 

11

Gclc glutamate-cysteine ligase, catalytic subunit

Nqo1 NAD(P)H dehydrogenase, quinone 1

Nrf2 nuclear factor-erythroid 2

SFN sulforaphane

SASP sulfasalazine

BSO L-buthionine sulfoximine

Txnrd1 thioredoxin reductase 1

Txndc17 thioredoxin domain containing 17
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Highlights

Aging is associated with decreased expression and activity of Slc7a11.

Decreased Slc7a11 is responsible for oxidation of extracellular Eh(Cys/CySS).

Slc7a11 restoration in old cells is sufficient to reduce extracellular Eh(Cys/CySS).

Regulation of extracellular Eh(Cys/CySS) by Slc7a11 is not dependent on glutathione.
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Figure 1. Sulforaphane treatment of old fibroblasts restored Slc7a11 expression and extracellular 
Eh(Cys/CySS) to the levels seen in young fibroblasts
Primary lung fibroblasts from young and old mice were incubated in DMEM with or without 

5 μM sulforaphane for 4 hours followed by 24 hours incubation in 0 mV redox media. (A) 

Slc7a11 mRNA expression, (B) extracellular Eh(Cys/CySS), (C) extracellular Cys 

concentration, and (D) extracellular CySS concentration, were measured as described in 

Materials and Methods. Data are expressed as mean ± standard deviation of 3 independent 

replicates. * - Indicates p<0.05 compared to untreated young fibroblasts.
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Figure 2. Glutathione was less abundant and more oxidized in the conditioned media of old 
fibroblasts, and sulforaphane corrected these deficiencies
Primary lung fibroblasts from young and old mice were incubated in DMEM with or without 

5 μM sulforaphane for 4 hours followed by 24 hours incubation in 0 mV redox media. (A) 

CySSG, GSH and GSSG, were measured in the conditioned medium by HPLC. (B) 

Extracellular Eh(GSH/GSSG) was calculated from the Nernst equation. (C) Total GSH 

concentration was calculated according to the formula: Total Cys = CySSG + GSH 

+ 2*GSSG. Data are expressed as mean ± standard deviation of 3 independent replicates. * - 

Indicates p<0.05 compared to untreated young fibroblasts.

Zheng et al. Page 16

Free Radic Biol Med. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Reduction of extracellular Eh(Cys/CySS) in response to sulforaphane is mediated by 
Slc7a11
Primary lung fibroblasts from old mice were transfected with siRNA targeting Slc7a11 (si-

Slc7a11) via electroporation. Non-targeting siRNA was electroporated as control. 

Fibroblasts were plated, and 24 hours later the media were changed to fresh DMEM with or 

without 5 μM sulforaphane for 4 hours. After that, media were changed to 0 mV redox 

media for 4 hours. (A) Extracellular Eh(Cys/CySS), (B) Slc7a11 mRNA expression, (C) 

Gclc mRNA expression, and (D) Nqo1 mRNA expression, were measured as described in 

the legends to Figures 1 and 2. Data are expressed as mean ± standard deviation of 3 

independent replicates. * - Indicates p<0.05 between sulforaphane-treated and untreated 

fibroblasts.
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Figure 4. Slc7a11 inhibition by sulfasalazine in young mice lung fibroblasts resulted in oxidation 
of extracellular Eh(Cys/CySS)
Primary lung fibroblasts from young mice were incubated in 0 mV redox media with or 

without 300 μM sulfasalazine (SASP) for 4 hours. Conditioned media were collected for 

analysis by HPLC. (A) Eh(Cys/CySS), (B) Cys concentration, (C) CySS concentration and 

(D) total GSH concentration were determined as described in the legends to Figures 1 and 2. 

Data are expressed as mean ± standard deviation of 3 independent replicates. * - Indicates 

p<0.05 compared to untreated young fibroblasts.
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Figure 5. Slc7a11 transport activity was increased by sulforaphane and inhibited by sulfasalazine
(A) Glutamate release by old fibroblasts with or without sulforaphane treatment. Primary 

lung fibroblasts from old mice were incubated in DMEM with or without 5 μM sulforaphane 

for 4 hours followed by 20 hours incubation in 0 mV redox media. After that, media were 

changed to fresh 0 mV media, and media was collected at 15 min, 30 min, 45 min and 60 

min for measuring extracellular glutamate as described in Materials and Methods. (B) 

Glutamate release by young fibroblasts with or without sulfasalazine treatment. Primary 

lung fibroblasts from young mice were incubated in 0 mV media with or without 300 μM 

sulfasalazine. Media were collected at 15 min, 30 min, 45 min and 60 min for measuring 

extracellular glutamate. Data are expressed as mean ± standard deviation of 3 independent 

replicates. * - Indicates p<0.05 between treated and untreated fibroblasts.
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Figure 6. Effect of genetic manipulation of Slc7a11 on extracellular Eh(Cys/CySS)
Primary lung fibroblasts from old and young mice were transfected with either an Slc7a11-

encoding plasmid (pSlc7a11) or siRNA targeting Slc7a11 (si-Slc7a11) via electroporation. 

Controls were electroporated with pLacZ or non-targeting siRNA. Fibroblasts were plated, 

and 24 hours later the media were changed to 0mV redox media for 4 hours. (A) Slc7a11 

mRNA expression and (B) extracellular Eh(Cys/CySS) in old fibroblasts with and without 

overexpression of Slc7a11. (C) Slc7a11 mRNA expression and (D) extracellular Eh(Cys/

CySS) of young fibroblasts with and without knock down of Slc7a11. Data are expressed as 

mean ± standard deviation of 3 independent replicates. * - Indicates p<0.05 compared to 

controls.
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Figure 7. Overexpression of Slc7a11 increased, and knock down of Slc7a11 decreased, 
extracellular Cys concentrations
Primary lung fibroblasts from old and young mice were transfected with either pSlc7a11 

(overexpression) or si-Slc7a11 (knock down), as described in the legend to Figure 4. (A and 

B) Extracellular CySS concentrations, (C and D) extracellular Cys concentrations, and (E 

and F) total extracellular GSH concentrations in old and young fibroblasts, respectively. 

Data are expressed as mean ± standard deviation of 3 independent replicates. * - Indicates 

p<0.05 compared to controls.
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Figure 8. Glutathione depletion with BSO did not affect extracellular Cys concentration or 
Eh(Cys/CySS)
Primary lung fibroblasts from young mice were incubated in 0 mV redox media with or 

without 20 μM L-buthionine sulfoximine (BSO) for 24 hours. (A) Total intracellular GSH. 

(B) Total extracellular GSH. (C) Extracellular Cys concentration. (D) Extracellular Eh(Cys/

CySS). Data are expressed as mean ± standard deviation of 3 independent replicates. * - 

Indicates p<0.05 compared to controls.
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