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ABSTRACT Research into the metabolic phenotype
of autism has been relatively unexplored despite the
fact that metabolic abnormalities have been implicated
in the pathophysiology of several other neurobehav-
ioral disorders. Plasma biomarkers of oxidative stress
have been reported in autistic children; however, intra-
cellular redox status has not yet been evaluated. Lym-
phoblastoid cells (LCLs) derived from autistic children
and unaffected controls were used to assess relative
concentrations of reduced glutathione (GSH) and oxi-
dized disulfide glutathione (GSSG) in cell extracts and
isolated mitochondria as a measure of intracellular
redox capacity. The results indicated that the GSH/
GSSG redox ratio was decreased and percentage oxi-
dized glutathione increased in both cytosol and mito-
chondria in the autism LCLs. Exposure to oxidative
stress via the sulfhydryl reagent thimerosal resulted in
a greater decrease in the GSH/GSSG ratio and increase
in free radical generation in autism compared to con-
trol cells. Acute exposure to physiological levels of
nitric oxide decreased mitochondrial membrane poten-
tial to a greater extent in the autism LCLs, although
GSH/GSSG and ATP concentrations were similarly
decreased in both cell lines. These results suggest that
the autism LCLs exhibit a reduced glutathione reserve
capacity in both cytosol and mitochondria that may
compromise antioxidant defense and detoxification ca-
pacity under prooxidant conditions.—James, S. J., Rose,
S., Melnyk, S., Jernigan, S., Blossom, S., Pavliv, O.,
Gaylor, D.W. Cellular and mitochondrial glutathione re-
dox imbalance in lymphoblastoid cells derived from chil-
dren with autism. FASEB J. 23, 000—000 (2009)
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AUTISM IS A BEHAVIORALLY DEFINED neurodevelop-
mental disorder characterized by impairments in social
interaction and communication skills and by hyperfo-
cused interests and compulsive behaviors. Autism is
usually diagnosed before 4 yr of age and is estimated to
affect 1 in 150 children in the United States, with a
4:1 male to female gender bias (1). Although multi-
ple interacting genetic and environmental factors are
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thought to influence individual vulnerability to au-
tism, none have been reproducibly identified in
more than a fraction of cases. In addition to complex
gene-environment interactions, the heterogeneous
presentation of behavioral symptoms within the spec-
trum of autistic disorders suggests a variable and
multifactorial pathogenesis.

Several lines of evidence suggest that underlying ox-
idative stress and glutathione depletion contribute to
pathophysiology of several neurobehavioral disorders,
including schizophrenia (2, 3), bipolar disorder (4, 5),
Parkinson’s disease (6, 7), Alzheimer’s disease (8, 9),
and autism. Children with autism have been shown to
exhibit evidence of lipid peroxidation (10, 11), re-
duced antioxidant activity (10, 12, 13), elevated nitric
oxide levels (14, 15), and accumulation of advanced
glycation end products (AGEs) and the proinflamma-
tory AGE receptor ligand SI00A9 (16). The presence of
redox imbalance and chronic oxidative stress in autism
is further supported by evidence of microglial inflam-
mation (17) and decreased glutathione-mediated re-
dox status (18, 19). Although provocative, it is not clear
whether these measures of oxidative stress are present
during early development and contribute to pathogen-
esis of autism, or whether they are a secondary mani-
festation of the disorder.

Oxidative stress is traditionally defined as an imbal-
ance between oxidant generation and antioxidant de-
fense mechanisms that leads to macromolecular dam-
age and dysfunction. More recently, the definition has
expanded to include more subtle perturbations in
redox signaling mechanisms that control and regulate a
wide variety of cellular functions, including enzyme
activation/inhibition (20, 21), membrane signal trans-
duction (22, 23), transcription factor binding/gene
expression (24, 25), proliferation/apoptosis (26-28),
and precursor cell ontogeny (29, 30). The ratio of
reduced glutathione (GSH) to the oxidized disulfide
form of glutathione (GSSG) is considered a reproduc-
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ible indicator of systemic redox status that can be used
to clinically assess and treat individuals who may at risk
of oxidative stress-related pathology (31, 32). Glutathi-
one is present in millimolar concentrations in eukary-
otic cells and is pivotal for the maintenance of intracel-
lular redox homeostasis and defense against oxidative
damage.

