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Emerging roles of system x�c antiporter and its inhibition in CNS
disorders
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Abstract

System x�c is an antiporter belonging to the hetero(di)meric amino acid transporter family.
It is located on astrocytes as well as on blood-brain barrier within the CNS. It plays a pivotal role
in free radical neutralization as well as neuronal signalling by regulating the glutathione
production which occurs via the exchange of intracellular glutamate with extracellular cystine
at 1:1 molar ratio. Understandably, it is a vital component responsible for the maintenance of
neuronal homeostasis (e.g. redox state). Hence, it could be postulated that any perturbation in
system x�c function may contribute, directly or indirectly, to the pathophysiology of a variety of
CNS disorders like Alzheimer’s disease, schizophrenia, drug addiction, depression, multiple
sclerosis, hypoglycemic neuronal cell death, glioma, and excitotoxicity, making system x�c a
promising target for treating CNS disorders. In recent times, recognizing the potential of this
target, variety of inhibitors has been synthesized by modifying commercially available potent
inhibitors including sulfasalazine, erastin, and sorafenib. Although, they have demonstrated
efficacy, the in-depth data is still lacking to warrant their use for the treatment of
aforementioned CNS disorders. In this review, we discuss the in-depth role of system x�c
transporter in maintaining normal physiology as well as in the pathophysiology of CNS
diseases. Additionally, we have also listed some of the potent inhibitors of system x�c .
In conclusion, the critical role of system x�c in multiple CNS disorders and advanced research on
its inhibitors have promising future prospects for better management of the CNS ailments.
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Introduction

The origin of neuronal diseases is very challenging as it

involves understanding of the complex networks of receptors,

membrane-expressed enzymes, transporters, and molecular

mechanisms of neurotransmitters (Bridges et al., 2012a;

DiNunzio & Williams, 2008). The central nervous system

(CNS) is the most complicated system which controls almost

all of the complex activities including sensory inputs, their

interpretation and appropriate response in human body

(Alazne et al., 2013). Hence, any disturbances in this

regulatory system can result in multiple complications and

disorders. Although difficult, it can be envisaged that, if

possible, modification of one target could serve as a suitable

treatment strategy for amelioration of several related CNS

disorders.

System x�c transporter belongs to the family of heteromeric

amino acid transporters (HAT) (Bridges et al., 2012b) that

plays a role in regulating intracellular cystine level and thus

intracellular glutathione (GSH) production in mouse and

human brain (Burdo et al., 2006). It was identified three

decades ago as a Na+-independent exchanger (Bannai &

Kitamura, 1980) that plays a role as a cystine-glutamate

antiporter or exchanger. The exact role was to promote the

uptake of one molecule of cystine with release of one

molecule of glutamate dictated by the relative concentration

gradients of the substrates across the cell membrane (Bannai

et al., 1986; Bridges et al., 2012a; Lo et al., 2008). The

expression of system x�c was found to be higher in astrocytes

as compared to other body tissues known to release non-

vesicular glutamate for the regulation of synaptic activity

(Baker et al., 2002b; Kupchik et al., 2012; Moran et al., 2005;

Pow, 2001). Owing to the pivotal role of system x�c in the

maintenance of neuronal plasticity as well as glutathione

production, any aberration in this system could contribute to

pathophysiological changes in cystine and glutamate related

functions in brain (Moussawi et al., 2011). This assumption

has been corroborated with the research findings documented

in various investigations carried out on epileptic seizures and

glioma (De Bundel et al., 2011; Lewerenz et al., 2014;

Takeuchi et al., 2013), neurodegenerative diseases like

Alzheimer’s disease (AD) (Barger, 2004; Qin et al., 2006;

Schallier et al., 2011), Parkinson’s disease (PD) (Massie et al.,

2011), and multiple sclerosis (MS) (Pampliega et al., 2011).

Besides this, there are reports which suggest indirect

involvement of system x�c in the psychological disorders
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such as schizophrenia, mania, depression, and drug addiction

(Lutgen, 2012). Based on these observations, it can be

proposed that system x�c could serve as a potential common

therapeutic target for numerous neurological disorders.

Recently, in the inhibition studies conducted on system x�c ,

sulfasalazine (Table 1) was identified as a potent inhibitor.

Although, it was a potent molecule, it lacked the desired

pharmacokinetic profile. There had been several attempts to

modify sulfasalazine to improve its pharmacokinetic profile

(Shukla et al., 2011). These resulted in no further improve-

ment in the parent structure. In recent time two small

molecules, Erastin and Sorafenib have been studied for their

in vitro system x�c inhibition activity (Dixon et al., 2014;

Singer et al., 2015). Amongst these two potent inhibitors,

Erastin and its analogues are still under their in vitro

pharmacological evaluation (Dixon et al., 2014; Singer

et al., 2015) while Sorafenib is currently being investigated

for its clinical efficacy in glioblastoma (National Cancer

Institute, 2015). Considering the relevance of this target, this

paper reviews the current understanding of the target, system

x�c antiporter, in regulating neuronal physiology and patho-

physiology. In addition to this, the paper also provides

insights about the research outcomes on the novel inhibitors

of system x�c .

Structure of system x�c

In contrast to other known endogenous amino acid trans-

porters studied until now, system x�c (Kilberg & Hausingger,

1992), which belongs to the family heterodimeric amino acid

transporters, comprises of two subunits: a light chain and a

heavy chain (Table 1) (Verrey et al., 2004; Wagner et al.,

2001). This heterodimer consists of the 4F2 heavy chain

(4F2hc), covalently linked via a disulphide bond to one of the

several hydrophobic, non-glycosylated ‘light chain xCT’

(Bridges et al., 2001).

4F2 heavy chain

The human heavy chain of 4F2 is made up of 529 amino acids

(AAs) (94 kDa, glycosylated; 72 kDa, unglycosylated)

(Mosckovitz et al., 1993; Wells et al., 1992). The amino

acid sequence indicates that the 4F2hc have only one trans-

membrane helix where intracellular domain holds N-terminus

while C-terminus is located extracellularly (Mosckovitz et al.,

1993). This chain has been classified as type II membrane

proteins. Until now, there is dearth of complete information

that clearly elucidates the structure of 4F2hc. Nevertheless,

there is information about the glycosylation pattern in 4F2hc

which evidently shows that a bulky portion of the C-terminus

is positioned extracellularly. Besides this, a part of 4F2 is

structurally related to glycosidases; however, no glycosidase

activity has been demonstrated (Wells & Hediger, 1992).

xCT light chain

The xCT light chain (502 Aas, �40 kDa) belongs to the

family of solute carrier family 7 (SLC7), which consists of

two subgroups. One subgroup comprises cationic amino acid

transporters (CAT) while other subgroup the light chains of

HATs (Verrey et al., 2004). These subunits are hydrophobic in T
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nature and constitute non-glycosylated 12 transmembrane

(TM) domains where both N- and C-termini are located

intracellularly (Gasol et al., 2004) (Figure 1). For surface

expression of these subunits, they require one of the two

disulphide-linked heavy chain type-II N glycoprotein. Even

though the main transporting activity is carried out through

xCT subunit, the presence of 4F2hc subunit is mandatory for

functional characteristics and for trafficking of xCT to the

plasma membrane (Nakamura et al., 1999). Interestingly, in

one of the experiments, Sato et al. (1999) showed that L-Cys/

L-Glu exchange is only functional when both the xCT and

4F2hc proteins are expressed together in Xenopus oocytes.

Localization

Although there have been many reports stating the presence of

system x�c at different sites, its functional character is still

unclear (Lim et al., 2007). Sato et al. (2002) used in situ

hybridization to localize the expression of xCT and 4F2hc in

the brain. A relatively high expression of system x�c was

found in choroid plexus, leptomeninges, ependymal cells,

vascular endothelial cells and on blood brain barrier (Burdo

et al., 2006). It is also located in the astrocytes, microglia,

retinal muller cells, and immature cortical neurons (Allen

et al., 2001; Cho & Bannai, 1990; Gochenauer & Robinson,

2001; Piani & Fontana, 1994). Besides the CNS, it is also

expressed on non-CNS cells like fibroblasts, macrophages,

hepatocytes, endothelial cells and pancreatic cells (Bannai

et al., 1986; Hosoya et al., 2002; Sato et al., 1999; Sasaki

et al., 2002). Furthermore, the expression of subunits xCT and

4F2hc was detected immunohistochemically at borderline

membrane of kidney and duodenum.

Regulation

The expression of system x�c antiporter is regulated by a

number of mechanisms including oxidative stress, xenobiotic

exposure, amino acid deprivation, and pathological

conditions.

Oxidative stress

In astrocytes glutathione synthesis depends on cysteine

derived from cystine imported via sytem x�c (Shih et al.,

2006). This transportation of cystine through system x�c is a

rate-limiting step in the synthesis of GSH after its entry inside

the cultured cells (Sagara et al., 1993). More precisely,

astrocytes present in the CNS may play a role in the

intracellular transport of cystine which gets converted to

cysteine and ultimately to glutathione as shown in vitro

(Dringen et al., 1999).

Free radicals produced through mitochondrial electron

transport, paroxysmal fatty acid, cytochrome P450 and

phagocytic cells have deleterious effects on cell components

and connective tissues and thus it is major cause of oxidative

stress (Gemma et al., 2007). Treatment of ethanol to mouse

hepatic stellate cells was found to significantly increase

system x�c mRNA and protein levels in vitro (Lin et al., 2013).

During oxidative stress, there is an increased demand of GSH

which might be one of the noticeable reasons for the up-

regulation (through activation of Nrf-2: ARE signalling

pathway (Figure 2) of the system x�c antiporter. However,

De Bundel et al. (2011) reported that there is no need of

system x�c for basic GSH production in mouse brains

indicating other alternative pathways for GSH production

in vivo. In few studies it is reported that system x�AG or the

high-affinity glutamate transporters in cultured astrocytes are

also capable of importing cysteine (Kranich et al., 1998;

Shanker & Aschner, 2001) which might be one of the

alternatives for GSH production.

Xenobiotic exposure

In an in vivo experiment, Ramos-Chávez et al. (2015)

reported that inorganic arsenic when orally administered to

female rats during gestation period resulted in increased

expression of system x�c in brain tissues of the offspring.

