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Abstract Neurons rely on glutathione (GSH) and its
degradation product cysteinylglycine released by astrocytes
to maintain their antioxidant defences. This is particularly
important under conditions of inflammation and oxidative
stress, as observed in many neurodegenerative diseases includ-
ing Alzheimer’s disease (AD). The effects of inflammatory
activation on intracellular GSH content and the extracel-
lular thiol profile (including cysteinylglycine and homo-
cysteine) of astrocytes were investigated. U373 astroglial
cells exposed to IL-1 and TNF-o for up to 96 h showed a
dose-dependent increase in IL-6 release, indicative of
increasing pro-inflammatory cellular activation. With
increasing concentrations of IL-1 and TNF-« (0.01-1 ng/
ml), an increase in both intracellular and extracellular GSH
levels was observed, followed by a return to control levels
in response to higher concentrations of IL-1f and TNF-o.
Extracellular levels of cysteinylglycine decreased in
response to all concentrations of IL-1f5 and TNF-u«. In
contrast, levels of the neurotoxic thiol homocysteine
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increased in a dose-dependent manner to IL-1f and TNF-
a-induced activation. Our results suggest that chronically
activated astrocytes in the brain might fail to adequately
maintain GSH substrate delivery to neurons, thus promot-
ing neuronal vulnerability. They might also explain the
elevated levels of homocysteine found in the brains and
serum of patients with AD.
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Abbreviations
ABD-F 4-Flouro-7-aminosulfonylbenzofurazan
AD Alzheimer’s disease

ANOVA  Analysis of variance

ARE Antioxidant response element

CSF Cerebral spinal fluid

DMEM  Dulbecco’s modified eagle medium

DTNB 5,5'-Dithio-bis(2-nitrobenzoic acid)

EDTA Ethylenediaminetetraacetic acid

ELISA Enzyme-linked immunosorbent sandwich
assay

FBS Foetal bovine serum

GCL Glutamate cysteine ligase

GSH Glutathione

GSSG Glutathione disulfide

HPLC High performance liquid chromatography

IL-18 Interleukin-1 beta

IL-6 Interleukin-6

Keapl Kelch like-ECH-associated protein 1

MRPI Multidrug resistance protein 1

NADPH Reduced nicotinamide adenine dinucleotide
phosphate

NMDA N-Methyl-D-aspartate

Nrf2 Nuclear factor erythroid-2-related factor 2
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PD Parkinson’s disease

ROS Reactive oxygen species

TNB 5-Thio-2-nitrobenzoic acid

TNF-« Tumour necrosis factor-alpha

y-GT y-Glutamyltranspeptidase

y-GCL-C Catalytic glutamate cysteine ligase subunit
yGCL-M  Modulatory glutamate cysteine ligase subunit
Introduction

Oxidative stress refers to an imbalance between the pro-
duction of reactive oxygen species (ROS) and their detoxi-
fication. Inadequate detoxification of ROS can lead to
detrimental oxidation of DNA, lipids and proteins, which can
cause cellular dysfunction and cell death. The brain is par-
ticularly vulnerable to oxidative stress due to a number of
reasons such as a high oxygen usage compared to the rest of
the body (~20 % of total), a high iron content (which can
increase the generation of ROS) and relatively low levels of
enzymes that detoxify ROS, including superoxide dismu-
tase, catalase and glutathione peroxidise (Dringen 2000).

Oxidative stress is thought to play a significant role in
the neuronal degeneration evident in Parkinson’s disease
(PD) and Alzheimer’s disease (AD). Another characteristic
of these diseases is the presence of chronic inflammation in
the brain. Due to the widespread and early appearance of
both inflammation and oxidative stress in PD and AD, it
has been proposed that inflammation induced oxidative
stress, or vice versa, might be central to the pathogenesis of
such diseases.

Glutathione (GSH) is the key regulator of the intracel-
lular redox state and is required for the detoxification of
ROS, peroxides, electrophilic xenobiotic compounds and
the regeneration of other endogenous and exogenous anti-
oxidants. GSH is a tripeptide consisting of glutamate,
cysteine and glycine and is synthesised by the consecutive
actions of the enzymes y-glutamyl cysteine ligase (yGCL)
and glutathione synthetase (Chen et al. 2005). GSH can
non-enzymatically detoxify ROS, such as superoxide and
hydroxyl radicals, as well as act as an electron donor for
the reduction of peroxides, catalysed by glutathione per-
oxidase (Brannan et al. 1980). In both reactions, two GSH
molecules become oxidised and join together via a disul-
fide bond between the cysteine residues to form glutathione
disulfide (GSSG) (Meister 1988). GSH can be regenerated
from the oxidised disulfide form back to the reduced form
by the action of glutathione reductase or it can be syn-
thesised de novo.