Mitochondria contain ~10-15% of total cellular
GSH, which must be imported from the cytosol because
mitochondria lack the enzymes for GSH synthesis. A
continuous low-level generation of superoxide (~1%)
accompanies inner membrane electron transfer for
energy production, and the mitochondria are depen-
dent on glutathione status to maintain redox balance
and limit macromolecular oxidative damage. When
chronic or excessive, oxidative stress can overwhelm
glutathione-mediated antioxidant defense mechanisms
and promote a fragile redox homeostasis that has a
lower threshold of toxicity for prooxidant exposures.
Autism is rarely associated with classic mitochondrial
disease, although several case reports of comorbid
autism have been published (33-38). There is indirect
evidence linking dysfunctional energy metabolism with
autism, including reports of elevated serum lactate
(39-43) carnitine deficiency (44), and oxidized mito-
chondrial proteins in post mortem brain (16).

To further investigate biomarkers of oxidative stress
and mitochondrial dysfunction in autism, we utilized
lymphoblastoid cells (LCLs) derived from autistic indi-
viduals and unaffected controls to assess intracellular
and mitochondrial redox status, free radical genera-
tion, mitochondrial membrane potential, and ATP
levels. Because some cases of autism may require an
environmental trigger to expose a genetic suscepti-
bility, a secondary goal was to evaluate these end-
points after the addition of exogenous oxidative or
nitrosative stress.

MATERIALS AND METHODS
Materials

Culture flasks, plates, and disposable pipettes were obtained
from Corning Life Sciences (Lowell, MA, USA). RPMI 1640
culture medium, penicillin/streptomycin, Dulbecco’s phos-
phate buffered saline, and cell dissociation buffer were pur-
chased from Life Technologies (Carlsbad, CA, USA). Fetal
bovine serum was purchased from HyClone Inc (Logan, UT,
USA). DCF (6-carboxy-2’,7'-dichlorodihydrofluorescein diac-
etate, diacetoxymethyl ester) was obtained from Molecular
Probes (Carlsbad, CA, USA). Thimerosal was obtained from
Sigma-Aldrich (St. Louis, MO, USA). SNAP ($nitroso-N-
acetylpenicillamine) was obtained from Alexis Biochemicals
(San Diego, CA, USA). JC-1 (5,5',6,6'-tetrachloro-1,1",3,3'-
tetraethylbenzimidazolcarbocyanine iodide) was obtained
from BD Biosciences (San Jose, CA, USA). All other chemi-
cals were obtained from Sigma-Aldrich.

Cell culture

Lymphoblastoid cell lines derived from children with autism
were purchased from Autism Genetic Resource Exchange
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(AGRE; Los Angeles, CA, USA). The case cell lines were
derived from white males diagnosed with autistic disorder
(not Asperger’s syndrome or PDD-NOS) chosen from pedi-
grees with at least 1 affected male sibling (AGRE ID numbers
AU-1280302, -1344302, -1215301, -008404, -1267302, -038804,
0939303, -1348303, -1165302, -1393306; mean age 7.8+3.1
yr). Control cell lines were purchased from Coriell Cell
Repository (Camden, NJ, USA) and were derived from appar-
ently healthy white male donors with no documented behav-
ioral or neurological disorder (Coriell ID numbers GM-
17508, -16119, -16118, -16113, -14643, 05048, -14907, -14648,
-14926, -14782; mean age 27.7£9.1). The cell lines were
cyropreserved at —80°C and cultured in RPMI 1640 medium
with 10% FBS and 1% penicillin/streptomycin in a humidi-
fied 5% CO, incubator at 37°C.

Cell extraction and HPLC quantification of intracellular
glutathione redox status

Approximately 2 X 10° viable cells were lysed by 3 s sonication
in 100 pl ice-cold PBS followed by the addition of 100 ul
ice-cold 10% meta-phosphoric acid to precipitate proteins.
The solution was mixed well, incubated for 30 min on ice, and
centrifuged for 15 min at 18,000 g at 4°C. The methodolog-
ical details for HPLC elution and electrochemical detection
have been described previously (45, 46). Briefly, free reduced
glutathione (fGSH) and oxidized glutathione (GSSG) were
eluted using a Shimadzu solvent delivery system (ESA model
580; ESA, Chelmsford, MA, USA) and a reverse-phase C18
column (3 pm, 4.6X150 mm; MCM, Tokyo, Japan). A 20 pl
aliquot of cell extract was directly injected onto the column
using a Beckman Autosampler (model 507E; Beckman Instru-
ments, Fullerton, CA, USA). The metabolites were quantified
using a model 5200A Coulochem II and CoulArray electro-
chemical detection system (ESA) equipped with a dual ana-
Iytical cell (model 5010), a 4-channel analytical cell (model
6210), and a guard cell (model 5020). Glutathione concen-
trations were calculated from peak areas of standard calibra-
tion curves using HPLC software. Results are expressed as
nanomoles per milligram of protein using the BCA Protein
Assay Kit (Pierce, Rockford, IL, USA).