Ceftriaxone, a third-generation cephalosporin, was also found

to induce system x�c expression and increases its mRNA

Figure 1. Structure of the functional chain-xCT with 12 TM domains and both the N-and C-termini are located intracellularly. Light chain is attached at
TM4 by forming disulphide bond. There is a re-entrant loop in between TM2 and 3. On addition to this the binding and transporter activity is associated
to TM8 (adapted from Gasol et al., 2004).
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expression in vitro (Lewerenz et al., 2009). In addition, there

is an evidence of the up-regulation of the system x�c antiporter

in protoplasmic astrocytes when treated with electrophile,

tert-butylhydroquinone (tBHQ). However, the same phenom-

enon was not observed in differentiated culture signifying a

distinct regulatory mechanism. Many experiments have failed

to mimic this up-regulation by adding H2O2 to the astrocytes

and thus, it could be interpreted that it is not the xenobiotics

but GSH concentration that triggers the induction (Bridges

et al., 2012a). Contrary to these above observations, self-

administration of nicotine in rats showed decreased expres-

sion of system x�c (Knackstedt et al., 2009).

Amino acid deprivation

Recent studies have confirmed that depletion of the AAs

results in the stimulation of several genes through the

induction of genomic cis-element termed amino acid response

element (AARE) (Sato et al., 2004). System x�c is very

specific for cystine and glutamate, and its activity is known to

be induced by cystine deprivation. In one of the studies

conducted using mouse NIH3T3 cells, up-regulation of

system x�c was observed in vitro. However, this induction

was not only because of cystine deprivation but also due to

some other amino acids (Sato et al., 2004).

Pathophysiological conditions

System x�c is known to maintain the cell redox system by

releasing one molecule of glutamate and simultaneous uptake

of one molecule of cystine to maintain neuronal plasticity.

Thus, any pathological changes may alter behaviour of system

x�c resulting in increased or decreased expression (Bridges

et al., 2012a; Lewerenz et al., 2013).

Cystine, a vital component of GSH biosynthetic pathway,

is required by cells to protect themselves from endogenously-

produced reactive oxygen species (ROS). Glioma cells

depend upon system x�c to fulfil their GSH requirement.

Compromised system x�c function may cause a rapid deple-

tion of GSH, and the resulting loss of ROS defence causes

caspase-mediated apoptosis. Thus, to address the deficit in the

glutathione concentration, system x�c is overexpressed in

glioma cells (Chung et al., 2005). System x�c up-regulation

has also been demonstrated in vitro at the mRNA or protein

level in lymphomas (Gout et al., 1997) and pancreatic cancers

(Lo et al., 2008). Moreover, Qin et al. (2006) demonstrated

significantly increased expression of xCT gene in the

activated microglia in the cerebral cortex of Thy1-APP751

transgenic mice and adult mouse hippocampus after treatment

with amyloid-b protein. Additionally, the injection of 6-

hydroxydopamine showed increase in striatal xCT protein

levels in vivo after three weeks of injection (Massie et al.,

2008). However, this study did not include functional

significance, the follow-up studies using system x�c -deficient

mice reported no deleterious effects of 6-hydroxydopamine

in vivo. (Massie et al., 2011). Altered expression of xCT was

also found in CNS of patients suffering from MS as well in

acute and chronic animal models of MS (Pampliega et al.,

2011). Furthermore, alterations in xCT expression levels in

the hippocampus were also observed in animal models of

epilepsy (Takaki et al., 2008). Few reports mention the altered

xCT expression in the nucleus accumbens in addiction in vivo

(Knackstedt et al., 2009).

Pathway of regulation

xCT is a functional unit of system x�c antiporter and therefore

its regulation has been focused mainly by several studies

(Sato et al., 1999). The leading pathways for xCT regulation

mainly includes: (i) Nuclear factor erythroid 2-related

factor 2 (Nrf2)-antioxidant responsive element (ARE), and

Figure 2. Nrf-2/ARE activation pathway. Under normal conditions Nrf-2 dimerizes with KEAP1 followed by its degradation due to ubiquitination by
Cul3. Stimuli like free radicals and oxidizing agents can interrupt with dimerization of Nrf2 and KEAP by altering cysteine residues in KEAP1 or by
phosphorylation of Nrf2 at Ser40 with the help of protein kinases. This phosphorylated Nrf2 is then translocated to the nucleus followed by its binding
to the adapter proteins which increase ARE-driven transcription (adapted from Bridges et al., 2012b).
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(ii) eukaryotic initiation factor-2 (eIF2)-activating transcrip-

tion factor (ATF) 4-amino acid response element (AARE).

Along with these two key regulation pathways, xCT expres-

sion is also regulated through activation of NF-kB (nuclear

factor kappa-light-chain-enhancer of activated B cells), acti-

vator protein (AP-1), hypoxia-inducible factor (HIF), cAMP,

and growth factors.

(i) Nuclear factor erythroid 2-related factor 2 (Nrf2)-

antioxidant responsive element (ARE) pathway

(Figure 2). The 50-flanking region of the mouse xCT

gene possesses four ARE-like sequences (also known as

electrophile response element) (Sasaki et al., 2002) and

amongst these four sequences two are completely

conserved in 50-flanking region of the human xCT

gene (Sasaki et al., 2002; Sato et al., 2000). As proposed

by Venugopal and Jaiswal (1996), Nrf2 is present in

cytosol in bound form with keap-1 (Itoh et al., 1999).

Oxidative burden releases the Nrf2b from keap-1

through PKC-d-mediated phosphorylation of Nrf2

which translocates to the nucleus and binds to ARE to

initialize specific protein transcription (Niture et al.,

2009). ARE, a cis-acting regulatory element found in the

promoter regions of multiple genes encodes antioxidant

proteins including heme oxygenase, g-glutamylcyteine

synthatase, glutamate-cystine ligase, glutathione syntha-

tase, glutathione S-transferase, glutathione reductase,

multidrug resistance protein and xCT as well (Bannai,

1984; Erickson et al., 2002; Lee & Johnson, 2004;

Sasaki et al., 2002).

(ii) Eukaryotic initiation factor-2 (eIF2)-activating tran-

scription factor (ATF) 4-amino acid response element

(AARE) pathway. The 50-flanking regions of xCT also

contains two amino acids response element (AARE)-like

sequence (Sato et al., 2004; Lewerenz & Maher, 2009).

Compromised amino acids levels initiate the signalling

cascade followed by the increased translation of

activating transcription factor (ATF) 4 and initiation of

translational and transcription pathways. Ultimately,

levels of proteins like membrane transporters, growth

factors and metabolizing enzymes are increased (Kilberg

et al., 2005). While there are compromised levels of AA

in cells, the general control non-repressible proteins 2

(GCN2) kinase is activated through free excessive

tRNAs. Activation of GCN2 phosphorylates the eIF2

(Zhang et al., 2002). This phosphorylated eIF2 inhibits

eIF2B (factor responsible for formation of initiation

complex for translation) (Kimball, 1999; Rowlands

et al., 1988).

Another mechanism associated with the activation of

AARE regulated gene transcription is phosphorylation of

eIF2B (Proud, 2005) by Glycogen synthase 3b (GSK3b). Due

to eIF2B phosphorylation, it loses its guanine nucleotide

exchange factor property and ultimately prevention of

formation of initiation complex for translation (Welsh &

Proud, 1993). Phosphoinositide-3 kinase (PI3K) (Welsh et al.,

1998) and MEK/ERK (Kleijn & Proud, 2000; Quevedo et al.,

2000) activated by hormones, mitogens, and growth factors,

inactivates GSK3b by its phosphorylations and thus protein

translation is up-regulated. However, it is has been recently

reported that PI3K signalling by inhibiting GSK3beta and

thereby activating GCN2 induces eIF2alpha phosphorylation,

increases ATF4 protein levels and xCT expression (Lewerenz

et al., 2014). Thus, phosphorylation of eIF2 and eIF2B

reduces total protein translation but at the same time there is

increased the translation of certain mRNAs including ATF4.

ATF4 in turn activates the transcription of AARE-regulated

genes including xCT, the specific subunit of system x�c .

Deficiency of cystine was found to activate ATF4-AARE

pathway to induce the uptake of cystine in cultured human

fibroblast cells after 24 hours (Bannai, 1984) suggesting the

role of ATF4-AARE pathway in system x�c regulation.

Also, the 50-flanking regions of xCT contains binding sites

for both NF-kB and AP 1 (Sato et al., 2001). However, there

is no direct involvement of NF-kB and AP 1 in regulating

system x�c reported until now. Additionally, hypoxic precon-

ditioning increased xCT levels in hippocampus (in vivo) and

mouse neuronal stem cells (in vitro), through both transcrip-

tion and translation (Ogunrinu & Sontheimer, 2010; Sims

et al., 2012). However, direct mechanism of system x�c
regulation by hypoxia is yet to be studied.

Growth factors like insulin-like growth factor 1 (IGF-1),

transforming growth factor-b (TGF-b), and fibroblast growth

factor-2 (FGF-2) have been reported to up-regulate the system

x�c function in vitro (Liu et al., 2012; Pauly et al., 2011; Yang

& Yee, 2014). Moreover, cAMP also increases the level of

xCT mRNA in cultured cells (Gochenauer & Robinson, 2001;

Seib et al., 2011). However, the exact mechanism for the same

is yet to be studied.

Functions

Transporters like system x�c present on glial cells take part in

maintaining both intra and extracellular environment within

CNS (Sato et al., 2002). They do so by up taking amino acid

(Cystine) required for production of intracellular compounds

like GSH with the release of neurotransmitter (Glutamate) in

the synaptic cleft to maintain neuronal plasticity (Bannai &

Kitamura, 1980; Bannai et al., 1986). This exchange occurs in

1:1 molar ratio per carrier with the participation of Cl�

component (Waniewski & Martin, 1984). However, these

processes are independent of Na+ availability (Bannai &

Kitamura, 1981). Additionally, this phenomenon is electro-

neutral and pH-dependent where each substrate having a

net negative charge is exchanged via the transporter

(Bannai et al., 1986). Overall, system x�c plays a vital role

on GSH, an antioxidant, production in cells and neurotrans-

mission through glutamate release.

System x�c and glutathione production

The CNS requires the highest amount of energy compared to

other body systems to function properly. To satisfy this energy

requirement, the brain is supplied with enough blood which

maintains sufficient glucose and oxygen levels (Sibson et al.,

1998). During the process, there is ample generation of ROS,

which must be neutralized in order to prevent brain damage.