Extracellular cysteine, the rate-limiting substrate for
GSH synthesis, is readily oxidised to form cystine leading
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to a plasma cystine/cysteine ratio >4 (Jones et al. 2000).
Hence, cystine transport mechanisms are essential to pro-
vide brain cells with sufficient cysteine (Yoshiba-
Suzuki et al. 2011). Cystine uptake is the Xc-system, a
Na'-independent cystine/glutamate exchange transporter
that is expressed at lower levels in neurons compared to
astrocytes (Bannai 1984; Sagara et al. 1993; Shanker and
Aschner 2001). As a result, cystine is taken up much more
efficiently by astrocytes than neurons (Kranich et al. 1996).

Cysteine uptake of neurons is mostly (80-90 %)
mediated by the sodium-dependent excitatory amino acid
transporter (EAAT) (Chen and Swanson 2003), with the
remaining transport capacity provided by the Na--inde-
pendent cystine/glutamate exchange transporter (Shanker
et al. 2001). One additional pool of cysteine in the
extracellular space is provided through the release of
GSH from astrocytes. Astrocytes store high levels of
GSH (up to 8 mM), and release ~10 % of their intra-
cellular GSH content per hour via the multidrug resis-
tance protein 1 transporter (Dringen and Hamprecht
1997; Minich et al. 2006). Extracellular GSH released
from astrocytes is then metabolised by y-glutamyltrans-
peptidase (y-GT) to form the dipeptide, cysteinylglycine,
which is then processed by the neuronal ectopeptidase,
aminopeptidase N, allowing neurons to immediately take
up the resultant cysteine and glycine (Fig. 1). Therefore,
neurons partly rely on the release and subsequent
cleavage of GSH by astrocytes in order to maintain
optimal intracellular GSH levels (Dringen and Hamprecht
1999).

In neurodegenerative diseases such as AD and PD,
neurons need an optimal GSH supply to defend themselves
against free radicals, such as superoxide and nitric oxide,
released from activated microglia and astrocytes (Aschner
2000; Steele and Robinson 2011). The effect of chronic
inflammation on the ability of astrocytes to provide neu-
rons with substrates for GSH synthesis is of particular
interest as reductions in neuronal GSH levels may con-
tribute to neuronal cell death in a pro-oxidative, pro-
inflammatory environment.

A second thiol of particular interest in neurodegenera-
tive diseases is homocysteine. Homocysteine is a sul-
phydryl-containing amino acid that is metabolically linked
to GSH via the transsulfuration pathway (Bolin et al.
2005). An elevated plasma level of homocysteine (hype-
rhomocysteinemia) is recognised as an independent risk
factor for a variety of chronic diseases, including AD
(Dwyer et al. 2004; Li et al. 2003; Pietrzik 2006; Seshadri
et al. 2002).

For these reasons, it is important to understand the effect
of acute and chronic pro-inflammatory activation on
astrocytic production and release of GSH precursors and
homocysteine.
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Fig. 1 GSH synthesis and metabolism in astrocytes and neurons. In
astrocytes, yGluCys synthetase uses glutamate and cysteine to
generate the dipeptide yGluCys, which is combined with glycine by
glutathione synthetase to generate GSH. GSH is exported from the
astrocyte whereupon extracellular GSH serves as a substrate for
the astroglial ectoenzyme y-glutamyl transpeptidase (yGT), producing

Methods
Cell Culture and Experimental Protocols

The U373-MG human astrocytoma cell line was kindly
provided by Dr. Peter Lock (The Royal Melbourne Hospital,
Australia). U373 cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) containing 25 mM glu-
cose, supplemented with 200 U/ml penicillin, 200 pg/ml
streptomycin, 2.6 pg/ml fungizone, 200 mM glutamine and
5 % foetal bovine serum (FBS). Cells were grown in
175 cm? tissue culture flasks and incubated at 37 °C in 5 %
CO,. Cells were harvested with a solution containing 0.05 %
trypsin and 0.02 % EDTA in phosphate buffered saline
(PBS: 137 mM NaCl, 2.7 mM KCl, 10.1 mM Na,HPOy,
1.8 mM KH,PO,, pH 7.4) and seeded into 96-well, flat-
bottom, tissue culture plates at a density of 9 x 10° cells/
well. FBS concentration was reduced to 3 % to minimise
proliferation and the total volume of media in each well was
100 pl. 24 h after plating the media was replaced with fresh
media containing 1 % FBS and0,0.01,0.1, 1 or 10 ng/mlIL-
15 + TNF-o for up to 96 h. All cell culture materials were
from Invitrogen (Mulgrave, Australia).

Measurement of IL-6 in Conditioned Media

Media was collected from U373 cells treated with 0—10 ng/ml
IL-15 4+ TNF-a for 12, 24, 36, 48, 60, 72, 84 or 96 h,
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the dipeptide CysGly, an important exogenous precursor of neuronal
GSH. CysGly is broken down into Cys and Gly by aminopeptidase N.
Cys transport into neurons is mediated by two cysteine transport
systems, EAAT and Xc. In neurons, Cys, Gly and Glu are then
resynthesised into GSH by the consecutive actions of neuronal
yGluCys synthetase and GSH synthetase

placed in fresh 96-well plate and stored at —20 °C
until analysis. On thawing, supernatants were diluted with
distilled water by a factor of 130 and samples and standards
assayed for IL-6 concentration by ELISA (PeproTech)
as per manufacturer’s instructions. Absorbance was
measured at 355 nm in a POLARstar Omega microplate
reader.