Mitochondria isolation

Mitochondria were isolated from ~20 X 10° cells using the
Qproteome Mitochondrial Isolation Kit (Qiagen, Valencia,
CA, USA) following the manufacturer’s instructions. Briefly,
cells were washed in ice-cold PBS and incubated in lysis buffer
with protease inhibitor (supplied by the kit) for 10 min on an
orbital shaker at 4°C. Samples were centrifuged for 10 min at
1000 gat 4°C, and the pellet was resuspended in a disruption
buffer with protease inhibitor (supplied by the kit). Cells were
disrupted on ice by 10 rounds of aspiration and ejection
through a 21-gauge needle. The lysate was centrifuged for 10
min at 1000 g at 4°C, and the resulting supernatant was
centrifuged at 6000 g at 4°C to pellet mitochondria. Mito-
chondria were washed with ice-cold storage buffer (supplied
by the kit) and centrifuged for 20 min at 6000 gat 4°. Pellets
were snap-frozen on dry ice and stored at —80°C until HPLC
determination of glutathione redox status.

Exposure to oxidative and nitrosative stress

Thimerosal (49% ethyl mercury) is a potent sulfhydryl re-
agent that is well known to induce oxidative stress by binding
to and depleting intracellular-free glutathione (47). Each cell
line was cultured in 24-well plates at 1 X 10° cells/ml in 2 ml
Ca-Mg-free PBS and exposed to 5 replicates of thimerosal at
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final concentrations of 0, 0.156, 0.312, 0.625, 1.25, and 2.5
pwM. After a 3-h incubation in the 37°C CO, incubator, cells
were harvested with the cell dissociation buffer, washed in 10
ml ice-cold PBS, transferred to 1.5-ml tubes, and centrifuged
at 250 gat 4°C for 10 min. The pellets were snap-frozen on dry
ice and stored at —80°C until HPLC analysis. Because exces-
sive nitric oxide exposure can deplete intracellular glutathi-
one (48, 49), an additional experiment evaluated GSH redox
response to acute nitric oxide exposure. SNAP is a nitrothiol
derivative that generates nitric oxide under physiological
conditions and was used to induce nitrosative stress. In a
12-well plate, 1 X 10° cells/well in 4 ml PBS were incubated
30 min in 37°C incubator with or without 1 mM SNAP. Cells
were harvested for HPLC analysis as described for thimerosol
exposure.

Intracellular reactive oxygen species (ROS) detection

DCF is a membrane-permeable ROS-sensitive fluorescent
probe that does not fluoresce until it is oxidized by intracel-
lular free radicals. The intensity of DCF fluorescence is
directly proportional to the level of free radical oxidation.
Each week, 1 autistic and 1 control cell line were plated at 5 X
10° cells/ml in T25 flasks and cultured for 2 d in phenol
red-free RPMI 1640 medium supplemented with 10% FBS
and 1% penicillin/streptomycin. The cells were harvested,
washed in Ca-Mg-free PBS, and transferred to a 12-well plate
at 5 X 10° cells/ml. The cells were then loaded with 1 wM
DCF for 30 min in the 37°C CO, incubator. The cells were
harvested with cell dissociation buffer and washed once in
Ca-Mg-free PBS. Each cell line was resuspended in Ca-Mg-free
PBS at 5 X 10* cells/100 pl at thimerosal concentrations
described above and plated in replicates of 5 in a 96-well
plate. After 15 min in the incubator, the plate was placed in
a Gemini XPS Microplate Spectrofluorometer (Molecular
Devices, Sunnyvale, CA, USA), and the increase in fluores-
cence intensity was monitored at 37°C for 4 h at an excitation
wavelength of 490 nm and an emission wavelength of 530 nm.

