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A deficit in zinc (Zn) availability can increase cell oxidant 
production, affect the antioxidant defense system, and trigger 
oxidant-sensitive signals in neuronal cells. This work tested the 
hypothesis that a decreased Zn availability can affect glutathione 
(GSH) metabolism in the developing rat brain and in neuronal 
cells in culture, as well as the capacity of human neuroblastoma 
IMR-32 cells to upregulate GSH when challenged with dopamine 
(DA). GSH levels were low in the brain of gestation day 19 (GD19) 
fetuses from dams fed marginal Zn diets throughout gestation 
and in Zn-deficient IMR-32 cells. γ-Glutamylcysteine synthetase 
(GCL), the first enzyme in the GSH synthetic pathway, was altered 
by Zn deficiency (ZD). The protein and mRNA levels of the GCL 
modifier (GCLM) and catalytic (GCLC) subunits were lower in 
the Zn-deficient GD19 fetal brain and in IMR-32 cells compared 
with controls. The nuclear translocation of transcription factor 
nuclear factor (erythroid-derived 2)-like 2, which controls GCL 
transcription, was impaired by ZD. Posttranslationally, the cas-
pase-3-dependent GCLC cleavage was high in Zn-deficient IMR-
32 cells. Cells challenged with DA showed an increase in GCLM 
and GCLC protein and mRNA levels and a consequent increase in 
GSH concentration. Although Zn-deficient cells partially upregu-
lated GCL subunits after exposure to DA, GSH content remained 
low. In summary, results show that a low Zn availability affects 
the GSH synthetic pathway in neuronal cells and fetal brain both 
at transcriptional and posttranslational levels. This can in part 
underlie the GSH depletion associated with ZD and the high sen-
sitivity of Zn-deficient neurons to pro-oxidative stressors.
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Zinc (Zn) is an essential nutrient with multiple roles in the 
nervous system (Frederickson et  al., 2005). Deficits of this 
nutrient during early development result in adverse effects on 
brain structure and function (Uriu-Adams and Keen, 2010). 
Dietary Zn deficiency (ZD) affects the central nervous system 

resulting in altered behavior, learning, and memory (Bentley 
et al., 1997; Gardner et al., 2005; Penland et al., 1997). Given 
the requirement of Zn for numerous cell processes, the above 
alterations are probably multifactorial. A  consistent finding 
when neuronal Zn decreases is a condition of oxidative stress 
(Mackenzie et al., 2006b; Oteiza and Mackenzie, 2005), which 
can be accompanied by alterations in cell thiol redox status. 
In this regard, decreased Zn availability causes tubulin thiol 
oxidation, impairing tubulin dynamics and function, both in 
neuronal cells and in the developing brain (Mackenzie et al., 
2011). ZD is also consistently associated with decreased levels 
of glutathione (GSH) and oxidative stress in different cells and 
tissues (El-Seweidy et  al., 2008; Kojima-Yuasa et  al., 2005; 
Kraus et al., 1997; Mackenzie et al., 2006a; Tomat et al., 2008). 
GSH is the most abundant nonprotein thiol synthesized in cells 
and a central component of the antioxidant defense system. In 
IMR-32 neuroblastoma cells, ZD leads not only to protein thiol 
oxidation but to a decrease in GSH levels, which is prevented 
by Zn supplementation (Mackenzie et al., 2006b).

GSH is central in the metabolism of H
2
O

2
 and lipid peroxides, 

can react with carbon-centered radicals, and participates in the 
detoxification of xenobiotics through conjugation reactions 
(Forman et al., 2009). Furthermore, through its key role in the 
maintenance of an optimal intracellular redox environment, GSH is 
part of numerous basic cellular processes including the regulation 
of redox signaling, protein and DNA synthesis, DNA repair, cell 
proliferation, and programmed cell death (Circu and Aw, 2010; 
Jones, 2008). GSH is absolutely essential for mammalian life 
as evidenced by the embryonic lethality observed in glutamate 
cysteine ligase (GCL) knock-out mice (Dalton et al., 2000). The 
synthesis of GSH, a tripeptide (γ-glutamylcysteinylglycine), from 
its constituent amino acids is both constitutive and regulated. 
GSH is synthesized through the concerted action of two 
enzymes, GCL and GSH synthase. GCL catalyzes the formation 
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of γ-glutamylcysteine, the rate-limiting step for de novo GSH 
synthesis. GCL consists of a catalytic subunit (GCLC, 73 kDa), 
which contributes to all the enzymatic activity containing the 
substrate binding sites. The GCL modifier subunit (GCLM, 
31 kDa) modulates the affinity of GCLC for substrates and 
inhibitors. GCL belongs to the group of phase II detoxification 
enzymes and its expression is regulated by transcription factor 
nuclear factor (erythroid-derived 2)-like 2 (Nrf2) (Hansen 
et  al., 2004). The expression of both GCL subunits is induced 
in response to various agents, including oxidative stressors. The 
inducible nature of GCL makes it a crucial component of the 
cellular adaptation machinery for resistance against oxidative 
stress (Circu and Aw, 2010; Forman et al., 2009).