Analysis of Cell Viability

Cell viability was assessed in terms of the metabolic
capability of cells to convert the fluorogenic redox indi-
cator, resazurin, into its highly fluorescent product, res-
orufin. A modified version of the resazurin-reduction assay
was used (Buranrat et al. 2008). Resazurin was dissolved in
PBS to give a concentration of 0.001 % (w/v). This solu-
tion was sterile filtered (0.22 pm), protected from light
with aluminium foil and stored at 4 °C for up to 6 months.
To determine cell viability, incubation media was removed
from wells and replaced with 100 pl of resazurin solution.
Plates were incubated at 37 °C, with 5 % CO, for 45 min
and then fluorescence was measured with excitation at
530 nm and emission at 590 nm in a POLARstar Omega
microplate reader (BMG Labtech). For every plate, back-
ground fluorescence determined in cell-free wells was
subtracted from all wells, and values were expressed as a
percentage of untreated control cells.
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Determination of Intracellular GSH by the Tietze Assay

Following co-treatment of U373 cells with equal concen-
trations of IL-15 + TNF-a (0.01-10 ng/ml) for 24, 48, 72
or 96 h and removal of conditioned media, cells were lysed
by subjection to three freeze—thaw (—80 and 25 °C) cycles.
Cell lysates were dissolved in sterile distilled water
(100 pl/well) and analysed for total GSH concentration by
the Tietze assay (1969) and total protein by the Bradford
assay (1976). The Tietze assay is a kinetic assay based on
the reaction of GSH with 5,5’-dithio-bis(2-nitrobenzoic
acid) (DTNB) to form GSSG and 5-thio-2-nitrobenzoic
acid (TNB). GSSG is converted back to GSH by glutathi-
one reductase allowing further production of TNB. The rate
of TNB formation, which is measurable at an absorbance of
412 nm, is proportional to the concentration of total GSH
(GSH + GSSGQG) in the sample and is expressed as nmol of
GSH per mg of protein. Cell lysate samples and GSH
standards (20 pl) were added in triplicate to wells of a
96-well plate. Equal volumes of freshly prepared DTNB
and glutathione reductase solutions were mixed together
and 120 pl was added to each well. Following this, 60 pl of
0.8 mM NADPH was added to each well and absorbance
was measured every 30 s for 3 min using a Bio-Rad Model
680 microplate reader. Total GSH in the samples was
determined by use of standard concentrations between 0.8
and 50 uM. To determine total protein in cell lysates, 10 pl
samples were added to a 96-well plate, followed by 40 pl
of Bradford reagent and 150 pl of distilled water. Absor-
bance was measured at 595 nm using a Bio-Rad Model 680
microplate reader. A standard curve consisting of 0-0.125
mg/ml bovine serum albumin (BSA) was used to determine
total protein concentration in samples. GSH concentration
was standardised to total protein for each sample and
expressed as nmol per mg of protein.

Determination of Extracellular GSH and Related Thiols
by High Performance Liquid Chromatography
and Fluorescence Detection

A Dionex HPLC system consisting of an ASI-100 automated
sample injector, a P680 solvent pump, a TCC-100 thermo-
statted column compartment and an RF-2000 fluorescence
detector was used for all chromatographic analyses. The
system was equipped with a Luna C18(2) column (150 x 4
.6 mmid, 3 pm) protected by a SecurityGuardC18 Cartridge
(4.0 x 3.0 mm) in a SecurityGuardCartridge Holder sup-
plied by Phenomenex. The Chromeleon 6.8 Chromatogra-
phy Data System from Dionex was used to control
instruments, acquire data and quantify peak areas.

Media taken from U373 cells treated with 0—10 ng/ml
IL-18 + TNF-« for 24, 48, 72 or 96 h was centrifuged at
200x g for 5 min at 4 °C to pellet cellular debris. Following
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centrifugation, the supernatant was mixed with an equal vol-
ume of 1 % 5-sulfosalicylic acid containing 1 mM EDTA,
centrifuged at 14,000xg for 10 min at 4 °C to precipitate
protein, and the resulting supernatant placed in fresh tubes and
stored at —80 °C until analysis. Upon thawing of samples and
standard solutions, fresh microcentrifuge vials were placed in
a heating block at 35 °C and 50 pl of sample or standard
added. Toreduce all disulfide bonds, 30 plofa 1 mM solution
of the reducing agent tris(2-carboxyethyl)phosphine hydro-
chloride was added. For the derivatisation reaction, vials were
incubated for 5 min at 35 °C before the addition of 100 pl of
borate buffer (0.1 M, pH 9.3, with | mM EDTA) and 30 pl of
the derivatising agent 4-fluoro-7-aminosulfonylbenzofurazan
(ABD-F; Novachem) (1 mg/ml in 0.1 M borate buffer).
Samples were incubated at 35 °C for 10 min, before the
reaction was stopped by addition of 50 pl of 2 M hydrochloric
acid. Vials were then centrifuged at 14,000x g for 5 min at
4 °C in order to pellet any particulates that could potentially
damage the HPLC system. Supernatants were placed into
fresh vials and loaded into an autosampler. The autosampler
maintained sample temperatures at 8 °C to prevent evapora-
tion and injected 10 pl aliquots for analysis. The mobile phase
used for separation of ABD-F-derivatised thiols was 0.1 M
acetate buffer (pH 4)-methanol [86:14]. An isocratic program
with a flow rate of I ml/min was used and column temperature
was maintained at 35 °C. The fluorescence detector was set to
an excitation and emission wavelengths of 390 and 510 nm,
respectively, with high level sensitivity.