Mitochondrial membrane potential

Pairs of autistic and control LCLs were washed with PBS, and
1 X 10° cells/well in a total volume of 1.5 ml were plated into
24-well plates and incubated for 30 min with or without
0.5-1.0 mM SNAP in 0.5M HCIL. Cells were harvested and
incubated with the mitochondria-specific fluorescent dye JC-1
for 15 min at 37°C. JC-1 is a lipophilic cationic dye that
accumulates in mitochondria in a membrane potential
(Aym) -dependent manner. In cells with high mitochondrial
membrane potential, JC-1 selectively enters the mitochon-
dria, where it forms aggregates with a high red/green (FL2/
FL1) fluorescence intensity. Membrane depolarization can be

TABLE 1. Intracellular glutathione redox status

quantified as a reversible decrease in the percentage red/
green fluorescence, which can progress to green monomers
as the cells become apoptotic. Before analysis by flow cytom-
etry, cells were washed twice in assay buffer. JC-1-dependent
fluorescence changes were recorded using a Partec Cy-Flow
flow cytometer (Gorlitz, Germany) using 488-nm excitation
wavelength with 530/30-nm (FL1, green) and 585/42-nm
(FL2, red) emission filters. For each analysis, the fluorescence
properties of 10,000 cells were collected, and the respective
gates were defined based on baseline red/green fluorescence
without SNAP for each sample. The data were analyzed using
the FCS Express software (De Novo Software, Los Angeles,
CA, USA).

ATP measurement

1 X 10° viable cells were resuspended in 500 wl PBS with or
without 1 mM SNAP and incubated in the 37°C CO, incuba-
tor for 30 min. ATP was extracted by adding 4.5 ml boiling
100 mM Tris-HCl and 4 mM EDTA, pH 7.75, and the sample
was boiled in a 100°C water bath for 3 min. Samples were
centrifuged at 1000 gfor 60 s, and the supernatant was placed
on ice until ATP measurement. The quantity of ATP was
measured in a luminometer (LMAX II luminometer, Molec-
ular Devices) using the ATP Bioluminescence Assay Kit CLS IT
(Roche Diagnostics, Mannheim, Germany) as directed by the
manufacturer. A standard curve of ATP concentration was
obtained by serial dilutions of a 2 uM ATP solution (raw data
in relative light units). ATP concentration was expressed as
nanomoles per 1 X 10° cells, calculated from a log-log plot of
the standard curve.

RESULTS

Glutathione redox status in whole-cell extracts
and mitochondria

Table 1 presents the relative concentrations of fGSH,
GSSG, the percentage oxidized glutathione, and the
glutathione redox ratio in whole-cell extracts and in
isolated mitochondria from control and autistic LCLs.
The percentage oxidized glutathione is expressed in
glutathione equivalents as 2GSSG/ (fGSH+2GSSG). Rel-
ative to control cells, cell extracts derived from autistic
individuals showed a significant decrease in intracellu-
lar fGSH concentration associated with a significant
increase in GSSG. Calculated percentage oxidized glu-
tathione equivalents was increased (P=0.003), and the
GSH/GSSG redox ratio was decreased to ~60% that of

Group fGSH (nmol/mg protein) GSSG (nmol/mg protein) Oxidized GSH (%) fGSH/GSSG
Whole-cell extract
Control 26.48 = 3.5 0.287 = 0.07 22+ 0.7 99.14 = 33.5
Autism 21.72 = 4.3 0.356 = 0.06 3.2=*0.6 61.81 = 10.6
P value 0.021 <0.001 0.003 <0.001
Mitochondria
Control 2.64 + 0.7 0.258 = 0.12 15.8 = 4.6* 11.63 = 3.9
Autism 1.75 £ 0.3 0.366 = 0.11 29.1 = 4.7 5.06 = 1.3
P value 0.001 0.059 <0.001 <0.001

Percentage oxidized GSH equivalents was calculated as 2GSSG/(GSH+2GSSG). n = 10/group.
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the control cell ratio (P<0.001). In mitochondria iso-
lated from the autism LCLs, GSH levels were also lower
(P<0.001) and GSSG levels higher (P=0.059), result-
ing in a f{GSH/GSSG redox ratio that was ~50% that of
control mitochondria (11.6 wus. 5.06; P<0.001). The
percentage oxidized glutathione was almost 2-fold
higher in mitochondria from autism cells compared
to control (29.1 wvs. 15.8; P<0.001). Comparing
whole-cell extracts with mitochondria, f{GSH levels in
the mitochondria were ~10% that of the whole-cell
extracts in both cell lines, whereas the cellular and
mitochondrial GSSG concentrations were approxi-
mately the same in both cell lines. In control cell
extracts, the f{GSH/GSSG redox ratio was 99.4, confirm-
ing previous observations that GSSG content was ~1%
that of the fGSH concentration (50). In contrast, the
fGSH/GSSG ratio in the control mitochondria was only
11.6 and reflects the 10-fold lower GSH levels in
mitochondria relative to the whole-cell extracts.