ZD not only can cause oxidative stress but also increases the 
susceptibility of neurons to pro-oxidant stressors, including lead 
and iron (Aimo and Oteiza, 2006; Mackenzie et  al., 2002a). 
Extensive evidence supports a role for dopamine (DA)-mediated 
oxidative stress in the neurotoxicity associated with the develop-
ment of neurodegenerative processes (e.g., Parkinson’s disease 
[PD]). DA is a neurotransmitter that can undergo oxidation to 
form quinone and semiquinone derivatives that are highly reac-
tive toward sulfhydryl groups. The thiol-containing compounds 
GSH, cysteine, and N-acetyl cysteine prevent DA autoxidation 
in vitro and decrease the size of damaged area in rat striatum 
when coinjected with DA (Soto-Otero et  al., 2000). Survival 
of dopaminergic neurons crucially depends on a tight regula-
tion of their GSH levels, being GSH synthesis upregulated upon 
DA exposure (Jia et al., 2008). GSH deficits have been found 
in the brain of PD and schizophrenic patients, which could 
constitute a causative insult triggering neuronal degeneration 
(Garrido et al., 2011; Gysin et al., 2007). On the other hand, 
the mobilization of Zn from metallothionein, as a consequence 
of DA-mediated metallothionein thiol oxidation, has been pro-
posed as a protective neuronal response against DA-induced 
oxidative damage (Eibl et al., 2010). Furthermore, ZD-induced 
epigenetic alterations in the metal responsive elements within 
the promoter region of the metallothionein gene (Kurita et al., 
2013) could be also involved in an increased susceptibility to 
oxidative stressors (e.g., DA).

We propose that ZD-induced neuronal oxidative stress and 
the increased susceptibility of Zn-deficient neuronal cells to 
oxidative stressors could be in part due to an impaired GSH 
synthesis when neuronal Zn decreases. To test this hypothesis, 
the effects of ZD on the regulation of GCL expression and GSH 
levels were investigated in fetal rat brain and in human IMR-
32 neuroblastoma cells. The capacity of Zn-deficient neuronal 
cells to upregulate GCL in response to DA-mediated neuronal 
injury was also studied.

MATeRIALS AND MeTHoDS

Materials. IMR-32 cells were from the American Type Culture Collection 
(Rockville, MA). Cell culture media, reagents, SuperScript III First-Strand 
Synthesis System, and LipofectAMINE 2000 were from Invitrogen Life 

Technologies (Carlsbad, CA). The antibodies for β-tubulin (SC-9104), GCLC 
(SC-22755), GCLM (SC-22754), and PARP (SC-7150) were from Santa Cruz 
Biotechnology (Santa Cruz, CA). PVDF membranes were from Bio-Rad 
(Hercules, CA). The ECL plus Western blotting system was from Amersham 
Pharmacia Biotech Inc. (Piscataway, NJ). The ApoAlert-Caspase-3 Assay was 
from Promega (Madison, WI). The RNeasy Mini Kit Isolation System and 
QIA shredder were from Qiagen Ltd (Valencia, CA). The caspase-3 inhibitor 
Ac-VEID-CHO was purchased from Calbiochem (Merck KGaA, Darmstadt, 
Germany). DA and all other reagents were from the highest quality available 
and were purchased from Sigma-Aldrich Co. (St Louis, MO).

Animal studies. All procedures were in agreement with standards for the 
care of laboratory animals as outlined in the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals. All procedures were adminis-
tered under the auspices of the Animal Resource Services of the University 
of California, Davis, which is accredited by the American Association for 
the Accreditation of Laboratory Animal Care. Experimental protocols were 
approved before implementation by the University of California, Davis, 
Animal Use and Care Administrative Advisory Committee and were admin-
istered through the Office of the Campus Veterinarian. Adult Sprague Dawley 
rats (Charles River, Wilmington, MA) (200–225 g) were housed individually 
in suspended stainless steel cages in a temperature (22°C–23°C)- and photo-
period (12 h light/dark)-controlled room. An egg white protein–based diet with 
adequate Zn (25 µg Zn/g) was the standard control diet (Keen et al., 1989). 
Animals were fed the control diet for 1 week before breeding. Males and 
females were caged together overnight and the following morning, the pres-
ence of a sperm plug confirmed a successful breeding. On gestation day (GD) 
0, rats (nine animals per group) were divided into two groups and fed ad libitum 
a control diet (25 μg Zn/g diet) or a diet containing a marginal concentration of 
Zn (10 μg Zn/g diet, marginal Zn [MZ]) until GD19. Food intake was recorded 
daily, and body weight was measured at 5-day intervals. Food intake and body 
weight gain throughout gestation were similar in both groups. At GD19, dams 
were anesthetized with isofluorane (2 mg/kg body weight), and laparotomies 
were performed. The gravid uterus was removed, and fetuses collected. Fetal 
brains were excised, rinsed in ice-cold PBS, the meninges removed, weighed 
and processed for GSH determination (three brains per litter), Western blot, and 
real-time PCR (RT-PCR) (one brain per litter). This experimental model in rats 
is considered as a condition of MZ nutrition because it affords normal preg-
nancy and fetal outcomes, whereas ZD causes profound effects on pregnancy 
outcome and teratogenicity (Aimo et al., 2010b).