Statistics

Data presented are the mean of three independent experi-
ments and error bars denote standard error of the mean
(SEM). For Figs. 6, 7, 8, 9, the mean values from three
independent experiments were used to calculate percent of
the mean control from all three experiments. Significant
differences caused by varying cytokine concentration were
assessed by one-way ANOVA with Dunnett’s post-hoc tests
and shown as *p < 0.05, **p < 0.01 and ***p < 0.001.

Results
IL-1$ 4+ TNF-a Induced Activation of U373 Cells

In order to study the effect of inflammation on levels of
GSH and its derivatives, U373 human astroglial cells were
treated with 0.01, 0.1, 1 or 10 ng/ml of the pro-inflam-
matory activators IL-1f + TNF-o for 24, 48, 72 or 96 h.
As a measure of pro-inflammatory activation, levels of IL-6
were determined in cell culture media (Fig. 2). Activation
of cells with 0.1-10 ng/ml of IL-18 4 TNF-a led
to a time- and dose-dependent increase in the IL-6
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Fig. 2 IL-6 production by U373 cells treated with IL-18 + TNF-o.
U373 astroglia cells were incubated with 0.01-10 ng/ml IL-15 +
TNF-o for up to 96 h. Data presented are the mean &+ SEM of three
independent experiments (a). Using the log (agonist) versus response
(3 parameter) model, the ECsy was calculated as 0.266 + 0.008 ng/
ml IL-1$ 4+ TNF-o and the maximal possible IL-6 production as
500 £ 15.2 pg/ml (b)

concentration in the media. At all concentrations of pro-
inflammatory activators, maximal IL-6 concentration in the
media was measured after 72-h incubation. Half-maximal
IL-6 release (for 0.1, 1 and 10 ng/ml of IL-1f + TNF-a)
was calculated as 197 £79, 172 +3. 7 and
19.8 £ 4.5 h, respectively (data points between 0 and 72 h
used).

At 72 h, an IL-6 concentration of 34 + 20 pg/ml was
detected in media collected from cells treated with 0.01 ng/ml
IL-1$ 4+ TNF-c. Higher IL-6 production was identified in
cells treated with 0.1, 1 and 10 ng/ml IL-18 + TNF-a,
with the concentration of IL-6 in the media reaching
145 £ 16, 384 &+ 14 and 493 £ 17 pg/ml, respectively
(Fig. 2a). Using the log (agonist) versus response (3
parameter) model, the ECsy was calculated as
0.266 + 0.008 ng/ml IL-1§ + TNF-z and the maximal
possible IL-6 production as 500 + 15.2 pg/ml (Fig. 2b).

To exclude the possibility that a high concentration of
pro-inflammatory activators might lead to cell death, the
effect of IL-15 + TNF-o on cell viability was determined

by the resazurin (Alamar Blue) assay. No significant
reduction in cell viability was observed for concentrations
of IL-1§ + TNF-o up to 10 ng/ml at all time points up to
96 h (Fig. 3a—d). Importantly, this indicates that the
selected concentrations of IL-1 + TNF-o were non-toxic
to cells for the duration of the experiment. Interestingly,
slight increases in cell viability at increasing concentrations
of pro-inflammatory activators were identified. For exam-
ple, cell viabilities of 138 & 3 and 130 & 7 % of control
cells were observed following 48 and 72 h treatment with
10 ng/ml IL-1 4+ TNF-a, respectively (Fig. 3b, c).

Effect of IL-1 + TNF-o Treatment of U373 Cells
on Intracellular GSH Content

Inflammatory conditions are associated with increased
levels of reactive oxygen and nitrogen species (Dedon and
Tannenbaum 2004; Winrow et al. 1993). It can therefore be
assumed that cells exposed to chronic inflammation would
require more GSH in order to defend themselves against
oxidant-induced damage.

To investigate the effect of pro-inflammatory activation
of U373 cells by IL-15 + TNF-a on their GSH content,
intracellular GSH was determined by the Tietze assay after
24, 48, 72 and 96 h treatment (Fig. 4). Although cells
contain both GSH and GSSG, it has been calculated pre-
viously that GSSG makes up <l % of total GSH
(GSH + GSSQG) in both control and cytokine-treated cells
(Gavillet et al. 2008). Therefore, total GSH measured here
represents predominantly reduced GSH.

