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The most frequent genetic causes of amyotrophic
ateral sclerosis (ALS) determined so far are muta-
ions occurring in the gene for copper/zinc superox-
de dismutase (CuZnSOD). The mechanism may in-
olve inappropriate formation of hyroxyl radicals,
eroxynitrite or malfunctioning of the SOD protein.
e hypothesized that undiscovered genetic causes

f sporadically occurring amyotrophic lateral scle-
osis might be found in the mechanisms that create
nd destroy oxygen free radicals within the cell.
fter determining that there were no CuZnSOD mu-

ations present, we measured superoxide produc-
ion from mitochondria and manganese superoxide
ismutase (MnSOD), glutathione peroxidase, NFkB,
cl-2 and Bax by immunoblot. Of the ten sporadic
atients we tested we found three patients with sig-
ificantly increased concentrations of MnSOD.
hese patients also had lower levels of superoxide
roduction from mitochondria and decreased ex-
ression of Bcl-2. No mutations were found in the
DNA sequence of either MnSOD in any of the spo-
adic patients. A patient with a CuZnSOD mutation
G82R) used as a positive control showed none of
hese abnormalities. The patients displaying the
nSOD aberrations showed no specific distinguish-

ng features. This result suggests that the cause of
LS in a subgroup of ALS patients (30%) is genetic in
rigin and can be identified by these markers. The
lteration in MnSOD and Bcl-2 are likely epiphe-
omena resulting from the primary genetic defect. It
uggests also that the oxygen free radicals are part
f the cause in this subgroup and that dysregulation

1 To whom correspondence and reprint requests should be ad-
ressed at Metabolism Research Programme, Research Institute,
ospital for Sick Children, 555 University Avenue, Toronto, Ontario
5G 1X8, Canada. Fax: (416) 813-8700. E-mail: bhr@sickkids.on.ca.
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uction might be responsible. © 2000 Academic Press

At least three phenotypically defined forms of famil-
al ALS exist, all inherited in an autosomal dominant
ashion (1). Typically there is rapidly progressive loss
f motor function, with mainly the anterior horn cells
nd pyramidal tracts affected. Alternatively there is
dentical clinical presentation and progression but
ith the pathological changes including changes in
osterior columns and spinocerebellar tracts (2–4).
ariations do seem to occur in the age of onset and
uration of the disease and one or both of these param-
ters is often consistent within an affected family over
number of generations (5–9). While 10% of ALS is

amilial, sporadic ALS (SALS) accounts for the other
0%, but this does not mean that the disease does not
ave a genetic basis. The discovery of mutations in the
uZnSOD gene in the familial group showed that ALS
ould be a disorder of oxygen free radical processing
10, 11) and that these mutations could operate either
n a dominant or recessive manner (12). Enzymes have
volved with the task of detoxifying the primary oxy-
en free radical, superoxide, collectively being named
he superoxide dismutases. There are three of them in
ammalian systems: a cytosolic CuZn superoxide dis-
utase (SOD1), an intramitochondrial manganese su-

eroxide dismutase (MnSOD or SOD2) and an extra-
ellular CuZn superoxide dismutase (SOD3) (13).
nSOD, located in a separate compartment from
uZnSOD, is necessary because the respiratory chain
ssembly of mitochondria which carries out the process
f electron transport produces superoxide in substan-
ial amounts as an obligatory by-product of its activity.
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



Indeed it has been estimated that 1–2% of all electrons
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assing down the respiratory chain are diverted to
roduce superoxide (14). Other enzyme systems are
resent to remove the hydrogen peroxide, the major
ask going to mitochondrial and cytosolic versions of
he enzyme glutathione peroxidase (15).

In this study we took a group of sporadic ALS pa-
ients, and using skin fibroblasts grown in identical
onditions, investigated the enzymes and proteins in-
olved in the defense against damage from oxygen free
adicals.