Cell cultures. Zn-deficient fetal bovine serum (FBS) was prepared by 
chelation with diethylenetriaminepentaacetic acid as previously described 
(Duffy et al., 2001; Oteiza et al., 2000). The chelated FBS was subsequently 
diluted with complex medium (55% [vol/vol] Dulbecco’s Modified Eagle’s 
Medium high glucose [HyClone SH30022.01], 30% [vol/vol] Ham F-12 
[HyClone SH30026.01], 5% [vol/vol] α-Minimum Essential Medium 
[HyClone SH30054.02]) to a final concentration of 3 mg protein/ml to match 
the protein concentration of the control nonchelated medium (10% [vol/vol] 
FBS). Zn, copper, and iron concentrations were determined for each batch of 
chelated serum by inductively coupled plasma-atomic emission spectroscopy 
analysis (Trace Scan, Thermo Jarrell Ash Corp., Franklin, MA). As previously 
described (Oteiza et al., 2000), concentrations for copper and iron were fixed at 
1 and 5µM concentrations, respectively, to eliminate these cations as potential 
variables. The concentration of Zn in the control and deficient media was 6 and 
1.5µM, respectively.

IMR-32 cells were cultured at 37°C in complex medium supplemented with 
10% (vol/vol) FBS and antibiotic-antimycotic (50 U/ml penicillin, 50  µg/ml 
streptomycin, and 0.125  µg/ml amphotericin B). Cells were grown in com-
plex medium containing 10% (vol/vol) nonchelated FBS until 90% confluence. 
IMR-32 cells were subsequently incubated in control nonchelated medium or 
in chelated media containing 1.5µM Zn. In some experiments, 50µM DA was 
added and cells were harvested after 6–24 h in culture.

GSH determination. GSH determination in fetal brain and IMR-32 cells 
was done as described by Jones et al. (1998). Briefly, brain samples or cells 
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were immediately homogenized in PBS containing 0.1% (vol/vol) Igepal. After 
separating an aliquot for subsequent protein determination, samples (150 µl) 
were added with 100 µl of perchloric acid (10% [wt/vol]) and centrifuged. The 
supernatant was decanted, and 150 µl aliquots were added with 30 µl iodoacetic 
acid (40mM) and 140 µl KOH (1M)/tetrahydroborate (2.3M) to adjust the pH 
to 9. Subsequently, 150 µl of a 20 mg dansyl chloride/ml acetone solution was 
added. Derivatization was carried out in the dark for 16 h at room temperature 
and the excess of dansyl chloride was extracted with 250 µl of chloroform. For 
GSH and oxidized GSH (GSSG) determinations by high-performance liquid 
chromatography, a 3-aminopropyl column was used. The mobile phase was 
formed by a gradient with two solvent systems (80% [vol/vol] methanol/water 
and acetate-buffered methanol, pH 4.6) that were mixed as described (Jones 
et al., 1998). Fluorescent detection of GSH was done at λexc: 395 nm and λem: 
510–650 nm.

Western blot analysis. For the preparation of total or nuclear cell extracts, 
cells (20 × 106 cells) were rinsed with PBS, scrapped, and centrifuged. The pel-
let was rinsed with PBS and suspended in 200 µl of 50 mmol/l HEPES (pH 
7.4), 125mM KCl containing protease inhibitors, and 2% (vol/vol) Igepal. The 
final concentration of the inhibitors was 0.5 mmol/l PMSF, 1 mg/l leupeptin, 
1 mg/l pepstatin, 1.5 mg/l aprotinin, 2 mg/l bestatin, and 0.4mM sodium perva-
nadate. Samples were exposed to one cycle of freezing and thawing, incubated 
at 4°C for 30 min, and centrifuged at 15,000 × g for 30 min. The supernatant 
was decanted and protein concentration was measured.

Aliquots of total cell extracts containing 25–50 µg protein were separated 
by reducing 10% (wt/vol) polyacrylamide gel electrophoresis and electroblot-
ted to PVDF membranes. Colored molecular weight standards (Amersham 
Pharmacia Biotech Inc.) were ran simultaneously. Membranes were blotted for 
2 h in 5% (wt/vol) nonfat milk and incubated overnight in the presence of cor-
responding primary antibodies (1:1000–1:2000 dilution) at 4°C. After incuba-
tion for 90 min at room temperature in the presence of the secondary antibody 
(horseradish peroxidase conjugated) (1:10,000 dilution), the conjugates were 
visualized by chemiluminescence detection in a Phosphorimager 840.

Determination of mRNA levels. Total RNA was extracted from fetal brain 
and cells using an optimized RNA extraction protocol based on the RNeasy 
Mini Kit Isolation System (Qiagen Ltd) according to the manufacturer’s proto-
col. Cells were grown in 6-well plates, and after the corresponding treatments 
resuspended in 350 μl of lysis buffer and homogenized using QIA shredder 
(Qiagen Ltd) at 8000 g for 2 min. The RNA was eluted using 50 μl of nuclease-
free water and stored at −80°C until use. cDNA was synthesized using the 
SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen) accord-
ing to the manufacturer’s protocol. Samples were stored at −80°C.