No significant changes in intracellular GSH content
were observed after 24 or 48 h of treatment with
0.01-10 ng/ml IL-1 + TNF-o (Fig. 4a, b). Interestingly,
after 72- and 96-h treatment, GSH content in U373 cells
increased dose dependently up to 1 ng/ml IL-1 + TNF-«
(to 153 = 31 and 192 £+ 49 % of the non-activated con-
trols, respectively) but showed similar levels of GSH as
non-activated cells (113 & 14 and 121 £ 6 %, respec-
tively) at 10 ng/ml IL-15 + TNF-o (Fig. 4c, d).

Effect of IL-1 + TNF-o Treatment of U373 Cells
on Levels of Extracellular GSH and Related
Compounds

In order to follow cysteine consumption and the release of
GSH and related thiols under baseline conditions (from
non-activated cells), media was collected from cultured
U373 astroglial cells after 24-, 48- and 72-h incubation.
The levels of cysteine (added as cystine to DMEM by the
manufacturer), cysteinylglycine, homocysteine and GSH
changed over time between 0 and 72 h. Fresh media was
found to contain 396.6 £ 9.5 uM cysteine, consistent with
the manufacturer’s specification of 400 pM. Cysteine
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Fig. 3 Cell viability results

for U373 cells treated with
IL-1f 4+ TNF-a. U373 cells
were treated with 0.01, 0.1, 1, 5
or 10 ng/ml IL-1/ and TNF-«
for 24, 48, 72 or 96 hours. Cell
viability was measured by the
resazurin reduction assay and
data are expressed as percentage
of non-activated control cells +
SEM of 3 independent
experiments. *p < 0.05 and
**p < 0.01 designate a
significant difference to the non-
activated control (0 ng/ml IL-1f
+ TNF-o). Significant
differences were assessed by
one-way ANOVA with
Dunnett’s post hoc tests

Fig. 4 Total intracellular GSH
in U373 cells after 24-, 48-,
72- and 96-h incubation. U373
cells were treated with
0.01-10 ng/ml IL-1 + TNF-a
for 24 (a), 48 (b), 72 (c) or 96
(d) h. Levels of total
intracellular GSH were
determined by the Tietze assay
and data presented are the
mean = SEM of three
independent experiments.

**p < 0.01 designates a
significant difference from the
non-activated control (0 ng/ml
IL-1p 4+ TNF-0). Significant
differences were assessed by
one-way ANOVA with
Dunnett’s post-hoc tests

concentration decreased to 151.7 &= 10.4 pM after 72-h
incubation with U373 cells. As expected, cysteinylglycine,
homocysteine or GSH were not detected in fresh media.
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Cysteinylglycine, homocysteine and GSH accumulated in
the media over time, reaching concentrations of 5.0 & 0.3,
29+ 0.1 and 12.7 &+ 1.1 pM, respectively, after 72-h



Cell Mol Neurobiol (2013) 33:19-30

25

500
400
300
S 2001 o Cys
=190 = CysGly
S -+ Hcys
E 109 » GSH
5
0 T T T 1
0 20 40 60 80

Time (h)

Fig. 5 Concentrations of total Cys (closed circle), CysGly (closed
square), Heys (closed triangle) and GSH (closed inverted triangle)
measured in fresh media (0 h) and media collected from non-
activated U373 cells after 24, 48 or 72 h. Fresh media was found to
contain 396.6 £ 9.5 uM Cys. Cys concentration decreased to
151.7 £ 10.4 pM after 72-h incubation with U373 cells. CysGly,
Hcys and GSH accumulated in the media over time, reaching
concentrations of 5.0 £ 0.3, 2.9 &£ 0.1 and 12.7 £ 1.1 pM, respec-
tively, after 72 h. Data represent means == SEM of three independent
experiments

incubation (Fig. 5). It should be noted that the concentra-
tion of total cysteine levels in the media after 72 h was still
above the physiological plasma levels in humans, which is
~100 uM (Park et al. 2010) suggesting that any responses
at this time point are not simply caused by non-physio-
logically low cysteine levels.

In order to investigate how pro-inflammatory activation
influences the amount of astrocytic released GSH, and the
conversion of GSH into its downstream metabolite
cysteinylglycine, the effect of short-term (24 h) and long-
term (72 h) activation with 0.01-10 ng/ml IL-1 + TNF-o
on levels of GSH and cysteinylglycine in the media were
measured. As astrocytes release ~ 10 % of their intracel-
lular GSH content per hour via the multidrug resistance
protein 1 transporter (Dringen and Hamprecht 1997;
Minich et al. 2006), it was hypothesized that the
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Fig. 6 Concentration of total GSH in media collected from U373
cells after 24- and 72-h incubation. U373 cells were treated with IL-
1§ and TNF-o (0.01-10 ng/ml) for either 24 (a) or 72 h (b). Levels
of total GSH in the media were then determined by HPLC
with fluorescence detection. Mean == SEM are plotted from three

inflammation-induced changes in extracellular GSH would
mirror the changes in intracellular GSH.