ATERIALS AND METHODS

Patients. Ten adult patients with an established diagnosis of
ALS were recruited to this study. Age of onset varied from 38 to 69
nd they were given an overall classification of limb or bulbar based
n the predominant symptoms, all with ALS as defined by “El Esco-
ial” criteria. One patient with a proven CuZnSOD mutation (G82R)
as included as a positive control (16). The identity and phenotypic
iagnoses were known only to the referring neurologist while the
tudy was being conducted and were unmasked after all the inves-
igations were complete and tabulated. Control patient material in
he form of cultured skin fibroblasts was derived from the cell repos-
tory at the Hospital for Sick Children, Toronto and at Montréal
hildren’s Hospital.

Cell cultures. Human fibroblasts were derived from skin biopsies
rom the patients described above with informed consent. All fibro-
last cell lines were cultured in Eagles alpha-minimal essential
edium supplemented with 10% fetal calf serum, 10.5 mM glucose,

nd 1 mM uridine. Care was taken to use the cells before passage
umber 7 for our studies and observations were repeated at least
wice on all cell lines.

Immunoblotting. The patients were compared using Western
lot analysis for Bcl-2, MnSOD and Bax, glutathione peroxidase and
FkB in either mitochondrial or cytosolic fractions as indicated.

Mitochondrial preparation. Mitochondria were isolated from cul-
ured skin fibroblasts as previously described using a mitochondrial
solation buffer [0.34 M sucrose, 100 mM KCl, 10 mM Tris–Cl, 1 mM
DTA at pH 7.4] (16). Protein concentration was determined by the
ethod of Lowry et al. (16). Mitochondria were frozen in liquid
itrogen after isolation and stored at 270°C prior to use (17).

Superoxide assay system. Superoxide production was estimated
y luminometry using lucigenin as the reporter molecule (18). The
ADH dependent superoxide production rate (nmol/min/mg) with
ADH as substrate was estimated using a method similar to that
sed by Pitkänen et al. (19).

Antibodies. The rabbit anti-Bcl-2 and anti-Bax antibodies were
rom Calbiochem (San Diego, CA). Rabbit anti-MnSOD against a
eptide encoding the last 14 C-terminal amino acids (209–222) of the
rotein and anti-rabbit complex I (CI) 49 K encoding the residues
ear the C-terminus residues 416–430 were raised by Research
enetics Inc. (Huntsville, AL). Glutathione peroxidase was pur-

hased from Sigma Chemical Co. (St. Louis, MO) and used to raise
ntibody in rabbits. NFkB antibody (p65 and p50) were purchased
rom Santa Cruz (Santa Cruz, CA).

Western blotting. Mitochondrial proteins (100 mg for fibroblasts
nd 50 mg for muscle) were separated on 18% SDS–PAGE gel and
ransferred to a 0.2 mm nitrocellulose membrane. The membranes
ere blocked with 5% non-fat dry milk in blotto [10 mM Tris–Cl pH
.4, 150 mM NaCl, 0.2% Tween 20] for 1 h at room temperature and
ashed with phosphate buffered saline (PBS). The blots were incu-
ated with the primary antibodies (1:1000 dilution) in 3% BSA/PBS
360
ated with a secondary anti-rabbit IgG alkaline phosphatase conju-
ate antibody (Bio-Rad Laboratories, Hercules, CA) in 3% BSA/PBS
or 2 h at room temperature. Membranes were washed with PBS,
nd developed using BCIP/NBT detection system (Bio-Rad Labora-
ories, Hercules, CA) according to the manufacturer’s protocol. The
ntensity of visualized bands was estimated using NIH Image ver-
ion 1.57 (National Institute of Health, Bethesda, MD).