The expression of GCLC and GCLM mRNA was determined by RT-PCR  
using the following primers: for rat GCLC: 5′-GGGAAGGAAGGCGT 
GTTTCCT-3′ (forward) and 5′-GTCGACTTCCATGTTTTCAAGGT-3′ 
(reverse); for rat GCLM: 5′-CCAGGAGTG GGTGCCACTGT-3′ (for-
ward) and 5′-TTTGACTTGATGATTCCTCTGCTT-3′ (reverse); for human 
GCLC: 5′-GGCTGAGTGTCCGTCTCG-3′ (forward) and 5′- GTGGTAGA 
TGTGCAGGAACT-3′ (reverse); for human GCLM: 5′-GCCCTTTA AAGA 
GACGTGTAGGAA-3′ (forward) and 5′-CCGCCTGGTGAGGTAGAC-3′ 
(reverse). RT-PCR was conducted using iQ iCycler Detection System (Bio-
Rad Laboratories, Ltd), and PCR amplification was then detected with the 
SYBR green fluorophore. A  control cDNA dilution series was created for 
the gene to establish a standard curve. Each reaction was subjected to melt-
ing point analysis to confirm single amplified products. The data generated 
from each PCR were analyzed using iQ iCycler Optical System Software 
Version 3.0a (Bio-Rad Laboratories, Ltd). The housekeeping gene RiboL32 
was used as an endogenous control. The primers for the amplification of 
human RiboL32 were as follows: 5′-GAAACTCGCGGAAACCCA-3′ 
(forward) and 5′-GGATCTGGCCCTTGAACCTTC-3′ (reverse); and 
for rat RiboL32: 5′-GAAACTCGCGGAAACCCA-3′ (forward) and 
5′-AGATCTGGCCCTTGAATCTTC -3′ (reverse).

Assay of GCL activity. GCL activity was measured in IMR-32 cell– 
soluble fractions using the 96-well microtiter plate method described by White 

et al. (2003), with minor modifications (Gupta et al., 2012). Briefly, IMR-32 
cells were homogenized in 20mM Tris-Cl buffer, pH 7.4, containing 250mM 
sucrose, 1mM EDTA, 20mM sodium borate, and 2mM serine. Homogenates 
were centrifuged at 12,000 × g for 10 min at 4°C, and the supernatants were 
decanted. Supernatant aliquots (50 µl, 4 µg protein/µl) were transferred to a 
96-well plate, added with 50 µl 400mM Tris buffer, pH 7.4, containing 40mM 
ATP, 20mM l-glutamic acid, 2.0mM EDTA, 20mM sodium borate, 2mM ser-
ine, and 40mM MgCl

2
 and incubated for 10 min at 37°C. The reaction was 

initiated by adding 50 μl 5mM l-cysteine. After incubating for 15 min at 37°C, 
the reaction was stopped by adding 50 μl of ice-cold 200mM sulphosalicylic 
acid, and samples incubated on ice for 20 min. The plate was subsequently cen-
trifuged at 500 × g for 20 min, and 20 μl of samples and standards were trans-
ferred to a 96-well black plate. Samples and standards were derivatized under 
low light by adding 180 µl of naphthalene dicarboxaldehyde alkaline solution 
(140 µl 50mM Tris-base, pH 10, 20 µl 1M NaOH, and 20 µl 10mM naphthalene 
dicarboxaldehyde in dimethyl sulfoxide) for 30 min. The fluorescence ratio of 
γ-glutamylcysteine/GSH was measured at λexc: 427 nm and λem: 528 nm.

Electrophoretic mobility shift assay. Nuclear fractions were isolated 
as previously described (Osborn et  al., 1989), with minor modifications 
(Mackenzie et al., 2002b). Protein concentration was measured as described 
by Bradford (1976). For the electrophoretic mobility shift assay (EMSA), the 
oligonucleotide containing the antioxidant response element (ARE) consensus 
sequence (5′-GGA ATT CTG TTT TCG CTG TCA TGG TTC-3′) (Operon, 
Huntsville, AL) (Banning and Brigelius-Flohé, 2005) was end-labeled with 
[γ-32P] ATP using T4 polynucleotide kinase and purified using Chroma Spin-10 
columns. Samples were incubated with the labeled oligonucleotide (20,000–
30,000 cpm) for 20 min at room temperature in 1× binding buffer (5× bind-
ing buffer: 50mM Tris-HCl buffer, pH 7.5, containing 20% [vol/vol] glycerol, 
5mM MgCl

2
, 2.5mM EDTA, 2.5mM DTT, 250mM NaCl, and 0.25 mg/ml 

poly(dI-dC)). The products were separated by electrophoresis in a 6% (wt/vol) 
nondenaturing polyacrylamide gel using 0.5× TBE (Tris/borate 45mM, EDTA 
1mM) as the running buffer. The gels were dried and the radioactivity quanti-
fied in a Phosphorimager 840 (Amersham Pharmacia Biotech Inc.).

Assay of caspase-3 activity. Caspase-3 activity was determined in cell 
lysates after incubating IMR-32 cells for 6 or 24 h in control or chelated 
media containing 1.5µM Zn in the absence or in the presence of DA (50µM). 
Caspase-3 activity was measured using the ApoAlert-Caspase-3 Assay follow-
ing the manufacturer’s protocol.

Statistical analysis. One-way ANOVA with subsequent post hoc com-
parisons by Scheffe was performed using Statview 5.0.1 (Brainpower Inc., 
Calabasas, CA). A  p value < 0.05 was considered statistically significant. 
Values are given as means ± SEM.