Intracellular free radical production
with thimerosal-induced oxidative stress

The relative rate of intracellular free radical production
in autistic and control cell lines was assessed by mea-
suring the V, ..  (relative fluorescence units/s) gener-
ated by oxidized DCF 3-4 h after preloading the cells
with DCF. Figure 1 presents DCF fluorescence mea-
sured in 6 different cell lines/group before (baseline)
and after the addition of increasing doses of thimero-
sal. A significant difference in mean free radical pro-
duction (DCF fluorescence) between autistic and con-
trol cell lines was observed at baseline, and this
difference was maintained as thimerosal concentration
was increased. However, the magnitude of the fluores-
cence increase with thimerosal exposure was similar
between control and autistic cells and was primarily
defined by the difference in fluorescence at baseline
without thimerosal.

Alteration in glutathione redox status with
thimerosal-induced oxidative stress

Figure 2A shows the intracellular levels of fGSH/mg
protein in LCLs derived from autistic and control
individuals at baseline (PBS) and after a 3-h exposure

TABLE 2. Glutathione redox status with nitrosative stress

900 7 O Control
800 { MAutistic
700 -
600 -
500 -
400 A
300 -
200 -

Vmax DCF Fluorescence

100

0 T T T T
0 0.3 0.6 1.25 25

Thimerosal Concentration (umol/L)

Figure 1. Relative rate of intracellular free radical production
in autistic and control cell lines is presented as mean * sp
DCF fluorescence measured in 6 different cell lines/group
before (baseline) and after the addition of increasing doses of
thimerosal.

to increasing doses of thimerosal. Intracellular GSH
concentrations were significantly lower in the autistic
cells at baseline and with each increment of thimerosal
(P<0.01). Dose-response trend analysis indicated that
fGSH was significantly decreased as a function of
thimerosal dose with first-order kinetics in both control
(P<0.003) and autism (P<0.001) LCLs. In Fig. 2B, the
GSSG concentrations from the same cell extracts were
significantly higher in the autistic cells at baseline and
after exposure to 0.15 and 0.3 wM thimerosal (P<0.05)
but were not statistically different at the higher doses of
thimerosal and did not display a dose-response trend.
As shown in Fig. 2C, this may be partially explained by
the greater GSSG export from the cytosol to the
medium by the autism cells. Figure 2D shows the
significant reduction in the GSH/GSSG redox ratio in
autism compared to control cells at baseline and with
increasing doses of thimerosal (P<<0.02). The GSH/
GSSG redox ratios exhibited a highly significant
dose-response trend with increasing thimerosal dose
in control and autism LCLs (P<0.001). The inset to
Fig. 2D shows that a similar decrease in GSH/GSSG
ratio was obtained when the thimerosal concentra-
tion was reduced from micromolar to the nanomolar
range, and exposure time was increased from 4 h
(kM) to 24 h (nM).

Group fGSH (nmol/mg protein) GSSG (nmol/mg protein) Oxidized GSH (%) fGSH/GSSG
Control
PBS 235 £ 45 0.19 = 0.04 1.6 =05 115.0 = 38
SNAP 18.3 £ 4.1 0.48 = 0.30 49 +20 45.5 + 23
P value 0.01 <0.001 <0.001 <0.001
Autism
PBS 19.8 £ 4.1* 0.26 = 0.08%* 2.7 = 0.5% 79.9 * 16.8%
SNAP 174 £ 3.9 0.51 = 0.35 5.7 4.0 43.7 + 20.1
P value 0.20 0.04 0.03 0.04
*P < 0.04 vs. control.
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Figure 2. Baseline concentrations without the addition of thimerosal and after a 3-h exposure to increasing concetrations of
0.15-2.5 pM thimerosal. A) Intracellular free glutathione. B) Intracellular GSSG. C) Extracellular (medium) GSSG.
D) Intracellular GSH/GSSG redox ratio. Inset: GSH/GSSG ratio after 24 h exposure to 10-160 nM concentrations of

thimerosal.