Additionally, metabolisms of xenobiotics as well as oxidative

stress equally participate in generating ROS (Halliwell, 2006).

To deactivate ROS, the body requires a counter mechanism

that can protect brain from oxidative damage. With regard to

this, system x�c antiporter plays a vital role in generating GSH

DOI: 10.3109/09687688.2015.1096972 System x�c inhibition in CNS disorders 93



by providing cystine as a synthetic precursor (Bridges et al.,

2012a; Shih et al., 2006).

As mentioned above, system x�c exchanges glutamate

present in the astrocytes with cystine available in nanomolar

concentration in CSF (Baker et al., 2003). The expression of

system x�c is much more on astrocytes cultures as compared

to the mature neuron culture and therefore, neurons are

dependent on astrocytes for the production of GSH. After the

entry of cystine inside the cells, it is reduced to cysteine and

then to GSH (Sagara et al., 1993). The synthesized GSH is

then released in the extracellular space followed by its

enzymatic catabolism by g-glutamyltranspeptidase to form

g-glutamyl-GSH or L-glutamate and L-cysteine-Gly. The

released GSH is also converted non-enzymatically to cystine

to form cysteine and cysteine-GSH. Thus, cysteine produced

by both the pathways enters into the neurons and generate GSH

(Dringen et al., 1999; Wang & Cynader, 2000) (Figure 3).

Extrasynaptic excitatory neurotransmission

System x�c is involved not only in the uptake of cystine and

subsequent production of the GSH, but also in the release of

glutamate which is critically important for signalling pathway.

Baker et al. (2002b) reported that blockade of system x�c in

striatum results in 60% reduced glutamate levels in extra-

synaptic space in vivo, thus nonvesicular release of glutamate

plays an important role in extrasynaptic neurotransmission in

striatum. This released glutamate through system x�c plays a

physiological role in the tonal regulation of extrasynaptic

group II mGluRs and thereby controls neurotransmitter

release throughout the CNS (Baker et al., 2002a; Mohan

et al., 2011; Xi et al., 2003). The aptitude of system x�c to

contribute in neuronal signalling by releasing glutamate in

extrasynaptic environment is still unclear. Recent studies

reported that Km for glutamate uptake is 2- to 5-fold higher in

glioma cell lines compared to primary cultures of differ-

entiated astrocytes (Seib et al., 2011). In another study,

cystine in the concentration range of 0.1–0.3 mM was able to

produce system x�c -mediated release of glutamate. This efflux

of glutamate decreased the synaptic release of glutamate as a

consequence of presynaptic group II mGluRs activation

(Moran et al., 2005). Based on these research findings it

can be concluded that the ability of glutamate released from

system x�c to activate the EAA receptors follows different

pathways. Moreover, glutamate released through vesicular

and non-vesicular routes is primarily cleared by diffusion

through a family of Na+-dependent excitatory amino acid

transporter (EAATs) (Bridges et al., 2012a). This high

capacity of EAATs for clearing glutamate is attributed to

their surface density which is almost equivalent to number of

glutamate molecules released during action potential (Lehre

& Danbolt, 1998). Additionally, EAATs have an uptake

capacity around 10 mM.ms�1 which is capable of preventing

the excitotoxicity-like effects of glutamate released through

respective transporters (Asztely et al., 1997; Diamond & Jahr,

2000; Zheng et al., 2008). While this interaction or binding of

glutamate occurs very rapidly, the translocation of glutamate

may take bit longer (approx. 70 ms, i.e. time required for 90%

of glutamate to diffuse out of the synaptic cleft) (Savtchenko

& Rusakov, 2004; Wadiche et al., 1995).

In contrast, Augustin et al. (2007) in their study on

Drosophila melanogaster reported, system x�c as a source of

glutamate along with its contribution to the signalling and

plasticity. The activity of system x�c transporter was also

confirmed by performing studies on xCT homologue gender

blind D. melanogaster (Grosjean et al., 2008). The damage of

this associated gene decreases extracellular L-glutamate levels

by about half. Moreover, alterations in the ambient

L-glutamate levels arising from altered system x�c activity

were shown to affect both the function (i.e. desensitization)

and localization (i.e. clustering) of the ionotropic glutamate

receptors (iGluRs) in the Drosophila CNS (Augustin et al.,

2007; Featherstone, 2011).

Although the study conducted by Augustin et al. (2007)

states that system x�c -like activity was seen in insects, the real

exchange activity by system x�c through radiolabelled amino

Figure 3. Production of glutathione in astrocytes and neurons via system x�c transporter. SXc, System x�c , ASC, alanine-serinecysteine; MRP, multi-
drug resistance proteins; GCL, glutamate cysteine ligase; GS, glutathione synthase; GSSG-GSH disulphide; TRR1, thioredoxin reductase; GGL,
g-glutamyl transferase (adapted from Lewerenz et al., 2013).
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acid uptake assay was not been reported. Additionally,

phylogenetic analysis performed by Augustin et al. did not

include system L and ASC light chains. These were included

in another phylogenetic analysis along with xCT, which

demonstrated that gender blind is closely related to system L

and ASC but not xCT (Lewerenz et al., 2013). Moreover

phylogenetic analysis for insect SLC7 light chains using

the genome of the mosquito Aedes aegypti also

demonstrated the absence of an xCT homologue in insects

(Carpenter et al., 2012).

System x�c and CNS disorders

Drug addiction

Drug addiction is a disorder where neurotransmission is

manipulated by administration of some drugs resulting in

increased craving for the respective drug. These drug-induced

effects on neuronal activity accounts for the addiction which

is followed by chronic changes in functioning of corticos-

triatal pathways initiated in the prefrontal cortex and angled to

the nucleus accumbens (Kalivas, 2009; Kalivas et al., 2005;

Uys & LaLumiere, 2008; Wolf, 2010).

It has been observed that system x�c -mediated transport

of cystine and glutamate is effectively reduced in nucleus

accumbens by the administration of cocaine and other

drugs of abuse (Figure 4). During this process, glutamate

signalling pathway starting from its release to its binding to

its receptors is affected, resulting in drug seeking behaviour

or addiction (Baker et al., 2003; Kau et al., 2008;

Knackstedt et al., 2009; Madayag et al., 2007). More

precisely, repeated cocaine exposure to animals significantly

increased Km values for the cystine uptake in tissue slices

of nucleus accumbens (Baker et al., 2003; Kau et al., 2008;

Madayag et al., 2007). In one of the pre-clinical studies, it

was observed that there was significant decrease in

glutamate concentration (in non-habituated rats) followed

by system x�c blockade while there was no change in

glutamate levels in cocaine withdrawn rats suggesting

decreased expression of system x�c antiporter (Baker

et al., 2003). Thus, as a result of reduced activity of

system x�c , there is probably decreased extracellular con-

centration of glutamate and diminished functional activity

in cocaine withdrawn rats. Corroborating the above-men-

tioned findings, Baker et al. (2003) observed that on

infusing cystine into nucleus accumbens of cocaine with-

drawn rats, the glutamate levels were elevated to the levels

almost equivalent to normal levels. Thus, this increased

glutamate levels in nucleus accumbens prevents the

cocaine-induced synaptic release of glutamate resulting in

reduced cravings for cocaine in vivo (Madayag et al.,

2007). Furthermore, Baker et al. (2003) also reported that

acute administration of N-acetylcysteine (Cysteine prodrug)

blocked cocaine-induced addictive behavior in vivo.

Moreover, repeated administration of N-acetylcysteine was

capable of blocking not only drug-induced cocaine-seeking

behavior but also effect of drug related stimuli (Madayag

et al., 2007; Reichel et al., 2011). Though N-acetylcysteine

helps in managing addiction, it is not directly transported

through system x�c ; in fact this translocation of N-

acetylcysteine and its metabolite cysteine is achieved by

cysteine transporters (Kupchik et al., 2012). Confirming the

therapeutic efficacy of N-acetylcysteine in preclinical

studies, clinical studies had demonstrated the improvement

in drug-seeking behavior when treated with N-acetylcys-

teine (Knackstedt et al., 2009; LaRowe et al., 2007;

Mardikian et al., 2007). Consistent with these studies one

more clinical study proved the aforementioned observations

stating that N-acetylcysteine was able to improve cocaine

induced addiction in humans without affecting the euphoric

properties of drugs (Amen et al., 2011).

Thus, the above-mentioned findings indicate the potential

role of system x�c in drug-seeking behavior and therefore

increased urge of cocaine administration with reduced system

x�c activity which might be associated with the pathophysi-

ology of addiction (Breiter et al., 1997; Pierce et al., 1996;

Reid & Berger, 1996).

Under normal conditions, released glutamate from astro-

cytes transports to synaptic cleft and binds to glutamate

receptors, i.e. group I and II metabotropic and NMDA

receptors (Angulo et al., 2004; D’Ascenzo et al., 2007;

Jabaudon et al., 1999; Kupchik et al., 2012; Moussawi et al.,

2011). However, reduced activation of group II mGluRs in

cocaine withdrawn rats was observed (Xi et al., 2002). This

diminished activation of group II mGluRs resulted in

increased vesicular release of glutamate in nucleus accum-

bens after repeated administration of cocaine. N-acetylcyteine

was found to increase the glutamate levels and thus activates

the group II mGluRs helping in better management of

addictive conditions in vivo (Madayag et al., 2010).

Figure 4. The possible pathways of glutamatergic transmission in the
nucleus accumbens that may be responsible for drug-seeking behavior.
Cocaine treatment increases the extrasynaptic release of glutamate which
promotes the synaptic release of glutamate and ultimately drug-seeking
behavior (adapted from Kalivas, 2004). G, intracellular glutamate; C,
cystine; Glu, released glutamate; Ca, calcium; PKA, protein kinase A.
(1) There is a reduction of homer protein in the nucleus accumbens,
creating a decrease in signalling through mGluR1 receptors via inositol
trisphosphate (IP3) receptor regulation of inner calcium (Ca2+) stocks.
(2) The glutamate released through system x�c activates mGlutR1.
However, down-regulation of this receptor in addiction may be due to the
altered activity of cystine/glutamate transporter. (3) The altered activity
of system x�c results in the decreased release of glutamate and thus
reduced activation of the presynaptic mGlu2/3 autoreceptors. (4) This
decreased activation of mGlu2/3 results in a prevention of its inhibitory
regulation for the glutamate release.
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Schizophrenia

Schizophrenia is a CNS disorder characterized by an inter-

ruption in thinking and poor emotional response. Various

studies demonstrated the involvement of a variety of factors

contributing to schizophrenia including but not limited to

genetic predisposition and pre- or postnatal environmental

stressors leading to abnormal neurodevelopment

(Brown, 2011; Chua & Murray, 1996; Weinberger, 1987).