ReSuLTS

ZD Diminishes GSH, GCL Protein, and mRNA Levels in Rat 
Fetal Brain

We previously observed that feeding rats MZ diets 
throughout gestation causes a decrease in Zn concentration 
and increased tubulin thiol oxidation in the brain of GD19 
fetuses (Bentley et al., 1997). We now investigated in the same 
experimental model if gestational MZ nutrition could affect 
GD19 fetal brain GSH and GCL levels. In MZ fetal brains, GSH 
content was significantly lower (21%) compared with controls 
(Fig. 1A). To evaluate if the decrease in GSH content could 
be associated with an impaired GSH de novo synthesis, the 
expression of GCL subunits was assessed measuring protein 
levels by immunoblotting and mRNA levels by RT-PCR. 
GD19 fetal brain GCLC and GCLM protein levels were 25 
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and 40% lower, respectively, in the MZ group compared with 
controls (Fig. 1B). Accordingly, the mRNA levels of Gclc and 
Gclm subunits were 29 and 44% lower in MZ fetal brains than 
in controls (Fig. 1C).

ZD Diminishes GCL Protein and mRNA Levels in 
IMR-32 Cells

We next examined the expression of GCL subunits in a 
model of neuronal ZD. Human neuroblastoma IMR-32 cells 
were incubated for 24 h in control or Zn-deficient (1.5µM Zn) 
medium. We previously showed that under similar experimen-
tal conditions, ZD increases IMR-32 cell oxidant levels and 
decreases GSH levels (Mackenzie et  al., 2006b), and labile 
(Mackenzie et  al., 2002b) and total Zn content (Mackenzie 
et al., 2011). GSH decrease in IMR-32 incubated in Zn-deficient 
medium was prevented by supplementing the medium with Zn 
(15µM final concentration) (Mackenzie et al., 2006b). GCLC 
and GCLM protein levels were 26 and 31% lower, respectively, 
after 24 h incubation in Zn-deficient media than in controls 

(Fig. 2A). mRNA levels measured by RT-PCR showed a lower 
expression of Gclc and Gclm subunits (31 and 33%, respec-
tively) in Zn-deficient IMR-32 cells compared with controls 
(Fig. 2B). GCL activity was 44% lower in cells incubated in 
Zn-deficient medium for 24 h than in controls (Fig. 2C).

ZD Impairs Nrf2-DNA Binding in Rat Fetal Brain and 
IMR-32 Cells

GCL belongs to the group of phase II detoxification 
enzymes and its expression is in part regulated through the 
ARE by transcription factor Nrf2 (Hansen et  al., 2004). We 
next investigated whether the decreased GCL expression 
in Zn-deficient fetal brain and IMR-32 cells occurs as a 
consequence of an impaired Nrf2 transcriptional activity. 
For this purpose, we evaluated Nrf2-DNA binding by EMSA 
in nuclear fractions. Nrf2-DNA binding was 35% lower in 
nuclear fractions isolated from MZ rat fetal brains compared 
with controls (Fig. 3). Nrf2-DNA binding in nuclear fractions 
isolated from IMR-32 cells incubated for 24 h in Zn-deficient 

FIG. 1. ZD decreased GSH content and GCL expression in rat fetal brain. Rat dams were fed control or MZ diets (MZD) from GD0 until GD19. Fetal brains 
were excised and processed for the different determinations as described in the Materials and Methods section. (A) GSH concentration in 100,000 × g supernatants 
from MZ and control GD19 fetal brain were determined by HPLC. (B) Fetal brain GCLC, GCLM, and β-tubulin content were measured in total homogenates 
by Western blot. One representative image is shown. After quantification, results were expressed as the ratio of GCLC or GCLM/β-tubulin. C-GCLC and GCLM 
mRNA levels were measured by RT-PCR and values normalized to those of the ribosomal protein L32 (RPL32). Results are shown as means ± SEM. For GSH 
determination, three brains from each litter were pooled and results are means of nine litters per group; for RT-PCR and Western blot, results are means of one fetal 
brain per litter from six litters per group. *Significantly different compared with the control group (p < 0.05, one-way ANOVA test).
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medium was 30% lower than in controls (Fig. 3). Accordingly, 
Nrf2 protein levels in nuclear fractions from the Zn-deficient 
IMR-32 cells were significantly lower (28%, p < 0.01) than in 
controls.

ZD Impairs Cellular Defenses Against DA Excess in 
IMR-32 Cells

High levels of DA cause neuronal oxidative stress as a 
consequence of the cellular conversion of DA into reactive 
semiquinone/quinones and the generation of O2

•−, H2O2, and 
peroxynitrite. Given that GSH metabolism plays a critical role 
in protecting cells from DA-induced neuronal injury, we next 
investigated if ZD affects cellular defense mechanisms against 
DA-induced oxidative stress. Incubation of IMR-32 in the 
presence of 50µM DA for 24 h caused a 40% increase in GSH 
content. In these conditions, DA did not affect cell viability 
(data not shown). In cells incubated in Zn-deficient medium, 
DA did not cause a significant increase in GSH levels. In the 
cells treated with DA, GSH content was 57% lower in the 
Zn-deficient cells compared with controls (Fig.  4A). GSSG 
relative levels were higher (p < 0.001) in the Zn-deficient cells 
treated with DA compared with all other groups (1.33 ± 0.20, 
1.46 ± 0.27, 0.94 ± 0.16, and 2.50 ± 0.25 GSSG/GSH [%] for 

the control, control + DA, Zn deficient, and Zn deficient + DA, 
respectively). In control cells incubated with DA, the raise in 
GSH levels was coincident with an increase of both Gclc and 
Gclm mRNA and protein levels (Figs. 4B and C). Although 
the percentage of increase was similar in the DA-treated 
compared with untreated cells for control and Zn-deficient 
cells, protein and mRNA levels of GCLM and GCLC were 
22–36% lower in DA-treated Zn-deficient cells compared 
with DA-treated controls (Figs. 4B and C). These results indi-
cate that a deficient neuronal Zn status can affect the capacity 
of cells to respond to DA-induced oxidative stress by upregu-
lating GSH production.