IL-18 + TNF-o treatment had no significant effect on
GSH concentration in the media after 24-h incubation
(3.8 £ 0.3 uM) (Fig. 6a). However, after 72-h treatment,
GSH concentration in media increased dose dependently
from 12.1 £ 0.4 uM GSH in non-activated cells to 18 £
0.6 ptM GSH when cells were activated with 1 ng/ml
IL-1f + TNF-o, then returned to 12.9 £ 1.6 GSH when
activated with 10 ng/ml IL-18 + TNF-« (Fig. 6b).

Neurons rely mainly on extracellular cysteine for GSH
synthesis because they lack a means of direct GSH uptake.
To provide cysteine to neurons, astrocytes convert GSH to
cysteinylglycine via the extracellularly located enzyme
y-GT (Dringen et al. 1999), before cysteinylglycine is
degraded to cysteine and glycine on the extracellular sur-
face of the neurons. It is thus likely that extracellular
cysteinylglycine levels are more relevant than extracellular
GSH levels in terms of cysteine supply to neurons.
Therefore, total cysteinylglycine levels were also measured
in U373 media after 24- and 72-h treatment with
IL-18 + TNF-o. No significant changes in cysteinylgly-
cine release were measured after 24-h incubation (1.5 +
0.1 uM) (Fig. 7a). However, after 72 h a dose-dependent
decrease in extracellular cysteinylglycine was measured. A
significant decrease in cysteinylglycine levels was
observed with concentrations as low as 0.1 ng/ml
IL-1f + TNF-q, leading to maximal reduction (42 + 2 %)
in extracellular cysteinylglycine (2.1 £ 0.1 pM) compared
to control cells (3.6 £ 0.2 uM) at 10 ng/ml IL-1 + TNF
o (Fig. 7b).

Total cysteine consumption was also monitored by
measuring cysteine + cystine in the media (Fig. 8) to
ensure that changes in GSH and related thiols (particularly
the decreases above 0.1 ng/ml IL 1§ + TNF-o) were not
caused by inflammation-induced cysteine depletion. While
there were some small fluctuations in cysteine levels in
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independent experiments and *p < 0.05, **p < 0.01 or ***p < 0.001
designates a significant difference from the non-activated control
(0 ng/ml IL-1p and TNF-a). Significant differences were assessed by
one-way ANOVA with Dunnett’s post hoc tests

@ Springer



26

Cell Mol Neurobiol (2013) 33:19-30

24h
150 4

100 4 == ==

50 A

Cysteinylglycine (% of control) 3>

0 0.61 0.I1 1 10
IL-1B + TNF-o (ng/ml)

Fig. 7 Concentration of total cysteinylglycine in media collected
from U373 cells after 24- and 72-h incubation. U373 cells were
treated with IL-1 and TNF-o (0.01-10 ng/ml) for either 24 (a) or
72 h (b). Levels of total cysteinylglycine in the media were then
determined by HPLC with fluorescence detection. Mean £+ SEM are

Fig. 8 Concentration of total

A
cysteine in media collected from — 2001 24h
U373 cells after 24- and 72-h g
incubation. U373 cells were 5 150-
treated with IL-1$ and TNF-« “‘-_3
(0.01-10 ng/ml) for either 24 o
(a) or 72 h (b). No significantly 2 1004
changes in the levels of total ;; ==
cysteine in the media were £ 504
observed. Mean + SEM are %
from three independent >
experiments are shown © 0 N - 5
0 0.01 0.1

IL-1B + TNF-a. (ng/ml)

response to different concentrations of IL-1 + TNF-a, the
changes were not significantly different from non-activated
control cells after 24-h (347.0 £ 4.8 uM) or 72-h
(153.0 & 6.1 uM) activation. This observation indicates
that the observed changes in levels of GSH and cystei-
nylglycine were not simply due to depletion of cysteine and
cystine in the media.

Effect of IL-1 + TNF-o Treatment of U373 Cells
on Extracellular Levels of Homocysteine

Homocysteine, which is released by astrocytes, can be
toxic to neurons in vitro at concentrations as low as 0.5 uM
(Kruman et al. 2000). Therefore, in addition to investi-
gating changes in the levels of GSH and GSH precursors in
the media of activated U373 cells, we were also interested
in any activation-induced changes in homocysteine levels.
While no significant changes were observed after 24-h
incubation with IL-1f 4+ TNF-o (2.2 4+ 0.1 puM), after
72-h incubation, a cytokine concentration-dependent
increase in homocysteine was observed (Fig. 9). The con-
centration of homocysteine in the media of cells treated
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**%p < 0.001 designates significant difference from the non-activated
control (0 ng/ml IL-1f and TNF-x). Significant differences were
assessed by one-way ANOVA with Dunnett’s post-hoc tests
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with 10 ng/ml IL-18 4+ TNF-« for 72 h was significantly
elevated to 189 % (6.6 = 0.9 uM) of the non-activated
control (3.5 £ 0.3 uM) (Fig. 9). Therefore, extended acti-
vation of U373 cells resulted in an extracellular homo-
cysteine concentration 13 times higher than concentrations
previously shown to be toxic to neurons (Kruman et al.
2000).