Consequently, there is an abnormal pyramidal neuron activa-

tion followed by altered network oscillatory activity in the

dorsolateral prefrontal cortex (Cho et al., 2006; Gonzalez-

Burgos & Lewis, 2008; Gonzalez-Burgos et al., 2010). The

central mechanism for such kind of abnormality includes

alteration in glutamatergic activity and changes in N-methyl-

D-aspartate (NMDA) as well as other glutamate receptor

activation (Coyle et al., 2003; Marino & Conn, 2002; Rung

et al., 2005; Verma & Moghaddam, 1996).

As already discussed, system x�c also takes part in

glutamatergic neurotransmission through non-vesicular

release of glutamate which interacts with glutamate recep-

tors (particularly mGluR2/3 and NMDA receptors) along

with cystine uptake for GSH production (Baker et al.,

2002a; Mohan et al., 2011). The intracellularly synthesized

glutathione is transported outside the cell and then facilitate

NMDA receptor activation through reducing extracellular

redox sites with release of co-agonist glycine (Metabolite of

GSH) (Abbott & Meister, 1986; Kohr et al., 1994; Lipton

et al., 2002). However, this hypothesis still requires

extensive research in terms of preclinical and clinical

studies. Thus, altered or diminished activity of system x�c
transporter may possibly cause neuronal network desyn-

chronization either through decrease in extrasynaptic glu-

tamate signalling or decrease in glutathione concentration.

As a consequence of this, there is a diminished receptor

activation followed by diminished oscillatory activity.

Additionally, reduction in intracellular concentration of

GSH may cause compromised management of oxidative

stress. Moreover, diminished group II mGluR activation

cannot negatively modulate vesicular release which eventu-

ally results in abnormal pyramidal neuron activation (Conn

& Pin, 1997; Xi et al., 2002). Hypoglutamatergic condition

through reduced non-vesicular release of glutamate and

hyperglutamatergic condition at synapse due to reduced

inhibition of group II mGluRs contributes to schizophrenia

symptoms.

In support of the above discussion, some studies have set

an evidence of altered GSH metabolism in schizophrenics (Do

et al., 2000; Raffa et al., 2009), possibly associated with

altered activity of system x�c as moderate cystine is available

for uptake by system x�c upon altered metabolism of GSH

(Lutgen, 2012; Kim et al., 2001; Shih et al., 2006). Another

study also reported slightly increased expression of xCT

(active subunit of system x�c ), in the post-mortem brain

tissues of schizophrenic patients (Baker et al., 2008) probably

for acute management of oxidative stress. Additionally,

increase in group II mGluRs was observed in schizophrenic

patients (Gupta et al., 2005), possibly due to chronic

understimulation of receptor due to compromised

non-vesicular release of glutamate.

Recent research work describing involvement of system x�c
in schizophrenia has revealed that the cystine prodrug N-

acetylcysteine improved learning ability in rats (Lutgen,

2012). Additionally, studies conducted by Berk et al. (2008)

and Bulut et al. (2009) showed significant improvement in

schizophrenic symptoms upon repeated administration of N-

acetylcysteine. Thus, it is possible that targeting system x�c
antiporter may help in attenuating the schizophrenic

condition.

Alzheimer’s disease

Amyloid-b (Ab) peptide is one of the major causes associated

with the pathogenesis of AD (Hardy & Selkoe, 2002). Ab is

known to stimulate microglia that promotes death of neurons

by producing toxins such as glutamate, cytokines and free

radicals (Giulian et al., 1995; Ishii et al., 2000; McDonald

et al., 1997; Meda et al., 1995; Weldon et al., 1998). As

already discussed, system x�c is located on glial cells and

transports glutamate to the extrasynaptic space. Therefore, the

release of glutamate may be associated with Ab’s interaction

with system x�c present on glial cells. Using co-cultures of

microglia and neurons, Qin et al. (2006) demonstrated that

system x�c facilitated release of glutamate from Ab-stimulated

microglia is neurotoxic by activating NMDA receptors. In the

same study, it was shown that in transgenic mice expressing

mutant human amyloid precursor protein in vicinity of

amyloid plaques or after injecting Ab into the brain of

C57BL/6 mice stimulated microglia express high levels of

xCT. Earlier studies have revealed that exposure of the

neurons to Ab augments neuronal responses to glutamate,

along with the rise of intracellular Ca2+ and subsequent cell

death (Koh et al., 1990; Mattson et al., 1992). The up-

regulation of system x�c in Alzheimer’s patients is believed to

be due to abundant phosphorylation of a subunit of the

eukaryotic initiation factor 2 and activating transcriptional

factor 4 (Lewerenz & Maher, 2009).

Even though such studies suggest the involvement of

system x�c in AD, the impact of such changes is not clear. The

reason being the dual function of system x�c wherein it

releases glutamate (activation of extrasynaptic NMDA recep-

tors, may contribute to Ab production and toxicity) with the

uptake of cystine required for the production of glutathione to

neutralize ROS in AD (Bordji et al., 2010; Olivieri et al.,

2001; Qin et al., 2006). Though such findings is not making

the clear role of system x�c , many Alzheimer’s patients treated

with N-acetylcysteine have shown significant improvement in

some of the cognitive tasks (Adair et al., 2001). Improved

GSH production may reduce oxidative stress induced through

Ab followed by diminished abnormal protein expression

normalizing the system x�c transporter activity (Begni et al.,

2004; Olivieri et al., 2001; Onyango et al., 2005; Tanel &

Averill-Bates, 2007).

It is very important to meet the antioxidant demand with

the reduced release of glutamate for better management of

AD. The system x�c inhibitors may serve the purpose with

compromised GSH synthesis. In such conditions, compounds

having both system x�c inhibition and ROS-neutralizing

capability may be of great advantage in establishing a good

drug candidate for treatment of AD.
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Parkinson’s disease

Two prime factors involved in pathogenesis of neurodegen-

erative disease are excitotoxicity and oxidative stress. More

particularly, in PD neurodegeneration is a result of increased

extracellular striatal glutamate levels along with hyperactivity

of the subthalamic nucleus (STN) (Blandini et al., 2000).

Moreover, GSH is the key antioxidant in the brain, having

significant and early role in the pathogenesis of PD. Thus,

loss of GSH production may worsen the condition in PD

(Schulz et al., 2000). The involvement of glutamate and

cystine (Precursor for GSH) both at the same time may

contribute towards the vital role of system x�c antiporter in the

pathogenesis of PD.

In an interesting study, Massie et al. (2011) showed that

in xCT-knockout mice, there is a decreased glutamate level

in the extrasynaptic space. However, there was no

change in the GSH production suggesting a different

pathway for the intracellular movement of cystine.

Recently, a study conducted on hemi-Parkinson’s rats

described over expression of xCT in their striatum. (Massie

et al., 2008). Taken together, it supports the role of system

x�c in the pathophysiology of PD.

In contrast to the above mentioned studies, a number of

animal studies exhibited that N-acetylcysteine treatment

showed significant improvement in PD-related symptoms

indicating the involvement of system x�c -mediated cystine

transport. In support, N-acetylcysteine was capable of

showing positive outcomes in animals treated with 1-

methyl-4-phenyl-1,2,3,6- tetrahydropyridine (Aoyama et al.,

2008; Park et al., 2004), or in a-synuclein overexpression and

EAA carrier 1-null mice (Berman et al., 2011; Clark et al.,

2010). A clinical trial of a sulphonamide, i.e. zonisamide

showed the reduction in disease severity (Murata et al., 2001),

and the mechanism responsible for such a therapeutic effect

may involve increased system x�c activity. Moreover, frequent

zonisamide treatment produced improved GSH synthesis in

hemiparkinsonian mice, as a result of zonisamide mediated

overexpression of system x�c (Asanuma et al., 2010).

In PD, there is a cascade of functional changes as a result

of degeneration of dopaminergic neurons in substantia nigra

pars compacta which affects the whole basal ganglia network.

The utmost significant changes affect the output nuclei of the

circuit, the medial globus pallidus and substantia nigra pars

reticulata, which become hyperactive. Enhanced glutamater-

gic inputs that the output nuclei receive from the subthalamic

nucleus sustains such hyperactivity. However, mechanisms

leading to the subthalamic disinhibition are still poorly

understood (Blandini et al., 2000). It is also known that

GSH is decreased in substantia nigra in PD patients (Martin

& Teismann, 2009). While it is necessary to have enough

GSH levels in brain, it is also important to decrease glutamate

levels for the management of PD. So while inhibiting system

x�c antiporter, glutamate release may be reduced but at the

same time GSH production is also probably dampened.

However, several studies have quoted the alternatives for GSH

production during increased generation of ROS (Massie et al.,

2011) and thus perfect combination of dopaminergic receptor

modulator and system x�c inhibitor may form the decent

treatment for PD.

Multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory and

degenerative disease of the CNS characterized by infiltration

of immune cells, demyelination, oligodendroglial death and

axonal degeneration (Barnett & Prineas, 2004; Lucchinetti

et al., 1999; Trapp et al., 1998). Amongst the etiological

characteristics, oligodendroglial death and demyelination are

believed to be due to glutamate excitotoxicity through

activation of ionotropic glutamate receptors (iGluRs)

(Matute et al., 1997). Several observations supporting the

excitotoxic hypothesis in MS comprise the evidence of

elevated glutamate levels in MS, both at CNS and peripheral

blood (Pampliega et al., 2011). Glutamate is increased in

cerebrospinal fluid (CSF) in acute MS conditions as well

(Stover et al., 1997). Thus, the role of system x�c in

transporting glutamate outside the glial cell may contribute

to the pathophysiology of MS.

Recent studies have shown evidence of increased xCT

expression in activated macrophages-microglia in the CNS in

MS as well as in leukocytes from MS patients (Pampliega

et al., 2011). There is also evidence that the simultaneous

glutamate release from activated microglia by the system x�c
antiporter and the inhibition of Na+-dependent glutamate

uptake by the activated microglia results in local increase in

extracellular glutamate that leads to excitotoxic oligodendro-

cyte death (Domercq et al., 2007).