ZD Promotes GCLC Cleavage in IMR-32 Cells

Caspase-3 can cleave the full length GCLC to a 60 kDa 
peptide (Kojima-Yuasa et al., 2005). In IMR-32 cells incubated 
in Zn-deficient medium for 24 h, the percentage of 60 kDa 
peptide relative to total GCLC content was 2.2-fold higher 
in the Zn-deficient cells compared with controls (p  <  0.001) 
(Fig. 5A). Given the different intensity of both bands (full and 
cleaved GCLC), we had to expose the Western blot membrane 
to x-ray film for different periods of time to optimize separately 
the sensitivity for each band. In the representative Western 

FIG. 2. ZD decreased GSH content and GCL expression in IMR-32 cells. IMR-32 cells were incubated for 24 h in control or Zn-deficient (chelated medium 
containing 1.5µM Zn) media. (A) GCLC, GCLM, and β-tubulin content were measured in total homogenates by Western blot. One representative image is shown. 
After quantification, results were expressed as the ratio of GCLC or GCLM/β-tubulin. (B) CLC and GCLM mRNA levels were measured by RT-PCR and values 
normalized to those of the ribosomal protein L32 (RiboL32). (C) GCL activity was measured in IMR-32 cell supernatants as described in Materials and Methods 
section. Results are shown as means ± SEM of three to four independent experiments. *Significantly different compared with the control group (p < 0.05, one-way 
ANOVA test).
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blot shown in Figure  5A, the 73 kDa (total GCLC) band is 
overexposed (saturated) in order to show clear differences in 
the 60 kDa peptide (cleaved GCLC). Ratios were calculated 
from the optimized exposures, although corrected with samples 
that showed adequate intensity for the 73 and 60 kDa bands. 
The increase in GCLC cleavage was prevented when cells 
were incubated in Zn-deficient media and in the presence of 
the caspase-3 inhibitor Ac-VEID-CHO (50µM) (Fig. 5A). The 
content of 60 kDa fragment was markedly higher in Zn-deficient 
cells incubated with than without DA (Fig. 5A). The observed 
increase in GCLC cleavage was paralleled by a similar pattern 
of increase in the cleavage of PARP, a major caspase-3 substrate 
involved in apoptosis (Fig. 5B, right panel), measured as the 
ratio of the cleaved (85 kDa) peptide versus the full length 
protein (116 kDa). The activity of caspase-3 in the Zn-deficient 
cells incubated with DA was significantly higher than in all 
other groups after 6 h incubation and remained high up to 24 h 
(Fig. 5B). After 24 h, caspase-3 activity was 2.9- and 3.7-fold 
higher in cells incubated in Zn-deficient medium without and 
with DA, respectively, compared with cells incubated in control 
medium. Results show that ZD leads to a caspase-3-mediated 
cleavage of GCLC.

DISCuSSIoN

Oxidative stress, altered thiol redox status, disregulation of 
redox signaling, and consequent alterations in the pattern of cell 
proliferation and apoptosis could in part explain the adverse 
effects of ZD on brain development (Aimo et  al., 2010b; 
Mackenzie et  al., 2007; Uriu-Adams and Keen, 2010). ZD 
also affects the sensitivity of neuronal cells to oxidant stressors 
(Aimo and Oteiza, 2006; Mackenzie et al., 2002a). This study 
presents evidence that a decrease in Zn availability impairs 
GSH metabolism in human neuroblastoma cells and rat fetal 
brain. ZD causes a decrease in GSH content that is in part due 
to a decreased expression of GCL subunits, both at transcrip-
tional and posttranslational levels. Furthermore, Zn-deficient 
neuronal cells show a decreased capacity to upregulate GSH as 
part of a protective response against DA-induced toxicity.

GSH is a major cellular antioxidant in the brain (Aimo and 
Oteiza, 2006; Dringen, 2000). Brain GSH concentration is ~0.4–
0.8mM, with higher levels found in astrocytes than in neurons 
(Bragin et  al., 2010). GSH exerts central functions through 
several mechanisms including: (1) nonenzymatically reacting 
with superoxide, hydroxyl radical, and nitrogen radicals; (2) as 

FIG. 3. ZD inhibits Nrf2 nuclear translocation in rat fetal brain and IMR-32 cells. (A) Nrf2-DNA binding measured by EMSA in nuclear fractions isolated 
from MZD and control GD19 rat fetal brain. One representative EMSA is shown. Results are shown as means ± SEM of five to seven litters for MZD and control 
groups. (B) Nrf2-DNA binding measured by EMSA in nuclear fractions isolated from IMR-32 cells incubated for 24 h in control (C) or Zn-deficient (chelated 
medium containing 1.5µM Zn) media. To determine the specificity of the Nrf2-DNA complex, the control nuclear fraction C was incubated in the presence of 
100-fold molar excess of unlabeled oligonucleotide containing the consensus sequence for either AP-1 (C + AP-1) or Nrf2 (C + Nrf2) before the binding assay. 
One representative EMSA out of three independent experiments is shown. (C) After quantification, results are shown as means ± SEM of five to seven litters (fetal 
brain) and three independent experiments (IMR-32 cells). *Significantly different compared with controls (p < 0.05, one-way ANOVA test). (D) Nrf2 and actin 
content were measured by Western blot in nuclear fractions from cells incubated as described in (B). One representative image is shown. After quantification, 
results were expressed as the ratio of Nrf2/actin. *,#Significantly different compared with controls (*p < 0.05, #p < 0.01, one-way ANOVA test).
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an electron donor for the reduction of H
2
O

2
 and other peroxides 

catalyzed by GSH peroxidase; (3) as a carrier/storage form 
for cysteine; and (4) as the major redox buffer for maintaining 
intracellular redox homeostasis (Aoyama et al., 2008).