Discussion

Effect of Pro-inflammatory Activation on Intracellular
and Extracellular GSH Levels

In order to effectively protect themselves against oxidative
stress, neurons rely on astroglial provision of GSH and its
degradation product, cysteinylglycine, which can be further
processed extracellularly by neurons into cysteine and
glycine (Fig. 1). This study investigated whether pro-
inflammatory activation affects this neurosupportive role of
astrocytes. Human U373 astroglial cells were activated with
IL-18 + TNF-o. and both intracellular and extracellular
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Fig. 9 Concentration of total homocysteine in media collected from
U373 cells after 24- and 72-h incubation. U373 cells were treated with
IL-1p and TNF-« (0.01-10 ng/ml) for either 24 (a) or 72 h (b). Levels
of total homocysteine in the media were then determined by HPLC
with fluorescence detection. Mean & SEM are plotted from three

levels of GSH, as well as extracellular levels of the down-
stream GSH metabolite cysteinylglycine, and the neurotoxic
thiol homocysteine were measured.

Whereas there was no change at shorter time points,
after 72 h both intracellular and extracellular levels of GSH
increased dose dependently up to 1 ng/ml IL-15 + TNF-a,
however, were similar to control levels at 10 ng/ml
IL-18 + TNF-o. Importantly, the dose response curve of
extracellular GSH levels closely mirrors that of intracel-
lular GSH levels. These findings are consistent with the
published observation that astrocytes release ~ 10 % of
their intracellular GSH content per hour via the multidrug
resistance protein 1 transporter (Dringen and Hamprecht
1997; Minich et al. 2006). This adaptive response, i.e. the
increase in GSH in response to higher inflammatory acti-
vation, might be explained by oxidative stress-mediated
induction of GSH synthesis or the cystine transport system.

The rate of GSH synthesis is controlled largely by the
activity of yGCL, the first enzyme required for GSH synthesis,
and by the availability of cysteine/cystine. Expression of the
catalytic (yGCL-C) and modulatory (yGCL-M) subunits of
yYGCL and of the Xc-system, which facilitates cystine uptake,
are regulated by the redox-sensitive transcription factor,
nuclear factor erythroid-2-related factor 2 (Nrf2) (Correa et al.
2011). Nrf2 also regulates the expression of glutathione syn-
thetase (the second enzyme required for synthesis of GSH),
glutathione reductase (recycles GSSG to GSH) and glutathi-
one peroxidases (detoxify peroxides using GSH as the
reducing agent) (Chan and Kwong 2000; Chanas et al. 2002;
Copple et al. 2008; Harvey et al. 2009; Wild et al. 1999). A
recent study in human monocytes found that TNF-« induces
sustained expression and activation of Nrf2, leading to the
upregulation of YGCL-M, amongst other cytoprotective genes
(Rushworth et al. 2011). Furthermore, inflammatory activa-
tion of cells has been shown to also increase cystine import
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independent experiments and ***p < 0.001 designates significant
difference from the non-activated control (0 ng/ml IL-1/ and TNF-c).
Significant differences were assessed by one-way ANOVA with
Dunnett’s post-hoc tests

into cells. This increases the availability of cysteine, the rate-
limiting substrate for GSH synthesis. In macrophages, the
transport activity for cystine can be potently induced by bac-
terial lipopolysaccharide (LPS), and enhanced by TNF-«
(Sato et al. 1995). Astrocytes were also shown to increase
cystine uptake following IL-18 exposure, mediated by
increased expression of the Xc-(cystine/glutamate exchange)
transporter (Jackman et al. 2010). It has previously been
shown that TNF-« increases glutamate release by astrocytes
(Bezzi et al. 2001) and that elevated extracellular levels of
glutamate inhibit cystine uptake via the Xc-system (Bannai
and Kitamura 1980). Therefore, one possible explanation for
the lack of increased GSH levels observed in response to the
highest concentration of cytokines might be a decreased
availability of intracellular cysteine.

It can be theorised that neurons in a highly pro-inflamma-
tory environment (e.g. in the presence of 10 ng/ml IL-1/ and
TNF-o) would require more GSH substrates released from
astrocytes than those in low or non-inflammatory environ-
ments (0-1 ng/ml IL-1f and TNF-a). However, our results
show that with increasing inflammatory activation astrocytic
GSH levels increase and then subside, though the reason for
the lack of increase of GSH levels at high activation is unclear.

Effect of Pro-inflammatory Activation on Extracellular
Cysteinylglycine Levels

In contrast to GSH, cysteinylglycine levels in the media did
not increase at low to medium levels of inflammation, but
rather decreased in response to activation with 0.1 ng/ml
IL-15 + TNF-a. The fact that enzymatic activity of y-GT
determines extracellular levels of cysteinylglycine, coupled
with our observation that increasing cytokine concentra-
tions up to 1 ng/ml had opposite effects on extracellular
GSH and cysteinylglycine levels suggests there is a dose-
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dependent inhibition or reduction in expression of y-GT in
pro-inflammatory conditions. This explanation is supported
by the findings of Malaplate-Armand and colleagues
(2000) that IL-1f induces a dose-dependent reduction in
y-GT activity in U373 cells treated for 48 or 72 h. There-
fore, our results suggest that even low level inflammation
may be detrimental to neuronal GSH levels as the adaptive
increase in astrocytic GSH might be useless if cysteinyl-
glycine, the key substrate required for neuronal GSH syn-
thesis, decreases.