The inflammatory process in MS is one of the reasons for

neurodegeneration. Besides this, glutamate is also believed to

be one of the major culprits for neurodegeneration. The

activation of glutamate receptors through system x�c -mediated

glutamate release may be targeted for better efficacy. Either

glutamate receptor modulators or system x�c inhibitors could

help in such conditions. However, management of inflamma-

tion (as a result of ROS) still remains unanswered. In such

circumstances, a known anti-inflammatory drug sulfasalazine

which showed system x�c inhibition capability may become a

worthy candidate for treatment of MS. However, few studies

reported adverse effects associated with sulfasalazine in

animal models of MS (Correale et al., 1991), while in case of

clinical trials conducted on MS patients showed no significant

outcome with sulfasalazine treatment (Noseworthy et al.,

1998). These further require specific studies to understand the

exact reasons why sulfasalazine is not able to improve the MS

condition.

Depression

Depression is a psychological condition where individuals

thought, feelings and sense of well-being are affected thus

leads to low mood and displeasure to activity. Current studies

have suggested the involvement of glutamatergic neurotrans-

mission interconnected with GABAergic and monoaminergic

pathways in the pathophysiology of neuropsychiatric disorder

like depression (McCarthy et al., 2012; Sanacora et al., 2012).

Moreover, many clinical and preclinical studies verified that

maladaptive changes in excitatory/inhibitory circuitry, par-

ticularly in glutamate homeostasis and neurotransmission,

have a main part in the mood and anxiety disorders (Musazzi

et al., 2012). Hence, the variation in glutamate release,

clearance and metabolism within certain brain region may
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contribute to mood disorders like depression. System x�c
transporter being an important medium in managing glutam-

ate homeostasis, may have critical involvement in the

pathophysiology of depression and thus, could become a

novel target in treating the same.

Fibroblast growth factor-2 (FGF-2) has a vital role in the

neurogenesis and normal brain development (Zechel et al.,

2010). Additionally, recent in vitro studies have also sug-

gested the contribution of FGF-2 in the pathophysiology of

depression through system x�c -mediated glutamate release.

In support of this, studies have proved that there is an up-

regulation of system x�c as a result of FGF 2 treatment in vitro

(Liu et al., 2012). The report obtained from the post-mortem

of depressed patients’ brains showed reduced mRNA for FGF-

2 (Evans et al., 2004) which may be, given the up-regulation

of system x�c by FGF2 in vitro, associated with decreased

expression of system x�c . Thus, disruption of FGF-2 signalling

pathway followed by dysfunctioning of system x�c may be

associated with depression.

Furthermore, there are evidences of diminished GSH

levels in patients suffering from depression (Kodydková et al.,

2009). Since GSH diminution has been associated in depres-

sion along with disturbance of the FGF-2 system, it is likely

that the pathological effects of FGF-2 disruption are likely to

be associated to reduced system x�c activity but still we

require studies proving the role of system x�c .

It will be of great interest to evaluate whether the

inhibition or activation of system x�c can benefit in manage-

ment of depression. However, glutamate is required for

managing depression-like conditions and thus it might be

advantageous to explore the role of system x�c in depression

with extensive research.

Glioma and excitotoxicity

Gliomas are tumors of glial cells that spread into the healthy

brain parenchyma with the release of glutamate being one

factor that might facilitate this mechanism. Elevated glutam-

ate interacts with postsynaptic receptors and generates

hyperexcitation of the neurons which ultimately results in

neuronal cell death and thus ease the way for cancer cells to

distribute (de Groot & Sontheimer, 2011). The elevated

concentration of glutamate in the synapse is attributed to the

over activity of the system x�c antiporter along with down-

regulation of other EAATs (Chung et al., 2005; Kim et al.,

2001; Rothstein, 2002; Takano et al., 2001; Ye & Sontheimer,

1999; Ye et al., 1999). Furthermore, due to high activity of

system x�c antiporter in glioma cells, the impact of chemo-

therapy and radiation reduces (Chung et al., 2005). Taken

together, the increased expression of system x�c in glioma

releases high levels of glutamate that can lead to seizures

and neuronal death. At the same time, system x�c uptakes

cystine to generate glutathione and thus protect cancer cells

from ROS.

GSH requirement is mandatory for cancer cells to survive.

The inhibition of system x�c will not only decrease GSH

production but also compromise glutamate release. Thus,

targeting system x�c could help in finding novel compounds

for both glioma as well as epileptic seizures. It has been

shown that sulfasalazine is able to inhibit system x�c

effectively (Bridges et al., 2012b). Moreover, Chung et al.

(2005) reported that inhibition of cystine uptake by sulfa-

salazine halts the progress of primary brain tumours in vivo.

However, due to poor pharmacokinetic properties of sulfa-

salazine, the bioavailability is very low at the site of action

(CNS) when administered orally (Kusuhara et al., 2012).

Additionally, clinical trial of sulfasalazine in recurrent glioma

had to be terminated prematurely due to deleterious effects of

the compound (Robe et al., 2009). Thus, with suitable

chemical modification of sulfasalazine moiety, it is possible

to synthesize molecules with inhibitory activity like parent

moiety with improved pharmacokinetic characteristics. Other

than sulfasalazine, erastin and its analogues also demonstrated

their system x�c inhibition potential in vitro. However, erastin

is still under preliminary evaluation (Dixon et al., 2014;

Singer et al., 2015). Moreover, an already approved anti-

cancer drug for kidney and liver cancer, Sorafenib is under

clinical trials for its efficacy in glioblastoma (NCI, 2015).

Hypoglycaemic neuronal death

As already mentioned above, the brain’s energy requirement

is highest compared to all body systems thus, if glucose

concentration falls below desired level, it may cause neuronal

injury. It has been shown that when glucose concentrations in

the blood are below 2 mM, brain glucose level touches zero

leading to neuronal injury (Choi et al., 2001; Langan et al.,

1991; Ryan et al., 1990; Suh et al., 2007; Xu et al., 2011).

Neurons, particularly those present in the hippocampus and

cortex, are extremely sensitive to glucose deprivation (GD)

(Auer et al., 1984; Goldberg & Choi, 1993; Monyer & Choi,

1988; Monyer et al., 1989). To balance glucose deprivation,

astrocytes contribute to work energy generation via glycogen

metabolism. Additionally, glutamate released from the astro-

cytes undergoes metabolic pathway (TCA cycle) and gets

converted to pyruvate for more energy generation. (Bakken

et al., 1998; Butterworth, 1999; Dennis & Clark, 1978). In

spite of this, neuronal cell death does not seem to be a straight

consequence of the energy failure. Numerous studies

exhibited that hypoglycaemic neuronal injury happens subse-

quently to glutamate excitotoxicity, as insulin-induced hypo-

glycaemia effects increase glutamate concentration in the rat

hippocampus and striatum (Sandberg et al., 1986; Silverstein

et al., 1990) and in the cerebrum of the pig (Ichord et al.,

1999). Jackman et al. (2012) also confirmed the involvement

of high levels of glutamate in the hypoglycaemic neuronal

cell death.

As already known, system x�c antiporter located on the

astrocytes releases glutamate in the extracellular space. The

higher concentration of glutamate in hippocampus and

striatum may be responsible for hypoglycaemic cell death.

Interestingly, it has also been shown that system x�c contrib-

utes to hypoglycaemic neuronal cell in vitro by glutamate

release and subsequent activation of neuronal glutamate

receptors (Jackman et al., 2012).

System x�c inhibition

The involvement of system x�c in the pathophysiology of a

variety of CNS disorders makes it a promising target for

treatment. Until now, a lot of work has been done in this area.
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Almost all the conducted experiments were based on com-

petitive assays that screened structurally similar analogues for

their ability to block the system x�c -mediated exchange of

radiolabeled L-glutamate for L-cystine. From the preliminary

studies, two structurally dissimilar molecules, sulfasalazine

and (S)-4-carboxyphenylglycine 2 (S-4CPG) were found to

inhibit system x�c antiporter (Gout et al., 2001; Ye et al.,

1999). Along with system x�c inhibition, sulfasalazine is also a

well-known NF-kappa B (NF-kB) inhibitor indicating its

possible role in ailments like cancer, inflammation, infection

and autoimmune diseases (Chávez et al., 2012).

Although these molecules exhibited inhibitory properties,

further research was limited because of their secondary

effects and poor pharmacokinetic profiles (Chung et al.,

2005; Savaskan et al., 2008). Compound 2 also antagonizes

group I metabotropic receptors (mGluRs) (Hayashi et al.,

1994) along with system x�c inhibition while 3 is

metabolized by CYP enzymes to produce inactive metabol-

ites (Azad et al., 1983).

To overcome such problems, many researchers have

modified existing inhibitors like 3 to get metabolically

stable and effective analogues (Table 2). Apart from the

modifications in 3 that exhibited inhibitory activity, a lot of

other modifications can be done to increase the pool of

inhibitors (Table 3).

Recently, an antitumor agent erastin 28 has been found as a

selective inhibitor of system x�c . Additionally, analogues for

28 have also been generated to improve potency (Dixon et al.,

2014; Singer et al., 2015). Erastin and its analogues represent

a novel scaffold for system x�c inhibitors. Currently, such

novel scaffolds are needed to shift the gears in this field.

Other than these two molecules, sorafenib, a protein kinase

inhibitor, also inhibits the transporter. Dixon et al. (2014)

reported that sorafenib could triggered ER stress and

ferroptosis through system x�c inhibition.

Molecular modelling

The X-ray crystal structure of system x�c transporter is not

available in the Protein Data Bank (PDB). Few groups of

researchers have tried to build the homology model of the

transporter based on a related amino acid, polyamine and

organocation transporter (ApcT) from a thermophile

Methanocaldococcus jannaschii (PDB ID 3GIA) (Matti

et al., 2013). The developed and validated homology

model was then used for docking studies of the novel

system x�c inhibitors belonging to isoxazole hydrazide class

(Table 1). The binding mode clearly showed the importance

of –COOH group located on the isoxazole ring along with

the hydrazide –C¼O which were found to interact with

Arg135 (electrostatic interaction) and Ser330 (H-bonding),

respectively. In addition, the O group of isoxazole ring was

found to interact with Tyr251 via H-bonding. Overall, the

homology model assisted the authors in rationalizing the

observed potency. Due to lack of significant number of

inhibitors, ligand-based approaches such as 3D pharmaco-

phore and quantitative structure-activity relationship (QSAR)

studies are limited in the literature. Substantial efforts in this

direction will help in discovering novel classes of system x�c
inhibitors.

