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Analysis of reactive oxygen species and antioxidant defenses in complex
I deficient patients revealed a specific increase in superoxide dismutase
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Abstract

The mechanism of free radical production by complex I deficiency is ill-defined, although it is of significant contemporary
interest. This study studied the ROS production and antioxidant defenses in children with mitochondrial NADH
dehydrogenase deficiency. ROS production has remained significantly elevated in patients compared to controls. The
expression of all antioxidant enzymes significantly increased at mRNA level. However, the enzyme activities did not correlate
with high mRNA or protein expression. Only the activity of superoxide dismutase (SOD) was found to correlate with higher
mRNA expression in patient derived cell lines. The activities of the enzymes such as glutathione peroxidase (GPx), Catalase
(CAT) and glutathione-S-transferase (GST) were significantly reduced in patients (p <0.05 or p<0.01). Glutathione
reductase (GR) activity and intracellular glutathione (GSH) levels were not changed. Decreased enzyme activities could be
due to post-translational or oxidative modification of ROS scavenging enzymes. The information on the status of ROS and
marking the alteration of ROS scavenging enzymes in peripheral lymphocytes or lymphoblast cell lines will provide a better
way to design antioxidant therapies for such disorders.
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Introduction radicals and aldehydic lipid peroxidation products in
skin fibroblasts of patients with mitochondrial com-
plex I deficiency [4,5]. Several studies have shown
that the increase of endogenous oxidative stress
elicited by impairment of respiratory chain function
plays an important role in the pathogenesis and
progression of mitochondrial diseases [6,7]. ROS

) ) ) ) levels are controlled by a set of enzymes within the
Thus, both the impairment of respiratory chain and  .o|j known as the antioxidant enzyme system. Mito-

the increased ROS production are associated with the  hondrial pathogenesis and related neurodegenera-
pathophysiology of mitochondrial disorders [2]. The  iye disorders have been correlated with alteration in
secondary consequences of elevated ROS levels are these enzymes. An antioxidant defense system is
the formation of lipid peroxides, increase in hydroxyl impaired and resultantly oxidative damage of DNA

Mitochondrial encephalomyopathies form a group of
heterogeneous disorders that are caused by defects in
respiration and the oxidative phosphorylation system
[1]. Dysfunction of the respiratory chain may lead to
increased electron leak and over-production of reac-
tive oxygen species (ROS) in mitochondria [2-4].
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is enhanced in skeletal muscle of patients with
mitochondrial disease [5,7,8]. It has been shown
that the activities of free radical scavenging enzymes
are impaired in the affected tissues of patients with
mitochondrial disorders (PhD thesis, Chig yu lu,
Yakes FM, et al. 1997). Besides, a lot of information
is available regarding ROS and its causative presence
in various disorders.

Numerous studies have described i virro genera-
tion of free radicals by isolated mitochondria under
controlled conditions [9-11]. Pitkanen and Robinson
[12] have studied the superoxide production in
isolated mitochondria of skin fibroblasts from pa-
tients with complex I deficiency and have shown its
correlation with function of mitochondrial enzyme
MnSOD. To gain a broader perspective of the
consequences of respiratory chain deficiency upon
the status of ROS production and the status of ROS
scavenging enzymes, we investigated transcriptional,
translational and activity responses of major antiox-
idant enzymes in complex I deficient lymphoblast
cell lines established from paediatric patients with
mitochondrial encephalomyopathies. The complex I
deficiency in these patients was confirmed by spectro-
photometry [13] and by in-gel activity staining.
Further, we measured the basal levels of ROS,
glutathione and antioxidant defensive enzymes, e.g.
superoxide dismutase (SOD), Catalase (CAT), glu-
tathione peroxidase (GPx), glutathione reductase
(GR) and glutathione S-transferase (GST). We also
measured the same parameters for all cell lines in the
presence of tert-butyl hydroperoxide (tBHP) added
in the culture medium. Tert-butyl hydroperoxide is
one of the most common pro-oxidant agents used to
evaluate the effects of oxidative stress [14] and
sensitivity of various enzymes/cell membrane struc-
tures to oxidative damage. The cell lines used were
from six patients who displayed complex I defect.
These cell lines were genotyped based on the variants
previously identified by us in their mitochondrial
genomes designated as G4812C, TI11916A,
T4216C, T3866C, C4640A and T3394C [13].