Alterations in GSH metabolism could in part explain 
ZD-associated neuronal oxidative stress and altered thiol redox 
status (Aimo et al., 2010a; Mackenzie et al., 2006b; Mackenzie 

et al., 2011). GSH depletion has been previously observed in 
different cells and tissues in association with ZD (Kojima-Yuasa 
et al., 2005; Kraus et al., 1997; Mackenzie et al., 2006b; Oteiza 
et  al., 2001; Tomat et  al., 2008). Accordingly, we observed 
diminished levels of GSH in Zn-deficient fetal brain and IMR-
32 human neuroblastoma cells. Neuronal GSH concentration 
is the resultant of its synthesis, utilization, and export. In 

FIG. 4. Effect of DA on GSH content and GCL protein expression in control and Zn-deficient IMR-32 cells. IMR-32 cells were incubated for 24 h in control 
or Zn-deficient (chelated medium containing 1.5µM Zn) media, in the absence or presence of 50µM DA. (A) GSH concentration in 100,000 × g supernatants. 
(B) GCLC, GCLM, and β-tubulin content were measured in total homogenates by Western blot. One representative image is shown. After quantification, results 
were expressed as the ratio of GCLC or GCLM/β-tubulin. (C) GCLC and GCLM mRNA levels were measured by RT-PCR and values normalized to those for the 
ribosomal protein L32 (RiboL32). Results are shown as means ± SEM of four independent experiments. Values having different letters are significantly different 
(p < 0.01, one-way ANOVA test).
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Zn-deficient neurons, an increased requirement of GSH can 
occur as a consequence of the associated increased generation 
of cellular reactive oxygen and nitrogen species (Mackenzie 
et al., 2006b; Mackenzie et al., 2011). This is in part due to 
ZD-triggered activation of the N-methyl-d-aspartate receptor, 
which leads to calcium influx and to a calcium-mediated 
activation of NADPH oxidase and nitric oxide synthase (Aimo 
et al., 2010a). In response to ZD-induced oxidative stress, IMR-
32 cells upregulate both copper-Zn and manganese superoxide 
dismutases, with no changes in GSH peroxidase and reductase 
activities (Mackenzie et al., 2007).

In terms of GSH synthesis, we observed that ZD impaired 
the brain/neuronal cell capacity to upregulate components 

of the GSH synthetic pathway as a protective response to 
oxidative stress. In Zn-deficient neuronal cells and fetal brain, 
low GSH levels were coincident with a decreased expression 
(protein and mRNA levels) of the catalytic and modulatory 
GCL subunits. The activation of transcription factor (Nrf2), 
that regulates GCL subunit expression, was also impaired 
under ZD conditions. Nrf2, a member of the Cap ‘n’ Collar 
family of basic leucine zipper proteins, was identified as a key 
transcription factor for the ARE, a cis-regulating DNA sequence 
located in the promoter region of antioxidant enzymes and 
phase II detoxifying enzymes (Jones, 2008; Kang et al., 2005). 
Under basal conditions, Nrf2 is retained in the cytoplasm by 
Keap1. When the Nrf2/Keap1 complex is disrupted, Nrf2 

FIG. 5. Effect of DA on GCLC and PARP cleavage and on caspase-3 activity in control and Zn-deficient IMR-32 cells. IMR-32 cells were incubated for 
6–24 h in control or Zn-deficient (chelated medium containing 1.5µM Zn) media, in the absence or presence of 50µM DA or 50µM Ac-VEID-CHO (C3I). (A, left 
panel) Representative Western blot images for full length GCLC (73 kDa), its 60 kDa fragment, and β-tubulin in total cell lysates obtained after 24 h incubation. 
(Right panel) After quantification, results were expressed as the ratio (%) of 60 kDa/73 kDa GCLC. (B, right panel) Representative Western blot images for full 
length (116 kDa) and cleaved (85 kDa) PARP and β-tubulin in total cell lysates after 24 h incubation. After quantification, results were expressed as the ratio (%) 
of 85 kDa/115 kDa PARP. (B, left panel) Caspase-3 activity was measured after 6 and 24 h of incubation as indicated in the Materials and Methods section. Results 
are shown as means ± SEM of three to five independent experiments. Values having different letters are significantly different (p < 0.01, one-way ANOVA test).
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translocates to the nucleus, binds to DNA, and promotes the 
transcription of ARE-driven genes, including Gclc and Gclm 
(Hansen et  al. 2004). Zn-sensing sites have been described 
in Keap1 (McMahon et al., 2010). Zn released from proteins 
would act as an intracellular second messenger mediating Nrf2/
Keap1 sensing of environmental stressors, whereas changes 
in basal Zn levels are proposed to physiologically modulate 
Nrf2/Keap1 (McMahon et  al., 2010). In line with this, we 
observed that the decreased GCLC and GCLM expression in 
both IMR-32 neurons and GD19 fetal brain was coincident 
with a decreased Nrf2 nuclear translocation and binding to a 
DNA ARE consensus sequence. Furthermore, ZD decreases 
NF-κB activation (Mackenzie et  al., 2002b), which is also 
involved in the regulation of GCLC and GCLM transcription. 
These results suggest that the GSH depletion occurring as 
a consequence of neuronal ZD can in part occur through an 
impaired transcriptional GCL regulation.