Glutathione redox status with nitrosative stress

To determine whether exposure to nitrosative stress
in vitro would alter intracellular glutathione redox
status, LCLs from autistic and control individuals were
exposed to PBS (baseline) or 1 mM SNAP for 30 min
before extraction and HPLC analysis. As shown in
Table 2, nitrosative stress significantly decreased fGSH
and the GSH/GSSG ratio in the control cells while
significantly increasing GSSG and the percentage oxi-
dized glutathione equivalents. In the autistic cell lines,
GSSG levels and the percentage oxidized glutathione
were increased with SNAP exposure, and the GSH/
GSSG redox ratio was decreased (P=0.04). There were
significant differences between control and autism
LCLs in each of the endpoints at baseline (PBS), but no
difference in the magnitude of cell line response to
SNAP exposure (P>0.05).

Mitochondrial membrane potential

The percentage decrease in JC-1 red/green fluores-
cence is proportional to the degree of mitochondrial
membrane depolarization. As shown in Fig. 34, the
mean shift in percentage JC-1 red/green fluorescence
after 30 min SNAP exposure was significantly greater in
autism LCLs relative to control. In Fig. 3B, two repre-

GLUTATHIONE REDOX IMBALANCE IN AUTISM

sentative fluorograms from autism and control cell
pairs suggest that membrane depolarization with nitro-
sative stress was partial and did not induce a complete
membrane collapse as would be expected with a severe
apoptotic insult. In a separate experiment, membrane
depolarization with SNAP exposure was found to revert
back to baseline levels after 24 h (data not shown),
which suggests that the nitrosative stress was transient.

Cellular ATP concentration

Baseline ATP levels in whole-cell extracts were not
significantly different between autistic and control cell
lines, as shown in Fig. 4. Exposure to 1 mM SNAP for 30
min resulted in a significant decrease in ATP levels in
both control and autistic cell lines (P=0.03 and 0.002,
respectively), although there was no difference in the
magnitude of ATP decrease between the two cell lines.

DISCUSSION

The glutathione redox ratio (GSH/GSSG) and the per-
centage oxidized glutathione equivalents are dynamic
indicators of cytosolic and mitochondrial redox status
as well as the severity of oxidative stress. The present
findings provide the first evidence that intracellular
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generated by 0.5 mM SNAP (6/group). B) Percentage decrease in JC-1 red/green fluorescence in two autism and control
cell pairs at baseline and after SNAP exposure as measured by flow cytometry.

redox status is compromised in LCLs derived from
autistic children and that the redox status of isolated
mitochondria is similarly compromised. In isolated
mitochondria from the autism LCLs, a significant de-
crease in GSH and the GSH/GSSG redox ratio was
associated with a significant increase in the oxidized
GSSG disulfide form of glutathione. Further, the per-
centage oxidized glutathione equivalents, which take
into account alterations in the absolute values of GSH
and GSSG, was significantly increased (P<0.001).
These data support and extend previous findings in
extracellular fluids indicating that biomarkers of oxida-
tive stress may be elevated in a subset of autistic
children. Because mitochondria are both the major
source and primary target of ROSs, the decrease in
mitochondrial glutathione redox potential in LCLs
from autistic individuals implies that mitochondrial
antioxidant defense mechanisms are insufficient to
maintain redox homeostasis.

The dynamics of GSH and GSSG transport across the
mitochondrial membrane are the key determinants of
mitochondrial redox status. Mitochondria lack the en-
zymes to synthesize GSH and depend on import from
the cytosol, effectively linking GSH concentrations be-
tween the two functionally distinct compartments.
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Figure 4. Intracellular ATP concentration (nmol/10° cells)
measured after 30-min exposure to PBS or nitric oxide
generated by 1.0 mM SNAP.