Materials and methods
Materials

All reagents (NADPH, pSNADH, pyrogallol,
ficoll, tBHP, Diethylene triamine pentaacetic acid
(DTPA), reduced and oxidized glutathione); enzymes
(Glutathione reductase, Superoxide dismutase
(SOD)), CAT, Glutathione S transferase and Kkits
(AnnexinV-FITC apoptosis detection kit) were pur-
chased from Sigma (USA). Superscript II reverse
transcriptase enzyme, 2’, 7° Dichlorofluorescin-
diacetate (H,-DCFDA), Dihydroethidium (DHE)
and Dihydrorhodamine (DHR) were from Molecular
Probes (Invitrogen, USA).

Complex I deficient cell lines

Lymphoblast cell lines established from three con-
trols and six paediatric patients with mitochondrial
encephalomyopathies showing complex I deficiency
were taken for analysis. Lymphocytes were separated
by ficoll-percoll gradients as described earlier [13].
Cells were transfected with EBV and cultured until
transformed and established. The cell lines were
maintained in RPMI 1640 medium containing 10%
heat inactivated foetal bovine serum.

Isolation of mitochondria and BN-PAGE

Mitochondria were isolated from at least 1 x 10% cells
using mitochondria isolation kit (Pierce) as per
manufacturer’s protocol. Blue native gel electrophor-
esis (BN-PAGE) of mitochondrial fractions (100 pg
protein/lane) and mitochondrial complex-I in-gel
activity staining was performed as previously de-
scribed [15]. Mitochondrial fractions isolated from
cultured lymphoblast cell lines were electrophoresed
through a 5-12% BN-PAGE gel and the activity of
complex-I in the gel was defined according to the
intensity of the colour reaction resulting from the
reduction of nitrotetrazolium blue by the dehydro-
genase portion of the enzyme. Deamino-NADH was
used as an electron donor in the reaction. Transfer-
ring the proteins from BN-PAGE gel to polyvinyli-
dine difluoride (PVDF) membranes and using
complex I specific 39kDa antibody for immunoblot-
ting assessed mitochondrial complex I assembly.

Tert-butyl hydroperoxide treatment

The cells were centrifuged at 300 g for 5 min and re-
suspended in fresh medium. To this 20 pm of tBHP
was added in control and patient cells, incubated at
37°C for 30 min. Cells were washed twice with PBS
and used for either protein extraction or stained with
ROS specific dyes for FACS analysis.

Measurement of reactive oxygen species (ROS)

Intracellular steady state levels of ROS were carried
out on living cells using three different ROS specific
probes: Dichlorofluorescin-diacetate (H,-DCFDA),
dihydro rhodamine (DHR) and Dihydroethidium
(DHE) [16]. DCFDA is specific for hydrogen perox-
ide (H,O,) and is de-acetylated inside the cell.
The subsequent oxidation by intracellular oxidants
yields a fluorescent product, 2’, 7’-dichlorofluorescin
(DCF). Dihydro-ethidium (DHE) is specific for
superoxide free radical (O; ), whereas dihydro-
rhodamine (DHR) is used to detect hydroxyl
(OH), nitrogen dioxide (NO,) and peroxynitrite
(ONOO ) free radicals. Cells were collected and
centrifuged for 5 min at 300 g. The pellet was washed
once with PBS and then resuspended again in 1 ml
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PBS, incubated with 10 pm DCFDA, 1 pum DHE or
10 pm DHR in separate experiments for 30 min at
37°C. The cells were washed and then suspended
(1 x 10%/ml PBS) and analysed immediately by flow
cytometry. DCFDA and DHR were excited at 488
nm and emitted fluorescence was analysed at 525 nm
using FACS vantage SE system (BD Biosciences).
DHE was excited at 535 nm and emission was
measured at 610 nm.

Dead cells were excluded by electronically gating
the data on the basis of forward- vs side-scatter
profiles; a minimum of 1 x 10* cells of interest were
analysed further. Mean log of fluorescence intensity
(MFI) values were obtained by the CellQuest Pro-
software program (BD Biosciences).

Reverse transcription and quantitative PCR

RNA (5 png) was reverse transcribed to cDNA using
random hexamer primers and the Superscript II
reverse transcriptase (Invitrogen). Quantitative PCR
was performed using 7300 Real Time PCR System
(Applied Biosystems) and Power SYBR Green PCR
master mix supplied by Applied Biosystems. The
conditions for the amplification of copper zinc super-
oxide dismutase, manganese superoxide dismutase,
catalase, glutathione peroxidase and glutathione S-
transferase and the normalization gene, 18S riboso-
mal RNA, were as follows: denaturation step at 95°C
for 10 min followed by 40 cycles consisting of
denaturation at 95°C for 15 s, a common step for
annealing and elongation at 60°C for 60 s. At the end
of the PCR, the samples were subjected to melting
curve analysis. All reactions were performed thrice in
triplicate. The primer sequences for all antioxidant
enzymes were designed based on information from
previous publications [17].