Structure-activity relationship

Sulfasalazine and analogues

Shukla et al. (2011) synthesized sulfasalazine analogues and

determined the concentration required by newly synthesized

molecules to reduce the cellular cystine uptake by 50%

compared to the solvent control in U87 cell line. Sulfasalazine

(3, IC50¼ 30 mM), a prodrug of sulfapyridine (4,

IC5041 mM) and 5-aminosalicylic acid (5, IC5041 mM) is

a well-known system x�c inhibitor. Both sulfapyridine (4) and

5-aminosalicylic acid (5) exhibited complete loss of system

x�c activity. Modification of the central planar linker with

trans geometry (N¼N) in 3, with planar ethyne linker led to

conservation of activity (7, IC50¼ 30 mM) demonstrating that

the azo linkage was not absolute necessity. The corresponding

ester of 7 did not show any activity (6, Table 2). On the

similar lines, the replacement of azo linkage with ethylene

linker (9, Table 2) led to 2-fold reduction in activity.

Disruption of the conjugation in 3, resulted in over 10-fold

reduction in activity (11, Table 2). All other modifications in

the parent structure led to loss of activity (Table 2).

Isooxazole analogues

Matti et al. (2013) reported a set of isooxazole derivatives

which were evaluated for their system x�c -inhibiting potential

using SNB-19 cell lines. Cells were tested for L-[3H]Glu

uptake under Cl� conditions in the presence of isoxazole-

hydrazide derivatives. A novel series of isooxazole 3-

carboxylic acids exhibited less sensitivity to the structured

modification ([3H]Glu uptake). The reported series explored

effect of substituents on the distant aryl ring (Table 2). The

aryl ring was found to tolerate a variety of substituents such as

–OCH3, –OH, –F, –H etc. without appreciable change in

activity.

In a similar attempt, Newell et al. (2014) further explored

the SAR of 22 reported earlier to be a competitive inhibitor.

Extension of 5-methyl group as (un)substituted arylmethyl

group also resulted in potent analogues (22a–22c, Table 2)

as non-competitive inhibitors. This demonstrated the tight

structural requirements of inhibitors with respect to the

kinetics of inhibition (competitive vs. non-competitive).

Nonetheless, the isoxazole scaffold is a novel scaffold, quite

different from the sulfasalazine and analogs. This may be

further explored synthetically or computationally to fill the

void in the availability of novel, orally bioavailable system x�c
inhibitors.

Erastin and analogues

Lethal effective concentration (EC) for all synthesized erastin

analogues was determined in HT-1080 cells in a 10-point,

two-fold dilution assay, starting at a high concentration of

20 mM, �b-ME (18 mM). IC50 values were also determined

for the synthesized analogues in CCF-STTG1 cells using

glutamate uptake assay by Dixon et al. (2014). Erastin (32,

Table 2, IC50¼ 0.20 mM) a quinolone-4-one, provided another

lead structure for the design and development of potent

system x�c inhibitors. Systematic structural modifications

resulted in quite potent analogues with IC50 as low as 3.5 nM

(49, Table 2). The majority of the analogues retained the
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Table 2. List of system x�c inhibitors along with their IC50 value and potency comparison with sulfasalazine (Dixon et al., 2014; Matti et al., 2013;
Shukla et al., 2011). a: [3H]Glu uptake (% control), b: EC50.

Compound
No. Name Structure

IC50

(mM)

Potency
Comparison

with
Sulfasalazine

1 (S)-4-carboxyphenylglycine NH2

OH

O

O

HO 15 –

2 (R)-4-carboxyphenylglycine NH2

OH

O

O

HO 41000 –

3 Sulfasalazine

HO

O

HO

N

N S

O

O

NH

N

30 –

4 Sulfapyridine
N

N
H

S

O

O

NH2 41000 Less

5 5-Amino salicylic acid

H2N

O

OH

OH

41000 Less

Sulfasalazine analogues
6 Methyl 2-hydroxy-5-(2-{4-[(pyridin-2-

yl)sulfamoyl]phenyl}ethynyl)benzoate

HO

O

O

H3C

S

O

O

NH

N

41000 Less

7 2-Hydroxy-5-(2-{4-[(pyridin-2-
yl)sulfamoyl]phenyl}ethynyl)benzoic acid

HO

O

HO

S

O

O

NH

N

30 Same

8 2-Hydroxy-5-[(E)-2-{4-[(pyridin-2-
yl)sulfamoyl]phenyl}ethenyl]benzoate

HO

O

O

S

O

O

NH

N

H3C

900 Less

(continued )
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Table 2. Continued

Compound
No. Name Structure

IC50

(mM)

Potency
Comparison

with
Sulfasalazine

9 2-Hydroxy-5-[(E)-2-{4-[(pyridin-2-
yl)sulfamoyl]phenyl}ethenyl]benzoic acid

HO

O

HO

S

O

O

NH

N

70 Slight Less

10 Methyl 2-hydroxy-5-(2-{4-[(pyridin-2-
yl)sulfamoyl]phenyl}ethyl)benzoate

HO

O

O

S

O

O

NH

N

H3C

41000 Less

11 2-Hydroxy-5-(2-{4-[(pyridin-2-
yl)sulfamoyl]phenyl}ethyl)benzoic acid

HO

O

HO

S

O

O

NH

N

700 Less

12 3-(2-{4-[(Pyridin-2-
yl)sulfamoyl]phenyl}ethynyl)benzoic acid

O

OH

S

O

O

NH

N

75 Slight Less

13 3-(2-{4-[(Pyridin-2-yl)sulfamoyl]phenyl}ethyl)ben-
zoic acid

O

HO

S

O

O

NH

N

920 Less

14 3-(2-{4-[(3-Methylpyridin-2-
yl)sulfamoyl]phenyl}ethynyl)benzoic acid

O

HO

S

O

O

HN

N

H3C

70 Slight Less

15 2-Hydroxy-5-[(E)-2-phenyldiazen-1-yl]benzoic acid

N
N

O

OH

OH

200 Less

16 2-Hydroxy-5-(2-phenylethynyl)benzoic acid O

OH

OH

150 Less

(continued )
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Table 2. Continued

Compound
No. Name Structure

IC50

(mM)

Potency
Comparison

with
Sulfasalazine

17 3-(2-Phenylethynyl)benzoic acid O

OH

270 Less

Iso-oxazole derivatives
18 5-Methyl-4-[(1E)-1-[2- (4-nitrophenyl)hydrazin-1-

ylidene]ethyl]-1,2-oxazole-3-carboxylic acid

O

N

H3C

N

H3C
H
N

N

O

O

O

OH

127 Less

19 4-[(1E)-1-[2-(2,4-Dinitrophenyl)hydrazin-1-ylide-
ne]ethyl]-5-methyl-1,2-oxazole-3-carboxylic acid

O

N

H3C

N

H3C
H
N

N

O

O

O

OH

N
O

O 290 Less

20 3,4-Dimethyl-6-[4-(trifluoromethyl)phenyl]-6H,7H-
[1,2]oxazolo[3,4-d]pyridazin-7-one

N

N
O

N

O

CH3

F

F

F

H3C 129 Less

21 4-[(1E)-1-[2-(2,4-Dinitrophenyl)hydrazin-1-ylide-
ne]ethyl]-5-[2-(naphthalen-2-yl)ethyl]-1,2-oxa-
zole-3-carboxylic acid

NO

O

OH

H3C N

HN

N
O

O

N
O

O 225 Less

22 4-{1-[(3,5-Bis-trifluoromethyl-cyclohexa-1,3-diene-
carbonyl)-hydrazono]-ethyl}-5-methyl-isoxazole-
3-carboxylic acid

O

H
N

N

CH3

N

O
H3C

OH
O

F

F

F

F

FF

90a

(continued )
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Table 2. Continued

Compound
No. Name Structure

IC50

(mM)

Potency
Comparison

with
Sulfasalazine

23 4-{1-[(Cyclohexa-1,3-dienecarbonyl)-hydrazono]-
ethyl}-5-methyl-isoxazole-3-carboxylic acid

O

H
N

N

CH3

N

O
H3C

OH
O 83a

24 4-{1-[(4-Methoxy-cyclohexa-1,3-dienecarbonyl)-
hydrazono]-ethyl}-5-methyl-isoxazole-3-car-
boxylic acid

O

H
N

N

CH3

N

O
H3C

OH
OO

H3C
68a

25 5-Methyl-4-{1-[(naphthalene-1-carbonyl)-hydra-
zono]-ethyl}-isoxazole-3-carboxylic acid

O

HN N

H3C
N

O

H3C

OH
O

68a

26 4-{1-[(2,4-Difluoro-cyclohexa-1,3-dienecarbonyl)-
hydrazono]-ethyl}-5-methyl-isoxazole-3-car-
boxylic acid

O

H
N

N

CH3

N

O
H3C

OH
O

F

F 58a

27 4-{1-[(2-Hydroxy-cyclohexa-1,3-dienecarbonyl)-
hydrazono]-ethyl}-5-methyl-isoxazole-3-car-
boxylic acid

O

H
N

N

CH3

N

O
H3C

OH
O

OH

52a

22 4-(1-(2-(3,5- bis(trifluoromethyl)phenyl)hydrazo-
no)ethyl)-5-methylisoxazole-3-carboxylic acid

O

N

COOH

N

H
N

CF3

CF3 14a

22a 5-benzyl-4-(1-(2-(3,5-bis(trifluoromethyl)phenyl)-
hydrazono)ethyl)isox azole-3-carboxylic acid

O

N

COOH

N

H
N

CF3

CF3

6a

(continued )
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Table 2. Continued

Compound
No. Name Structure

IC50

(mM)

Potency
Comparison

with
Sulfasalazine

22b 4-(1-(2-(3,5-bis(trifluoromethyl)phenyl)hydrazo-
no)ethyl)-5- (naphthalen-2-ylmethyl)isoxazole-3-
carboxylic acid

O

N

COOH

N

H
N

CF3

CF3

14a

22c 4-(1-(2-(3,5-bis(trifluoromethyl)phenyl)hydrazo-
no)ethyl)-5- (4-(trifluoromethyl)ben-
zyl)isoxazole-3-carboxylic acid