6  Vol. 23 August 2009

The FASEB Journal

However, GSSG export as a mechanism to maintain
redox control is very different between the two com-
partments. Cytosolic GSSG is rapidly and efficiently
exported out of the cell under conditions of oxidative
stress (51). In contrast, mitochondria are unable to
export GSSG and must depend on NADPH reducing
equivalents and glutathione reductase enzyme activity
to regenerate GSH in situ (52). Thus, although mito-
chondria generate the majority of ROSs within the cell,
redox control mechanisms are inherently more limited
in mitochondria than in the cytosol. A diminished
capacity to counteract endogenous and exogenous
ROSs renders mitochondria more vulnerable to oxida-
tive damage/dysfunction, which can lead to a feed-
forward cycle of increased ROS generation and an
oxidative stress phenotype.

Although mitochondria are classically associated with
oxidative phosphorylation and ATP synthesis, it is im-
portant to note that these organelles are also essential
for normal calcium homeostasis (53), redox signaling
cascades (54, 55), and regulation of neurotransmission
(56). It is well established that mitochondria are highly
concentrated in presynaptic terminals and that loss of
redox control can negatively affect the efficiency of
neurotransmission and synaptic plasticity (56, 57). Sim-
ilarly, mitochondria localization and redox signaling at
the immunological synapse between lymphocytes and
antigen-presenting cells is required for immune activa-
tion, and localized redox imbalance can disrupt these
signaling pathways (58-60). Thus, it is possible that our
observations of mitochondrial glutathione redox deficit
in the autism lymphoblastoid cell model may have
broader implications for neuronal and immune cell
synaptic efficiency in vivo. Although the present find-
ings in LCLs clearly need to be confirmed in primary
cells from autistic individuals, they provide preliminary
evidence of abnormal mitochondrial glutathione redox
imbalance in an in vitro cell model.

There is scant evidence that autism is associated with
classic mitochondrial disease; however, it is plausible to
propose that subtle deficits in mitochondrial function
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may contribute to the predisposition and pathophysio-
logical expression of autism. If present during critical
developmental periods, mitochondrial dysfunction could
promote synaptic calcium deregulation and disruption of
normal neural network expansion and connectivity that
have been postulated to underlie cognitive/attention
deficits in autism (61, 62). This possibility is supported by
reports of mitochondrial dysfunction and oxidative stress
in the early stages of many other neurobehavioral disor-
ders, including schizophrenia, bipolar disorder, major
depression, and Alzheimer’s disease (63-65).

To evaluate the effect of acute prooxidant stress on
redox homeostasis, LCLs were exposed to increasing
doses of thimerosal (ethyl mercury thiosalicylate), an
established sulfhydryl reagent that rapidly binds to and
depletes intracellular glutathione (47). At baseline, in
the absence of added thimerosal, the constitutive rate
of free radical production (DCF fluorescence) was sig-
nificantly higher in the autism cells and associated with
an increase in GSSG, a decrease in GSH, and the
GSH/GSSG ratio compared to control. With the addi-
tion of thimerosal, GSH and the redox ratio were
significantly decreased as a function of dose with first-
order kinetics in both control and autism cell lines. The
effect of prooxidant thimerosal exposure on each of
these endpoints was consistently greater in the autism
LCLs compared to control with both acute (4 h/mM
thimerosal) and chronic (24 h/nM thimerosal) expo-
sures. Superimposed on a background of increased free
radical generation, it would be expected that the au-
tism cells would reach a toxic threshold sooner and at
a lower dose compared to the control cells. Taken
together, these data indicate that intracellular glutathi-
one redox buffering capacity is intrinsically lower in the
autism cell lines and is more severely compromised
with thimerosal exposure.

Thimerosal was a commonly used antimicrobial pre-
servative in vaccines and pharmaceuticals for many
decades. Questions about the cumulative dose toxicity
with multiple infant vaccines in the 1990s resulted in an
FDA mandate for its removal in 2001 from all infant
vaccines except for the influenza vaccine. Although
experimental evidence for the neurotoxicity and immu-
notoxicity of thimerosal is unequivocal (47, 66, 67), the
potential contribution of thimerosal to the increased
prevalence of autism in the 1990s is a complex issue,
and quantitative ascertainment of incidence from ret-
rospective studies remains controversial. Although cell
models provide insights into mechanism, the extrapo-
lation of thimerosal dose/response characteristics from
artificial, albeit controlled, cell culture conditions to
the complexities of the in vivo cell milieu is tenuous at
best. Nonetheless, based on previous experimental
evidence and the results reported here, it is plausible to
hypothesize that exposures to prooxidant environmen-
tal toxins, including thimerosal, would have the great-
est effect on individuals with a preexisting fragile redox
homeostasis or depleted glutathione reserves due to
concurrent infection, or who are simultaneously exposed
to other prooxidant contaminants that in combination
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can reach a toxic threshold (68). These potentially vul-
nerable subpopulations need to be identified and evalu-
ated independently because large population epidemio-
logic studies do not have the sensitivity to detect minor
high-risk subpopulations.