Western blot analysis

Cells were lysed in radioimmunoprecipitation (RIPA)
buffer and sonicated for 1 min to shear the DNA. An
equal amount of protein (40 pg/lane) for each sample
was separated by SDS-PAGE (12% acrylamide) and
transferred to PVDF membrane. The membrane was
blocked in 5% (w/v) BSA in 0.02 m Tris-buffered
saline with 0.1% (v/v) Tween-20 for 2 h at room
temperature (RT). After incubation for 2 h at RT
using 1:2000 dilution of primary antibody to
MnSOD (Sigma, USA), membranes were probed
with horseradish peroxidase-conjugated secondary
antibody (Bio-Rad, USA). Bound antibody was
visualized using an ECL reagent (Amersham Bios-
ciences, USA). Densitometry analysis of Western blot
signal was performed using Quantity-One software
(Bio-Rad).
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Enzyme activity assays

SOD enzyme assay. Cells (10"-10%) were sonicated on
ice for 4 min (20 s x 4 strokes at amplitude of 40 and
1 min delay between each stroke) in ice-cold 50 mm
potassium phosphate buffer (pH 7.4) and centrifuged
for 10 min at 12000 g at 4°C. The supernatant
obtained was used for activity analyses. Total super-
oxide dismutase (SOD) activity was examined ac-
cording to the method described earlier [18]. This
assay is based on the ability of SOD to scavenge
superoxide anion radical (O5 ), which decreases the
overall rate of pyrogallol autoxidation. In brief, a
50 pl cell extract (300 pg protein) was added to
937 ul of 50 mm Tris-HCL buffer (pH 8.2) contain-
ing 1 mm DTPA. The reaction was initiated by the
addition of 13 pl of 10 mm pyrogallol and the change
in absorbance at 420 nm was recorded for 3 min.
SOD activity was calculated as units per milligram of
protein, with 1U of SOD defined as the amount that
inhibited the rate of pyrogallol autoxidation by 50%.

Glutathione peroxidase (GPx) assay. Cell extract was
prepared as described for the SOD assay. GPx
activity was examined in the supernatants by tert-
butyl hydroperoxide dependent method described
earlier [19]. The assay is based on the oxidation of
reduced glutathione (GSH) by GPx coupled to the
disappearance of NADPH by glutathione reductase
(GR). In brief, the following solutions were pipetted
into 1 ml cuvette: 500 pl 0.1 M phosphate buffer (pH
7.0), 100 pl enzyme sample (cell extract), 100 pl GR
(0.24 U) and exactly 100 pl of 10 mm GSH. The
mixture was pre-incubated at 37°C for 10 min.
Thereafter, 100 I NADPH solution was added
and hydroperoxide-independent consumption of
NADPH was monitored for 3 min. Adding 100 pl
of pre-warmed tBHP solution (12 mm) started the
overall reaction and the decrease in absorbance at 340
nm was monitored for 5 min. The non-enzymatic
reaction rate was estimated by replacing the enzyme
sample by buffer. The difference in final and initial
absorbance was used to calculate enzyme activity.
The rate of decrease in Ao was converted to the
activity using the following formula:

1 milliunit/ml = 1 nmol of NADPH/min/ml
= AA340/min/0.00622
whereas 0.00622 is the extinction coefficient of

NADPH. Specific activity was calculated as activity
per mg or per Lg protein.

Glutathione S-transferase (GST) activiry. GST activity
was assayed in the cell lysates as described earlier
[20]. Briefly, 25 pg protein was incubated in 50 mm
KH,PO, buffer pH 6.5, 1 mmMm GSH and 0.25 mm
1-chloro-2,4-dinitrobenzene. The reaction was fol-
lowed for 2 min at 37°C at 340 nm and GST activity
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was calculated using an extinction coefficient of
9.6 mm~‘em ™' [21].

Other enzyme assays. GR and CAT activities were
measured by using sigma kits as per the manufac-
turer’s instructions. The activity calculations were
done as per the formulae given in the kit manuals.

CuZnSOD ELISA

An ELISA was used for the detection of protein levels
of CuZnSOD in cell homogenates. Antibody was
obtained from Sigma (USA). Measurements were
performed in triplicate.