Effect of Pro-inflammatory Activation on Extracellular
Homocysteine Levels

When levels of homocysteine were analysed in media
collected from cultures of U373 cells treated with IL-
1 + TNF-o0 for 72 h a dose-dependent increase was
observed. Homocysteine is a non-essential amino acid that
is derived from the breakdown of dietary-obtained methi-
onine, by a multi-step process involving removal of a
methyl group. The three primary fates of homocysteine are
reversible methylation back to methionine, transsulfuration
to form cystathionine and then cysteine, the rate-limiting
substrate for GSH synthesis (Vitvitsky et al. 2006) or
export from the cell via neutral amino acid transporters
(Tsitsiou et al. 2009). Astrocytes are deficient in cystathi-
onine f-synthase, the enzyme that catalyses the conversion
of homocysteine to cystathionine (Kohl and Quay 1979;
Robert et al. 2003). Furthermore, it has been shown that
exogenous homocysteine does not stimulate total GSH
synthesis in rat astrocytes (Jin and Brennan 2008) and that
activation of catechol-O-methyltransferase (an enzyme
involved in methionine—-homocysteine conversion) in
astrocytes stimulates homocysteine synthesis and export
(Huang et al. 2005). Together, these findings suggest that
astrocytes have a reduced capacity for transsulfuration and
therefore must export homocysteine and take up cysteine
and cystine for maintenance of GSH levels. Most likely,
the link between inflammation and homocysteine synthesis
and export involves nitric oxide. Activated astrocytes
produce large volumes of nitric oxide (Park and Murphy
1994) and nitric oxide inhibits methionine synthetase,
the enzyme that converts homocysteine to methionine
(Nicolaou et al. 1996). In two human fibroblast cell lines
exposed to nitric oxide, the resulting inhibition of homo-
cysteine remethylation increased homocysteine efflux,
leading to elevated extracellular levels of homocysteine
(Nicolaou et al. 1996). Therefore, nitric oxide-mediated
inhibition of methionine synthetase could explain the ele-
vated levels of extracellular homocysteine in cytokine-
treated U373 cells in our experiments.

Homocysteine is regarded as a neurotoxin and has been
shown to activate neuronal NMDA-type glutamatergic
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receptors, causing excessive Ca®" influx, ROS generation,
tau phosphorylation and apoptosis at concentrations ranging
from 10 to 250 uM (Althausen and Paschen 2000; Ho et al.
2002; Lipton et al. 1997). In another study, extended treat-
ment of primary rat neurons with exogenous homocysteine
at concentrations as low as 0.5 UM induced apoptosis
(Kruman et al. 2000). Thus, it is possible that inflammation-
induced elevated efflux of homocysteine by astrocytes in
vivo might contribute to the neurodegeneration observed in
chronic, inflammatory and neurodegenerative diseases.

Relevance to AD

Interestingly, the altered extracellular thiol profile observed
for chronically activated U373 cells in this study closely
reflects the reported changes in thiol levels in AD patients.
For example, a recent study by Mandal and colleagues
(2012), in which magnetic resonance spectroscopy was used
to non-invasively measure brain GSH content, found a sig-
nificant decrease in GSH level in the brains of AD patients
compared to both young and old healthy controls. In another
study, AD patients were found to have reduced plasma levels
of cysteinylglycine compared to controls (Hernanz et al.
2007). Furthermore, not only have elevated levels of
homocysteine been measured in the plasma (McCaddon
et al. 2003) and CSF (Popp et al. 2009) of AD patients,
hyperhomocysteinemia was suggested as an independent
risk factor for AD (Morris 2003; Seshadri 2006).

Overall, our data suggests that chronic exposure to pro-
inflammatory cytokines induces changes in astrocytic thiol
metabolism that might be potentially harmful to neurons.
Although our results cannot be directly extrapolated to an
in vivo situation, it is tempting to consider the possibility
that chronically activated astrocytes, might show similar
changes to those observed here. In particular, decreased
astrocytic provision of the neuronal GSH substrate,
cysteinylglycine and increased astrocytic release of the
neurotoxic compound, homocysteine, could contribute to
neuronal toxicity. If indeed inflammation-induced impaired
thiol metabolism is a key contributor to the neurodegen-
eration seen in diseases such as AD, it might be possible to
affect disease outcomes by modulation of GSH levels. For
example, the use of astroglial-targeted GSH boosters (e.g.
Nrf2 activators), direct supplementation with neuronal
GSH substrates (e.g. cysteinylglycine and y-glutamylcys-
teine) or administration of exogenous antioxidants or
anti-inflammatory agents might be explored (Steele et al.
2007; Steele and Robinson 2011).
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