In a second series of experiments, nitrosative stress
was induced by in vitro exposure to the nitric oxide
generator SNAP. Resting levels of NO in most tissues
are thought to be in the low nanomolar range, with
peak tissue values reaching low micromolar range (1-4
uM) with ischemic stimulation of nitric oxide synthase
(55, 69). Other studies have shown that exposure to 1
M SNAP results in peak NO concentration of 0.54 uM
in 20 min (70). Thus, in our experiments the 30-min
exposure to 0.5-1.0 mM SNAP was within physiological
limits of acute NO release in vivo. Given our finding of
an elevated spontaneous free radical generation in the
autism LCLs, it is likely that SNAP-generated NO
reacted with mitochondrial superoxide to form per-
oxynitrate, a highly reactive and damaging free radical
that is detoxified by glutathione (71). Acute NO expo-
sure induced a decrease in free glutathione concentra-
tions and an increase in oxidized glutathione in both
autism and control LCLs. Similarly, NO exposure de-
creased intracellular ATP to comparable levels in both
autism and control LCLs, which suggests that the
adaptive response to acute nitrosative stress is intact in
the autism LCLs.

In the mitochondria, NO is generated from mito-
chondrial nitric oxide synthase (mNOS) and is an
important regulator of mitochondrial energy metabo-
lism. Previous studies have shown that NO induces a
reversible and concentration dependent inhibition of
complex I (NADH dehydrogenase) and complex IV
(cytochrome ¢ oxidase) in response to acute oxidative
stress (72, 73). This adaptive response arrests electron
transfer to prevent additional ROS generation and
oxidative damage. Although reduced, sufficient levels
of ATP are maintained in most cell types because
NO-mediated down-regulation of aerobic metabolism
triggers a concomitant up-regulation of anaerobic gly-
colysis (74). Notably, astrocytes possess this adaptive
protective mechanism, but neurons do not (75). Ro-
bust compensatory glycolytic capacity in both autism
and control LCLs may explain why viability was not
affected by acute NO exposure and why ATP levels in
both cell lines were similarly affected by SNAP expo-
sure. Although not measured in the present study,
chronic or severe nitrosative stress can promote irre-
versible respiratory arrest, glutathione depletion, oxi-
dative damage, and cell death (76, 77).

Nitric oxide is well known to disrupt mitochondrial
respiration and membrane potential in both neurons
and peripheral lymphocytes and may be a common
response to inflammation in both cell types (70, 78). In
neurons, acute subtoxic doses of NO have been shown
to induce a rapid reversible depolarization of mito-
chondrial membrane potential associated with calcium
dysregulation and partial ATP depletion (70, 79).
These changes in mitochondrial membrane potential



and energy metabolism with acute NO exposure have
been attributed to reversible inhibition of cytochrome ¢
by nitrosylation. In cardiomyocytes, reversible changes
in mitochondrial membrane potential are initiated by
decreases in GSH/GSSG redox status (80). These ob-
servations in other cell types may offer insights into the
increased sensitivity of the autism LCLs to acute mito-
chondrial membrane depolarization compared to con-
trol LCLs.

A potential role of subclinical mitochondrial dysfunc-
tion and altered redox homeostasis in a subset of
children with autism has been previously proposed (40,
81, 82). Within the limitations of an in vitro cell model,
the baseline differences in intracellular and mitochon-
drial glutathione redox status in autism and control
LCLs cultured under identical conditions would sup-
port this possibility. Although the control cell donors
were young adults, it is highly unlikely that the observed
decrease in glutathione redox status and mitochondrial
function could have been due to a relative age effect
because these parameters are well established to de-
crease with age (84-87). Because reduced levels of
glutathione and biomarkers of oxidative stress have
been implicated in pathophysiology of several other
neurobehavioral disorders (3, 4, 83), further investiga-
tion of redox status and metabolism in primary cells
and other experimental models of autism may lead to
better understanding of mitochondrial gene-environ-
ment vulnerabilities associated with this complex
disorder.
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