Glutathione estimation

Glutathione estimation was performed using a
glutathione assay kit available from Sigma. The
sample preparation and calculations were carried
out as per manufacturer’s instructions provided in
the kit manual.

Protein estimation

Protein concentrations were estimated by the Brad-
ford method using Bio-Rad protein assay kit (Bio-
Rad, USA).

Statistical analysis

All experimental values represent the mean of at least
three independent determinations. Data are ex-
pressed as +SD and statistical significance was
measured with a parametric student’s z-test. Statis-
tical significance is given as asterisks; **p < 0.05 and
*»<0.01.

Results

Investigation of respiratory chain complex I defect in
cultured cells

A total of six complex I deficient lymphoblast cell
lines established from patients with mitochondrial
encephalomyopathies were investigated for ROS
production and status of antioxidant defensive en-
zymes. The clinical features and laboratory findings
for all the patients are described in Table I. Blue
native PAGE and spectrophotometric analysis of
respiratory chain enzymes showed a decreased activ-
ity of rotenone sensitive NADH dehydrogenase en-
zyme in these cell lines (Figure 1). From Figure 14, it
is clear that the complex I defect is severe in cell lines
with mutations G4812C, T4216C, T11916A and
T3394C, whereas it is partial in remaining two cell
lines having T3866C and C4640A mutations, re-
spectively, which was also confirmed by western blot
analysis (Figure 1B). Cytochrome C oxidase and
succinate-cytochrome ¢ reductase activities were
either normal or in some cases slightly elevated [13].

ROS production

FACS analysis of cells for ROS production showed a
~ 1.3-fold increase in H,O, and reactive nitrogen
species (NO,, ONOO") in patient cells determined
by DCF and DHR staining. Patient cells in compar-
ison to controls observed an ~ 1.5-fold increase in
O, production, which was calculated by DHE
fluorescence. Cell line T3394C and T3866C showed
the maximum ROS production for all three species
tested compared to C4640A, T4216C and G4812C
cells. Cells treated with tBHP had a ~ 1.5-fold in-
crease in H,O, and 2-fold increase in O, production.

Table I. Clinical symptoms and laboratory findings of six patients with childhood mitochondrial encephalopathies.

Blood CSF Age Expected
Mutation Clinical symptoms lactate* lactate* (years) Sex disorder
G4812C  Progressive loss of vision since 7-8 months, bilateral optic atrophy, in ND 28.8 7 Male  Encephalopathy
fundus also
T3866C Loss of vision, MRI showing a focal lesion displaying, restricted 26.2 ND 7 Female Encephalopathy
diffusion in the splenium of corpus callosum, high signal in the
cerebellar cortex, demyelination and ischemic aetiology
T3394C Loss of peripheral vision in both eyes. MRI showed a focal lesion 26.2 ND 4 Female Encephalopathy
displaying, and restricted diffusion in the splenium of corpus callosum.
High signal in the cerebellar cortex on DW images. Differential
diagnosis: demyelination and ischemic aetiology
T11916A Muscle weakness, regression of motor and mental milestones, 47.5 46.7 2.5 Female Leigh’s like

Abnormal eye movements. MRI spectroscopy shows lactate peak in the

basal ganglia and adjacent white matter

C4640A Abnormal symmetrical signal intensity in areas bilateral caudate nuclei ND 36.1 4 Male  Leigh’s disease
and lentiform nuclei. Similar areas in cerebral peduncles aqueductal
region and medullary pyramid

T4216C  Seizures, leukodystrophy, MRI showing white matter abnormalities in ND 22 0.3 Female Encephalopathy
cerebral hemispheres, frontal, parietal and temporal lobes. EEG
suggestive of epileptiform activity over right cerebral hemisphere

ND =not determined, CSF =cerebrospinal fluid. *Normal level for CSF and blood lactate is 10.8-18.9 mg/dL.
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B control T3866C C4640A Control T11916A T4216C
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T4216C T11916A T3394C Control

Control T33%4C G4812C

Unassembeled complex

sub complex

Figure 1. BN-PAGE in-gel activity assays performed using 100 pg of lymphoblast mitochondrial protein loaded on to the gel for both
controls and patients. (A) BN-PAGE results showing severe complex I defect in four patients and partial complex I defect in two cell lines.
(B) Western blot showing impaired complex I assembly in patients with mutation T3394C and T11916A. However, the assembly was not

hampered much in other patients.