Disturbances in brain GSH metabolism could contribute 
to the development of neurodegenerative disorders such as 
Alzheimer’s disease, schizophrenia, and PD (Adams et  al., 
1991; Gu et al., 1998; Kulak et al., 2012; Raffa et al., 2011). In 
PD, DA oxidation is proposed to be one mechanism mediating 
oxidative stress and the loss of dopaminergic neurons. Stressing 
the relevance of Nrf2 and GSH in the protection of neurons and 
glial cells against DA toxicity, the upregulation of Nrf2 is neu-
roprotective in a fly model of PD (Barone et al., 2011), whereas 
Nrf2 deficits increase DA toxicity in vivo and in vitro (Jakel 
et al., 2007). IMR-32 cells responded to DA by increasing GSH 
levels and GCL subunit expression. In Zn-deficient cells, DA 
caused an increase in GCLC and GCLM expression, but at a 
lower extent than those observed in Zn-sufficient cells. GSH 
levels were not upregulated, whereas GSSG was increased by 
DA in the Zn-deficient cells. In conditions of oxidative stress, 
in this case induced by DA, the capacity of GSH reductase to 
reduce GSSG can be exceeded. Astrocytes and neurons have 
an ATP-dependent multidrug resistance-associated protein-1 
transporter that actively mediates GSSG efflux to prevent a 
toxic GSSG accumulation inside the cell (Hirrlinger et  al., 
2002; Minich et al., 2006). GSSG efflux and an impaired capac-
ity to synthesize GSH could explain the low levels of total GSH 
observed in the Zn-deficient cells exposed to DA.

Results suggest that, as previously observed for lead and iron 
toxicity (Aimo and Oteiza, 2006; Mackenzie et  al., 2002a), 
ZD increases the susceptibility of neuronal cells to oxidative 
insults. This higher susceptibility could be in part mediated by 
an impaired balance of GSH utilization, recycling, and synthe-
sis. Accordingly, a low Zn status impairs nitric oxide-mediated 
protection of endothelial cells from oxidative stress, in asso-
ciation with altered Nrf2 signaling and decreased GSH levels 
(Cortese et al., 2008).

It has been previously reported that GCLC is a substrate of cas-
pase-3-mediated cleavage during apoptotic cell death (Aimo and 
Oteiza, 2006; Franklin et al., 2002). ZD promotes apoptotic cell 
death, being caspase-3 activation one of the major mechanisms 

involved (Cortese et al., 2008; Truong-Tran et al., 2001). The 
protease caspase-3 is a Zn-dependent enzyme, and its activation 
in ZD has been widely documented in different cells and tissues 
(Clegg et al., 2005). We observed that both ZD and DA increase 
caspase-3 activation in IMR-32 cells, with an associated increase 
of the 60 kDa GCLC cleavage product. This indicates that ZD 
also affects GCLC at a posttranslational level, which could also 
impact the capacity of neuronal cells to respond to excess DA. 
However, the physiological consequence of GCLC cleavage is 
unclear (Aimo and Oteiza, 2006; Franklin et al., 2002).

Besides an increased susceptibility to oxidative insults, 
ZD-induced impaired GSH metabolism could have major 
adverse consequences on brain development. Among them, an 
imbalance in thiol redox homeostasis can affect protein function 
and signaling regulation. In fact, we recently observed redox 
alterations in tubulin thiols in both neuronal cells and GD19 
brain (Mackenzie et al., 2011). ZD-associated oxidation of tubu-
lin thiols impairs tubulin polymerization dynamics (Mackenzie 
et al., 2011), which among other potential consequences, affect 
the activation of select signaling pathways. In this regard, we 
observed that microtubules are required for the neuronal nuclear 
transport of transcription factors NF-κB and nuclear factor 
of activated T-cells (NFAT), which is markedly affected in 
Zn-deficient fetal brains and IMR-32 cells (Aimo et al., 2010b; 
Mackenzie et al., 2006a). Incubation of Zn-deficient cells with 
compounds (N-acetyl cysteine, α-lipoic acid), which restores 
cellular GSH levels (Mackenzie et al., 2006b), and tubulin thiol 
redox state and dynamics (Mackenzie et al., 2011) also re-estab-
lishes NF-κB nuclear transport and dependent gene transcrip-
tion in Zn-deficient IMR-32 cells (Mackenzie et al., 2011).

In summary, this work shows that a decreased Zn avail-
ability impairs the GSH synthetic pathway in neuronal cells 
and fetal brain leading to low GSH brain/neuronal content. 
Importantly, it demonstrates that this decrease in part occurs 
as a result of both transcriptional (Nrf2 activation) and post-
translational (caspase-3-mediated cleavage) effects on GCL, a 
central enzyme in GSH synthesis. Findings stress the concept 
that an impaired capacity to regulate GSH metabolism under 
conditions of restricted Zn supply could turn neurons more 
susceptible to pro-oxidant insults like DA.
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