O

N

COOH

N

H
N

CF3

CF3

CF3 6a

Erastin and its analogues
28 2-(1-{4-[2-(4-Chlorophenoxy)acetyl]piperazin-1-

yl}ethyl)-3-(2-ethoxyphenyl)-3,4-dihydroquina-
zolin-4-one (Erastin)

N

N

O

N

N

O

O

Cl

O

CH3

CH3

0.20 High

29 2-({4-[2-(4-Chlorophenoxy)acetyl]piperazin-1-
yl}methyl)-3-[2-(propan-2-yloxy)phenyl]-3,4-
dihydroquinazolin-4-one

N

N

O

O

CH 3

CH 3

N

N

O

O

Cl

0.09 High

(continued )
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Table 2. Continued

Compound
No. Name Structure

IC50

(mM)

Potency
Comparison

with
Sulfasalazine

30 2-({4-[2-(4-Chlorophenoxy)acetyl]piperazin-1-
yl}methyl)-6-fluoro-3-[2-(propan-2-yloxy)phe-
nyl]-3,4-dihydroquinazolin-4-one

N

N

O

O

CH3

CH3

N

N

O

O

Cl

F

0.14 High

31 6-Amino-2-({4-[2-(4-chlorophenoxy)acetyl]pipera-
zin-1-yl}methyl)-3-[2-(propan-2-yloxy)phenyl]-
3,4-dihydroquinazolin-4-one

N

N

O

O

CH3

CH3

N

N

O

O

Cl

H2N

0.54 High

32 5-Chloro-2-({4-[2-(4-chlorophenoxy)acetyl]pipera-
zin-1-yl}methyl)-3-[2-(propan-2-yloxy)phenyl]-
3,4-dihydroquinazolin-4-one

N

N

O

O

CH 3

CH 3

N

N

O

O

Cl

Cl 0.042 High

(continued )
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Table 2. Continued

Compound
No. Name Structure

IC50

(mM)

Potency
Comparison

with
Sulfasalazine

33 8-Chloro-2-({4-[2-(4-chlorophenoxy)acetyl]pipera-
zin-1-yl}methyl)-3-[2-(propan-2-yloxy)phenyl]-
3,4-dihydroquinazolin-4-one

N

N

O

O

CH 3

CH 3

N

N

O

O

Cl

Cl

0.074 High

34 2-({4-[2-(4-Chlorophenoxy)acetyl]piperazin-1-
yl}methyl)-6,7-dimethoxy-3-[2-(propan-2-ylox-
y)phenyl]-3,4-dihydroquinazolin-4-one

N

N

O

O

CH 3

CH 3

N

N

O

O

Cl

O

O

H3C

CH 3

0.15 High

35 2-(4-Chlorophenoxy)-N-methyl-N-{2-[methyl({4-
oxo-3-[2-(propan-2-yloxy)phenyl]-3,4-dihydro-
quinazolin-2-yl}methyl)amino]ethyl}acetamide

N

N

O
O

H3C CH3

N
N

O

O

Cl

H3C

CH3

0.56 High

36 2-(4-Chlorophenoxy)-N-methyl-N-({4-oxo-3-[2-
(propan-2-yloxy)phenyl]-3,4-dihydroquinazolin-
2-yl}methyl)acetamide

N

NO

OH3C

CH3

N

CH3

O

O

Cl 410 High

(continued )
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Table 2. Continued

Compound
No. Name Structure

IC50

(mM)

Potency
Comparison

with
Sulfasalazine

37 2-({4-[3-(4-Chlorophenyl)propanoyl]piperazin-1-
yl}methyl)-3-[2-(propan-2-yloxy)phenyl]-3,4-
dihydroquinazolin-4-one

N

N

O

O

CH 3

CH 3

N

N

Cl

O

0.57 High

38 2-({4-[3-(4-Chlorophenoxy)propyl]piperazin-1-
yl}methyl)-3-[2-(propan-2-yloxy)phenyl]-3,4-
dihydroquinazolin-4-one

N

N

O

O

CH 3

CH 3

N

N

O

Cl

3.7 High

39 2-[(4-{2-[(4-Chlorophenyl)amino]acetyl}piperazin-
1-yl)methyl]-3-[2-(propan-2-yloxy)phenyl]-3,4-
dihydroquinazolin-4-one

N

N

O
O

H3C CH3

N

N

O

H
N

Cl

0.53 High

(continued )
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Table 2. Continued

Compound
No. Name Structure

IC50

(mM)

Potency
Comparison

with
Sulfasalazine

40 2-({4-[2-(4-Fluorophenoxy)acetyl]piperazin-1-
yl}methyl)-3-[2-(propan-2-yloxy)phenyl]-3,4-
dihydroquinazolin-4-one

N

N

O
O

H3C CH3

N

N

O
O

F

1.2 High

41 2-({4-[2-(3-Chlorophenoxy)acetyl]piperazin-1-
yl}methyl)-3-[2-(propan-2-yloxy)phenyl]-3,4-
dihydroquinazolin-4-one

N

N

O
O

H3C CH3

N

N

O
O Cl

2.6 High

42 2-{[4-(2-Phenoxyacetyl)piperazin-1-yl]methyl}-3-
[2-(propan-2-yloxy)phenyl]-3,4-dihydroquinazo-
lin-4-one

N

N

O
O

H3C CH3

N

N

O
O

410 High

(continued )
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Table 2. Continued

Compound
No. Name Structure

IC50

(mM)

Potency
Comparison

with
Sulfasalazine

43 2-({4-[2-(4-Chlorophenoxy)acetyl]piperazin-1-
yl}methyl)-3-[3-(propan-2-yloxy)phenyl]-3,4-
dihydroquinazolin-4-one

N

N

O

N

N

O
O

Cl

O

CH3

CH3

0.042 High

44 3-[5-Bromo-2-(propan-2-yloxy)phenyl]-2-({4-[2-(4-
chlorophenoxy)acetyl]piperazin-1-yl}methyl)-
3,4-dihydroquinazolin-4-one

N

N

O

N

N

O
O

Cl

Br

O

H3C CH3 0.0094 High

45 2-({4-[2-(4-Chlorophenoxy)acetyl]piperazin-1-
yl}methyl)-3-[5-phenyl-2-(propan-2-yloxy)phe-
nyl]-3,4-dihydroquinazolin-4-one

N

N

O

N

N

O
O

Cl

O

H3C CH3 0.0035 High

(continued )
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original structural framework of 32, with modification in the

N3- substituent which seem to require other bulky substitutes

at C-5 on the aromatic ring such as –Br, –Ph etc. for improved

potency. The 2-isopropoxy substituents also seemed necessary

for the potency (32 vs. 33, Table 2). Addition of substituents

on the core quinolone-4-one nucleus led to 41.5-fold

reduction in potency (33 vs. 34, Table 2). Placement of 5-

Cl substituent on the quinazoline-4-one nucleus, however

increase potency 2-fold (33 vs. 36, Table 2). Conversion of

the pendant piperazine ring in 32 to the open chain congener

led to 3-fold drop in potency (39, Table 2). Also, replacing

ether (–OPh) in distal part of 32 with –NH– led to 2.5-fold

decrease in potency (43, Table 2). Other modifications led to

reduction in potency.

Conclusions

The prevalence of CNS disorders is increasing day-by-day

with a high mortality rate throughout the world. The adequate

management of CNS disorders is becoming a tough

Table 2. Continued

Compound
No. Name Structure

IC50

(mM)

Potency
Comparison

with
Sulfasalazine

46 2-({4-[2-(4-Chlorophenoxy)acetyl]piperazin-1-
yl}methyl)-3-[5-(furan-3-yl)-2-(propan-2-yloxy)-
phenyl]-3,4-dihydroquinazolin-4-one

N

N

O

N

N

O
O

Cl

O

H3C CH3

O

0.013 High

47 Sorafenib

H
N

O

O

HN

O
H
N

Cl

F3C

N

18b

48 3-{4-[3-(3,5-Bis-trifluoromethyl-phenyl)-ureido]-
phenoxy}-N-methyl-benzamide

O

N
H

O

N
H

F3C

CF3

N
H

O

49 3-{4-[3-(4-Chloro-3-trifluoromethyl-phenyl)-thiour-
eido]-phenoxy}-N-methyl-benzamide

O

N
H

S

N
H

F3C

N
H

O

Cl

50 3-{4-[3-(3-Chloro-phenyl)-ureido]-phenoxy}-N-
methyl-benzamide

O

N
H

O

N
H

N
H

OCl
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task because of insufficient knowledge in such areas.

Advances in understanding how system x�c contributes to

the pathophysiology of CNS disorders might pave the way for

future treatment strategies. The dual role of system x�c
transporter, i.e. glutamate release and cysteine uptake, has

participation in the pathophysiology of many CNS diseases.

Thus, targeting system x�c could serve the purpose of

treatment in CNS complaints. A number of research groups

have generated small molecule hits/leads which are potent

system x�c inhibitors but still their clinical efficacy will be a

major concern. Hence, further research is needed to explore

the system x�c target as a therapeutic option for CNS

disorders.

Future prospects

This review describes various aspects of system x�c in variety

of CNS disorders. Until now, only preliminary research or

in vitro studies have been performed for modifying system x�c
activity and there is very little documentation about preclin-

ical and clinical studies. With regard to this, extensive

research is required to draw a valid conclusion about how

system x�c inhibition or activation will benefit in CNS

disorders. Additionally, there are limited numbers of sulfa-

salazine analogues that have demonstrated therapeutic poten-

tial and therefore synthesis of additional active sulfasalazine

analogues should also be pursued. Like sulfasalazine and its

analogs, other drugs can also be repurposed and evaluated for

their system x�c inhibition activity.
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et al. 2009. Antioxidative enzymes and increased oxidative stress in
depressive women. Clin Biochem 42:1368–1374.

Koh JY, Yang LL, Cotman CW. 1990. Beta-amyloid protein increases the
vulnerability of cultured cortical neurons to excitotoxic damage. Brain
Res 533:315–320.

Kohr G, Eckardt S, Luddens H, Monyer H, Seeburg PH. 1994. NMDA
receptor channels: subunit-specific potentiation by reducing agents.
Neuron 12:1031–1040.

Kranich O, Dringen R, Sandberg M, Hamprecht B. 1998. Utilization of
cysteine and cysteine precursors for the synthesis of glutathione in
astroglial cultures: preference for cystine. Glia 22:11–18.