Tert-butyl hydroperoxide treatment resulted in an
elevation of ROS in both control as well as in patient
cell lines. Figure 2 shows that ROS production
increased significantly in the patient cell lines (p <
0.01) than controls. We confirmed the cytotoxic
effects of tBHP by annexin V and propidium iodide
staining by FACS analysis and we found that tBHP
did not cause any cell death at a final concentration of
20 yum in the medium.

Expression of antioxidant enzymes

The steady-state level of intracellular ROS depends
upon the balance between rates of ROS generation
and detoxification. A crucial role in determining ROS
cellular homeostasis is played by the antioxidant
defense system within the cell. Therefore, detailed
analysis of soluble glutathione levels and enzymatic
defenses (SOD, CAT, GPx, GR and GST) were
performed for six patient derived (complex I defi-
cient) and three control lymphoblast cell lines.
Expression of antioxidant enzymes at mRNA level
showed an increase in almost all antioxidant enzymes.
A 1.2-1.5-fold increase in MnSOD and 1.1-1.5-fold
increase in CAT, GST and GPx expression were
observed in patient derived cell lines (Table II).
However, CuZnSOD mRNA levels were increased
1.2-1.4-fold in only two patient cell lines with

mtDNA genotypes T3394C and T11916A, whereas
the mRNA expression for the other four patient
derived cell lines was similar to that of the control
cells (Table II).

Because mRNA levels may not necessarily reflect
the corresponding protein levels, we have also in-
vestigated the protein contents of MnSOD by wes-
tern blot and CuZnSOD by ELISA. Densitometry
analysis of the blots showed higher protein concen-
trations of MnSOD in patient cells with respect to
controls, the difference is quite significant (p < 0.01)
in two cell lines with mtDNA genotypes T3394C and
T11916A (Figure 3). The antibody used specifically
detected MnSOD protein of molecular size 21 kDa.
The protein contents of CuZnSOD as determined by
ELISA represent absolute values and are given in
nanograms per milligram of total protein. However,
there were no significant differences in the protein
levels for CuZnSOD between control and patient
group (Figure 4). These results were in congruence
with the mRNA expression data. Determination of
protein expression for other antioxidant enzymes was
not performed due to technical problems.

Activities of antioxidant enzymes

The activities were not correlating with higher mRNA
and protein expression for antioxidant enzymes
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other than SOD. Only SOD activity was in agreement
with mRNA or protein levels and significantly ele-
vated in complex I defective cell lines (Table III).
Intracellular GSH levels were not changed signifi-
cantly and were slightly elevated in tBHP treated
conditions (Figure 5).

The activities of the glutathione-related enzymes,
GPx and GR are shown in Table III. GPx and GR are
crucial antioxidant defenses as GPx transforms H,O,
to H,O by coupling the oxidation of GSH to GSSG
and GR mediates the reduction of GSSG to GSH.
Total GPx activity measured in complex I defective
cells was less than half of the activity present in
controls. In contrast, GR activity was not significantly
different from controls in both untreated and tBHP

treated conditions. When we assessed the activity of
CAT, a significant decrease (p < 0.05) of this enzyme
was observed in complex I defective cells (Table III).
GST enzymes metabolize xenobiotics as well as
aldehydes, endogenously produced during lipid per-
oxidation by conjugation with GSH. Moreover, some
GSTs also show glutathione peroxidase like activity
[22]. GST activity was decreased to a similar extent as
that of GPx in patient cells.

Incubation in the presence of tBHP caused a
dramatic loss in CAT, GPx and GST activities.
This decrease ranged from 50-60% in patients
compared to that of controls. However, as seen
from Table III, the SOD activity in patient cell lines
was not affected by tBHP incubation and the activity
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still remained significantly higher (~1.2-1.3-fold)
than controls.

Discussion

The clinical data shown in Table I indicated that the
above patients with mtDNA mutations previously
reported by us had a typical mitochondrial disease.
All these patients had either a severe or partial
complex I deficiency, but whether this deficiency
was because of these mtDNA mutations remains to
be determined. As respiratory chain is an important
source of ROS production, a defective respiratory

chain may lead to an alteration in cellular ROS levels
and thereby play an important role in disease
progression and varied clinical phenotypes.

In this study, we demonstrated that ROS produc-
tion is invariably high in complex I deficient lympho-
blast cells established from these patients. Previous
studies have also reported that complex I alone or
along with complex III is the major source of ROS in
cells [23-25]. Mutations in individual sub-units of
complex I or III can also lead to a similar situation.
The rate of O, formation by the respiratory chain is
controlled by mass action and increases when the
electron flow slows down [24]. Defectively assembled
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Figure 2. ROS production measured by flow cytometry in control and complex I deficient cell lines using the ROS-sensitive probes
DCFDA, DHE and DHR (A) H,O, production measured by DCF fluorescence (B) O, production (C) OH', NO, or ONOO

production.

complexes of the electron transport chain will have
same adverse effects. Therefore, in complex I defi-
ciencies, high ROS production is not only due to
complex I defect but also due to complex III
involvement, as complexes I and III are functionally
related. This hypothesis has been recently reinforced
by the demonstration that complex I assembly is
dependent on the assembly of complex III [26].
There is ample evidence to show that both respira-
tory chain dysfunction and increased production of
oxygen free radicals cause pathogenesis and results in
progression of mitochondrial disease [27]. Most of
the earlier studies regarding ROS and antioxidant

defenses have been performed in patients with
classical mitochondrial disorders such as MELAS/
MERRF [28], NARP [29] and LHON [30-32]. In
these studies, the ROS production and status of
antioxidant defenses has been well correlated with
disease-related mtDNA  mutations. Recently,
Chowdhury et al. [33] have also shown that the levels
of antioxidant enzymes, CAT, MnSOD, CuZnSOD
were upregulated in prostate cancer cell lines.

In a study on cybrids harbouring mitochondrial
tRNA gene mutations (A3243G, A8344G), an in-
crease in antioxidant enzyme activities was reported
in response to an over-production of ROS in MELAS
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mRNA expression profiling of the antioxidant enzymes in complex I deficient lymphoblast cell lines established from patients with mitochondrial encephalopathies.

Table II.

MnSOD

CuZnSOD

GPx

GST

Catalase

tBHP treated Untreated tBHP treated Untreated tBHP treated Untreated tBHP treated Untreated tBHP treated

Untreated

1.07+0.25
1.16+0.20

1.07+0.16
1.10+0.14

0.95+0.14
1.15+0.10

1.00+0.22
1.14+0.10

1.02+0.05
1.32+0.10

1.00+0.06
1.31+0.17

0.81+0.07
0.93+0.10

0.80+0.06
0.94+0.12

0.94+0.07

0.89+0.02
1.12+0.09

=3)

Control (n
G4812C

1.15+0.09

1.1440.21

1.1340.11

1.0540.02

1.0940.08

1.1240.20

n 1.104+0.18

1.10+0.13

1.0340.11

0.95+0.08

0.92+0.08

T3866C

1.5040.30

1.514+0.22

1.3140.22

1.2740.12

¥ 1.4040.21 1.4340.20

1.27+0.08

1.2540.13

1.4340.01

1.4440.09

T3394C

1.4940.25

1.50+0.21

1.504+0.31

1.4840.22

1.1040.15

n 1.10+0.08

1.134+0.10

1.1040.11

1.10+0.08

1.0040.05

T11916A
C4640A
T4216C

1.1840.20
1.2440.20

1.1740.12
1.1440.14

1.0640.32
1.1740.27

1.06+0.30
1.1640.15

1.0940.07
1.2240.21

1.10+0.14
1.24+0.18

1.0940.09
1.1840.07

1.0840.05
1.1740.07

1.00+0.03
1.1140.05

1.10+0.05
1.1540.09
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Figure 3. Western blotting analysis of MnSOD (25 kDa) protein
in control and patient cells. 40 pg of cell protein extract was loaded
in each lane on SDS/PAGE and blotted on PVDF. f-actin was used
as a reference protein. The experiment was performed with only
four patient cell lines with mtDNA genotypes as G4812C,
T3394C, T3866C and T11916A. MnSOD protein was signifi-
cantly increased in two patient cell lines as seen from lanes 3 and 5.

and MERRF cybrids, thus preventing oxidative
damage [34]. Similarly, Floreani et al. [31] showed
an increased protein expression while decreased
enzyme activities of CAT, MnSOD, CuZnSOD and
GPx in cybrids harbouring the LHON specific
mutations. Further, Luo et al. [5], using fibroblast
cultures with complex I deficiency, demonstrated low
levels of MnSOD in cells with high ROS production,
whereas the experiments of Esposito et al. [3] did not
find any MnSOD increase in heart mitochondria of
Antl-deficient mice. Some hypotheses have been
posed to explain this phenomenon, postulating a
different tissue regulation in the expression of anti-
oxidant enzymes, influence of redox state of the cell
in enzyme activation [12] or decrease in antioxidant
defenses due to mutations which produce high levels
of ROS [35]. It seems that these earlier studies
related to ROS production and antioxidant defenses

CuZnSOD, ELISA
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Figure 4. Bar graphs showing CuZnSOD protein levels in control
and complex I deficient cell lines, as assessed by ELISA. Protein
levels of CuZnSOD were slightly increased in patients but the
increase was not statistically significant.
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Activities of the antioxidant enzymes of complex I deficient lymphoblast cell lines established patients with mitochondrial encephalopathies.