Kupchik YM, Moussawi K, Tang XC, Wang X, Kalivas BC, Kolokithas
R, et al. 2012. The effect of N-acetylcysteine in the nucleus
accumbens on neurotransmission and relapse to cocaine. Biol
Psychiatry 71:978–986.

Kusuhara H, Furuie H, Inano A, Sunagawa A, Yamada S, Wu C, et al.
2012. Pharmacokinetic interaction study of sulphasalazine in healthy
subjects and the impact of curcumin as an in vivo inhibitor of BCRP.
Br J Pharmacol 166:1793–1803.

Langan SJ, Deary IJ, Hepburn DA, Frier BM. 1991. Cumulative
cognitive impairment following recurrent severe hypoglycaemia in
adult patients with insulin-treated diabetes mellitus. Diabetologia 34:
337–344.

LaRowe SD, Myrick H, Hedden S, Mardikian P, Saladin M, McRae A,
et al. 2007. Is cocaine desire reduced by N-acetylcysteine? Am J
Psychiatry 164:1115–1117.

Lee JM, Johnson JA. 2004. An important role of Nrf2-ARE pathway in
the cellular defense mechanism. J Biochem Mol Biol 37:139–143.

Lehre KP, Danbolt NC. 1998. The number of glutamate transporter
subtype molecules at glutamatergic synapses: chemical and stereo-
logical quantification in young adult rat brain. J Neurosci 18:
8751–8757.

Lewerenz J, Baxter P, Kassubek R, Albrecht P, Van Liefferinge J,
Westhoff MA, et al. 2014. Phosphoinositide 3-kinases upregulate
system xc(-) via eukaryotic initiation factor 2a and activating
transcription factor 4. A pathway active in glioblastomas and epilepsy.
Antioxid Redox Signal 20(18):2907–2922.

Lewerenz J, Hewett SJ, Huang Y, Lambros M, Gout PW, Kalivas PW,
et al. 2013. The cystine/glutamate antiporter system x(c)(-) in health
and disease: from molecular mechanisms to novel therapeutic
opportunities. Antioxid Redox Signal 18(5):522–555.

Lewerenz J, Albrecht P, Tien ML, Henke N, Karumbayaram S,
Kornblum HI, et al. 2009. Induction of Nrf2 and xCT are involved
in the action of the neuroprotective antibiotic ceftriaxone in vitro.
J Neurochem 111:332–343.

Lewerenz J, Maher P. 2009. Basal levels of eIF2alpha phosphorylation
determine cellular antioxidant status by regulating ATF4 and xCT
expression. J Biol Chem 284:1106–1115.

Lim J, Li L, Kistler J, Donaldson PJ. 2007. Mapping of glutathione and
its precursor amino acids reveals a role for GLYT2 in glycine uptake
in the lens core. Invest Ophth Vis Sci 48:5142–5151.

Lin X, Yang H, Zhang H, Zhou L, Guo Z. 2013. A novel transcription
mechanism activated by ethanol: induction of Slc7a11 gene expres-
sion via inhibition of the DNA-binding activity of transcriptional
repressor octamer-binding transcription factor 1 (OCT-1). J Biol
Chem 288:14815–14823.

Lipton SA, Choi YB, Takahashi H, Zhang D, Li W, Godzik A, Bankston
LA. 2002. Cysteine regulation of protein function – as exemplified by
NMDA-receptor modulation. Trends Neurosci 25:474–480.

Liu X, Resch J, Rush T, Lobner D. 2012. Functional upregulation of
system x�c by fibroblast growth factor-2. Neuropharmacology
62(2):901–906.

Lo M, Wang YZ, Gout PW. 2008. The x(c)- cystine/glutamate antiporter:
a potential target for therapy of cancer and other diseases. J Cell
Physiol 215:593–602.

Lucchinetti C, Bruck W, Parisi J, Scheithauer B, Rodriguez M,
Lassmann H. 1999. A quantitative analysis of oligodendrocytes in

DOI: 10.3109/09687688.2015.1096972 System x�c inhibition in CNS disorders 113



multiple sclerosis lesions. A study of 113 cases. Brain 122:
2279–2295.

Lutgen V. 2012. The contribution of system x�c to prefrontal cortical
mediated behaviors associated with schizophrenia. Dissertations,
Marquette University, Milwaukee, Wisconsin, USA.

Madayag A, Kau KS, Lobner D, Mantsch JR, Wisniewski S, Baker DA.
2010. Drug-induced plasticity contributing to heightened relapse
susceptibility: neurochemical changes and augmented reinstatement in
high-intake rats. J Neurosci 30:210–217.

Madayag A, Lobner D, Kau KS, Mantsch JR, Abdulhameed O, Hearing
M, et al. 2007. Repeated N-acetylcysteine administration alters
plasticity dependent effects of cocaine. J Neurosci 27:13968–13976.

Mardikian PN, LaRowe SD, Hedden S, Kalivas PW, Malcolm RJ. 2007.
An open-label trial of N-acetylcysteine for the treatment of cocaine
dependence: a pilot study. Prog Neuropsychopharmacol Biol
Psychiatry 31:389–394.

Marino MJ, Conn PJ. 2002. Direct and indirect modulation of the N-
methyl D-aspartate receptor. Curr Drug Targets CNS Neurol Disord 1:
1–16.

Martin HL, Teismann P. 2009. Glutathione – a review on its role and
significance in Parkinson’s disease. FASEB J 23(10):3263–3272.

Massie A, Schallier A, Kim SW, Fernando R, Kobayashi S, Beck H, et al.
2011. Dopaminergic neurons of system x(c)�-deficient mice are
highly protected against 6-hydroxydopamine-induced toxicity. FASEB
J 25(4):1359–1369.

Massie A, Schallier A, Mertens B, Vermoesen K, Bannai S, Sato H, et al.
2008. Time-dependent changes in striatal xCT protein expression in
hemi-Parkinson rats. NeuroReport 19:1589–1592.

Matti A, Mirzaei J, Rudolph J, Smith SA, Newell JL, Patel SA, et al.
2013. Microwave accelerated synthesis of isoxazole hydrazide
inhibitors of the system x�c transporter: initial homology model.
Bioorg Med Chem Lett 23:5931–5935.

Mattson MP, Cheng B, Davis D, Bryant K, Lieberburg I, Rydel RE.
1992. b-Amyloid peptides destabilize calcium homeostasis and render
human cortical neurons vulnerable to excitotoxicity. J Neurosci 12:
376–389.

Matute C, Sanchez-Gomez MV, Martinez-Millan L, Miledi R. 1997.
Glutamate receptor-mediated toxicity in optic nerve oligodendrocytes.
Proc Natl Acad Sci USA 94:8830–8835.

McCarthy DJ, Alexander R, Smith MA, Pathak S, Kanes S, Lee CM,
et al. 2012. Glutamate-based depression GBD. Med Hypotheses
78(5):675–681.

McDonald DR, Brunden KR, Landreth GE. 1997. Amyloid fibrils
activate tyrosine kinase-dependent signaling and superoxide produc-
tion in microglia. J Neurosci 17:2284–2294.

Meda L, Cassatella MA, Szendrei GI, Otvos Jr L, Baron P, Villalba M,
et al. 1995. Activation of microglial cells by beta-amyloid protein and
interferon-gamma. Nature 374:647–650.

Mohan A, Pendyam S, Kalivas PW, Nair SS. 2011. Molecular diffusion
model of neurotransmitter homeostasis around synapses supporting
gradients. Neural Comput 23:984–1014.

Monyer H, Choi DW. 1988. Morphinans attenuate cortical neuronal
injury induced by glucose deprivation in vitro. Brain Res 446:
144–148.

Monyer H, Goldberg MP, Choi DW. 1989. Glucose deprivation neuronal
injury in cortical culture. Brain Res 483:347–354.

Moran MM, McFarland K, Melendez RI, Kalivas PW, Seamans JK.
2005. Cystine/glutamate exchange regulates metabotropic glutamate
receptor presynaptic inhibition of excitatory transmission and vulner-
ability to cocaine seeking. J Neurosci 25:6389–6393.

Mosckovitz R, Yan N, Heimer E, Felix A, Tate SS, Udenfriend S. 1993.
Characterization of the rat neutral and basic amino acid transporter
utilizing anti-peptide antibodies. Proc Natl Acad Sci USA 90:
4022–4026.

Moussawi K, Zhou W, Shen H, Reichel CM, See RE, Carr DB, Kalivas
PW. 2011. Reversing cocaine-induced synaptic potentiation provides
enduring protection from relapse. Proc Natl Acad Sci USA 108:
385–390.

Murata M, Horiuchi E, Kanazawa I. 2001. Zonisamide has beneficial
effects on Parkinson’s disease patients. Neurosci Res 41:397–399.

Musazzi L, Treccani G, Popoli M. 2012. Glutamate hypothesis of
depression and its consequences for antidepressant treatments. Expert
Rev Neurother 12(10):1169–1172.

Nakamura E, Sato M, Yang H, Miyagawa F, Harasaki M, Tomita K, et al.
1999. 4F2 (CD98) heavy chain is associated covalently with an amino

acid transporter and controls intracellular trafficking and membrane
topology of 4F2 heterodimer. J Biol Chem 274(5):3009–3016.

National Cancer Institute (NCI). 2015. Sorafenib and temsirolimus in
treating patients with recurrent glioblastoma. Available from:
ClinicalTrials.gov [Internet]. Bethesda, MD: National Library of
Medicine (USA). 2000- [accessed 2 April 2015].

Newell JL, Keyari CM, McDaniel SW, Diaz PJ, Natale NR, Patel SA,
Bridges RJ. 2014. Novel di-aryl-substituted isoxazoles act as
noncompetitive inhibitors of the system Xc(-) cystine/glutamate
exchanger. Neurochem Int 73:132–138.

Niture SK, Jain AK, Jaiswal AK. 2009. Antioxidant-induced modifica-
tion of INrf2 cysteine 151 and PKC-delta-mediated phosphorylation
of Nrf2 serine 40 are both required for stabilization and nuclear
translocation of Nrf2 and increased drug resistance. J Cell Sci
15(122):4452–4464.

Noseworthy JH, O’Brien P, Erickson BJ, Lee D, Sneve D, Ebers GC,
et al. 1998. The Mayo Clinic-Canadian Cooperative trial of sulfasala-
zine in active multiple sclerosis. Neurology 151:1342–1352.

Olivieri G, Baysang G, Meier F, Müller-Spahn F, Stähelin HB,
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