Table III.

GR (Units/pg protein) GST (umol/min/ml) SOD (units/0.1 mg protein)

GPx (nmol/min/pg protein)

Catalase (Units/pg protein)

tBHP treated Untreated tBHP treated Untreated tBHP treated Untreated tBHP treated Untreated tBHP treated

Untreated

30.23+2.97
32.45+2.03

34.11+5.40
39.80+2.85

0.09+0.01
0.04+0.00

0.10+0.01
0.09+0.01

0.07+0.01
0.06+0.01

0.08+£0.01
0.07+0.01

0.23+0.03
0.05+0.01

0.41+0.05
0.20+0.02

4.91+0.84
3.01+0.46

5.32+0.52
3.38+0.29

=3)

Controls (n
G4812C

33.46+1.00

37.4541.00

0.05+0.02

n 0.2240.03 0.0640.02  0.07+0.01 0.0740.01 0.0840.01

2.90+0.34

3.36+0.60

T3866C

39.8243.33
37.41+2.37
38.124+2.99

44.5315.90
41.15+4.61
43.0043.85

0.04+0.01
0.06+0.02
0.06+0.01

0.07+0.02
0.1140.01
0.1040.01

0.06+0.01
0.0840.01
0.0840.01

0.07+0.01
0.0940.00
0.0840.01

0.0840.05
0.1240.03
0.1540.01

0.2440.04
0.26+0.03
0.3840.03

2.6240.52
4.1540.58
3.0040.37

4.0840.34
5.10+0.52
4.1540.32

T3394C

T11916A
C4640A
T4216C

35.5+3.10

42.21+3.32

0.06+0.01

+ 0.32+0.03 0.19+0.01 0.0840.01 0.08+0.01 0.09+0.01

3.3340.27

4.70+0.21

Intracellular glutathione

0.06
N Untreated
=3 tBHP treated

0,057

0.047

0.037

0.027

nmoles/pg protein

0.017

0.00" 1
= O F & L
Controls g qg%' 339 & é? 3
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Figure 5. GSH concentrations in control and patient lympho-
blasts before and after treatment with tBHP. No significant
differences were observed between control and patient group in
their intracellular glutathione levels.

in mitochondrial diseases are controversial. Hence,
more thorough investigations are needed to correlate
respiratory chain dysfunction with status of ROS and
antioxidant defenses in different tissues accessible
from patients with mitochondriopathies.

In the present study, based on our results with
expression and activity analysis of antioxidant en-
zymes using lymphoblast cell lines from patients with
complex I deficiency; we found an increased expres-
sion of almost all antioxidant enzymes at mRNA level
but a significant decline in activities of three major
cytosolic and peoxisomal enzymes such as GPx, CAT
and GST. Any significant increase in SOD activity
must be accompanied by a comparable increase in
CAT and/or GPx activity to prevent the excessive
accumulation of H,0O, in the cell and the failure of
which can cause catastrophe [28]. A high SOD in
comparison with GPx and/or CAT leads to increased
production of H,O, whereas low SOD relative to
GPx and/or CAT could accumulate superoxide
anions [28]. Several studies have shown that the cells
over-expressing CuZnSOD were more susceptible to
DNA strand breaks, growth retardation and related
effects due to over-production and accumulation of
O3~ and H,0, [36,37]. However, it was also
observed that some cells adapt themselves by an
increase in GPx or CAT activity. In our study even
though the expression of GPx and CAT was found to
be upregulated in patients, the low enzyme activity
may be attributed to post-translational events. It is
well known that GPx activities are significantly
decreased in the presence of ROS or in a condition
of drug-induced ROS generation [38]. CAT inactiva-
tion has been ascribed to the presence of H,O, [39].
We believe that the decrease in GPx activities
displayed by patient cells may reflect the higher
ROS concentrations in these cell lines. When an
external ROS signal was applied in the medium in
terms of tert-butyl hydroperoxide, we observed a
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drastic decline in the GPx, GST and CAT activities;
the decrease was significantly higher in patient cells
than controls.

Interestingly, we found an increased SOD activity
in patient cells that was well correlated with a high
RNA and protein expression. As shown by ELISA
and western blot analysis, the expression of MnSOD
and CuZnSOD protein seems to be slightly increased
in patients.

Complex I impairment in a variety of human
diseases has been previously reported in association
with MnSOD induction; although not all patients
defective in complex I displayed an increase in
MnSOD activity [12]. Furthermore, not all tissues
have the same ability to upregulate MnSOD, as
suggested by the different behaviour of skeletal and
cardiac muscles observed in the ANTI1-knockout
animal model of oxidative stress [3]. In this context
it is worth noting that MnSOD and CuZnSOD
expression increases several fold in Saccharomyces
cerevisiae during menadione-induced oxidative stress,
without a parallel increase in their activities [40].
These results and our results reveal that MnSOD and
CuZnSOD are less sensitive to oxidative damage than
other antioxidant enzymes such as CAT, GPx and
GST. This was also confirmed by tBHP treatment, a
short treatment of cells with tBHP resulted in drastic
decline in activity of GPx, CAT and GST, but not a
significant decline in SOD was observed by the same
treatment.

Our results suggested that complex I deficiency
causes an elevated ROS in childhood encephalomyo-
pathies. There is an increase in the majority of the
antioxidant enzymes at transcription or translational
level, suggesting compensatory mechanisms to over-
come the deleterious consequences of oxidative
damage. However, the activities of crucial peroxiso-
mal and cytosolic antioxidant enzymes such as CAT,
GPx and GST are impaired, being ROS sensitive.
The activity of SOD probably MnSOD remained to
be elevated in patient-derived OXPHOS deficient cell
lines, most active in cells having severe complex I
deficiency compared to those having a partial defect.
As MnSOD is the mitochondrial enzyme, the over-
expression of which also reflects that the ROS
accumulated in patient cells is of mitochondrial origin
and possibly generated by defective respiratory chain.
The survival and growth of these defective cell lines i
vitro is probably because of proper maintenance of
glutathione levels and GR activity. In our experi-
ments, we did not directly measure c-glutamylcys-
teine synthetase (CGS) expression or activity.
However, the possibility is that the patient cells may
respond to oxidative stress by increasing their GSH
content through increased CGS activity [41] and
increased transcription of regulatory sub-unit of
CGS [42].
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We could not find a very good correlation of ROS
production with complex I defect and antioxidant
enzyme activity in all the studied patients. It can be
clearly seen from Table III that the SOD activity was
increased in G4812C, T3866C, C4640 and T3394C,
whereas the activities of CAT and GPx were lowered
in the same cell lines as compared to controls. A
higher ROS (all three species H,0,, O, OH’)
production by cell line T3394C was correlating well
with the severe complex I assembly defect in this cell
line. However, the same was not true with the
T11916A cell line which was also displaying a
complex I assembly defect. A possible reason for
this could be that the T11916A mtDNA mutation in
this cell line was heteroplasmic in nature, which
maintained some of the complex I in assembled
form (Figure 1) and thereby a low ROS level
compared to T3394C cells (Figure 2B). From these
results, it seems that ROS production by complex I
defective cell lines depends upon the status of
mtDNA mutation, e.g. its degree of heteroplasmy
or pathogenecity. Also a high O production was well
correlating with low SOD activity in T3866C cell
line. Overall, a perfect correlation of ROS production
with mitochondrial respiratory chain defect and
antioxidant enzyme activity is difficult to establish in
vitro due to instability of ROS and limitations of
measurement techniques.

Further studies are needed to support the above
results by analysing ROS and antioxidant parameters
in more patients with mitochondrial disease involving
complex I deficiency. However, we are not sure
whether there is any role played by the variants found
in the mitochondrial DNA of these complex I
deficient cell lines. The role of mtDNA variants
cannot be ignored and the clear-cut analysis whether
the OXPHOS deficiency is due to mtDNA or nuclear
DNA remains to be determined. However, database
search and bioinformatics analysis showed that the
variants are unique and may have some pathogenic
significance [13].

In earlier studies [43], it was found that lipid
peroxides and fluorescent adducts of aldehyde with
plasma proteins are elevated in blood cells of patients
with CPEO syndrome. Hence, our results also
suggest that peripheral lymphocytes can be a suitable
system to study the status of ROS and antioxidant
defenses in patients with ROS specific clinical symp-
toms, particularly involving complex I deficiency.
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