ESULTS

At the outset of this study 14 patients with ALS were
elected for analysis. With informed consent these pa-
ients gave skin biopsies for analysis for evidence of
bnormalities involving oxygen free radicals. Each
kin fibroblast culture was established by a standard
rotocol, but only ten of these biopsies yielded suffi-
ient cells to complete the study. From each patient
ulture exactly the same method was used to make
solated mitochondria. In the making of mitochondria a
ost 12,000 g supernatant was kept as a cytosolic frac-
ion for estimation of NFkB and cytosolic glutathione
eroxidase. One cell line from a familial patient with a
utation in CuZnSOD (G82R) was used as a positive

ontrol for SOD1-ALS, and three control cell lines were
sed initially to test if there was any natural variation

n parameters from cell line to cell line.
MnSOD (SOD2) measured by immunoblot was found

o be markedly elevated in the mitochondria of three
atients and partially elevated in one other. MnSOD
evels were remarkably stable in mitochondria from
ontrol cell lines, there being little variation between
ell lines. This echoes studies done previously with
ontrol cell lines compared to those from patients with
espiratory chain defects. Three control cell strains
sed in that study had uniformly low levels of MnSOD,
s was observed here (19). The three control cell lines
sed in this present study were of different origin,
iving a total of six cell lines surveyed. A further four
ontrol cell lines were then examined and these also
ad no elevation of MnSOD. We therefore concluded
hat the elevations in three out of ten ALS cell lines
ere significant. Dual blots performed with anti-
nSOD and anti-49 kDa complex I subunit on three

atients and one control show that the MnSOD varies
elative to the stable complex I 49 kDa subunit anti-
ody detectable band (Fig. 1).
Superoxide production measured in mitochondrial
embranes prepared from the skin fibroblasts was

valuated by lucigenin luminescence assay (18). In the
itochondria prepared from the skin fibroblasts of pa-

ients with elevated MnSOD the superoxide production
as half that in the control cell lines. In the other
atients it was no different from the controls. Gluta-
hione peroxidase was measured by immunoblot in
oth cytosolic and mitochondrial fractions from both
atient and controls and was found to be remarkably
onstant in titre in both compartments. NFkB was also
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nchanged as was the pro-apoptotic protein Bax mea-
ured in the mitochondrial fraction. The anti-apoptotic
cl-2 protein, again measured in mitochondria, how-
ver, showed a decrease in three out of the four cell
ines of ALS patients that had increased MnSOD (Fig.
). In other ALS cell lines, including the CuZnSOD
utation-bearing cell line and controls, expression of
cl-2 and Bax was constant. A summary of these re-
ults is shown in Table 1.

ISCUSSION

The increased MnSOD levels and decreased super-
xide production from these three out of ten ALS de-
ived cell lines are significant findings. Knowing that
eactive oxygen species (ROS) are instrumental in cell
amage, these findings strongly suggest that oxygen
ree radicals may play a significant role in the disease
athogenesis mechanism operating in these individu-
ls. Because of concerns over the possibility of a link
etween MnSOD expression and variables connected
ith the ageing process, care had to be taken with

hese cell lines to make sure that they were of equiva-
ent passage number and not senescent. In addition we
arefully followed control cell lines throughout their
ifetime. We did not observe any increase in MnSOD
xpression with passage number or with senescence
hat might be an explanation for the observed in-
reases in three of the ALS subjects. A total of ten
on-disease control cell lines have been examined in
his study and in previous studies by us and no such
ncrease in MnSOD was ever observed in any of them.

e have examined the MnSOD levels in the fibroblast
itochondria of .100 patients with diseases other

han ALS and find significant alterations in only those
atients with complex I deficiency (19). The finding of
ecreased superoxide production in mitochondrial
embranes from affected cell lines was not unex-

ected. In previous studies we found that mitochondria
ith increased levels of MnSOD showed a decrease of
easurable superoxide when primed with NADH be-

ause the superoxide was preferentially removed by

FIG. 1. Immunoblot of ALS skin fibroblast mitochondria. Immu-
oblotting procedures were carried out as described under Materials
nd Methods using antibodies for MnSOD and the 49 kDa subunit of
omplex I. Lane 1, control skin fibroblasts; Lane 2, ALS patient 9783;
ane 3, ALS patient 9784; Lane 4, ALS patient 9785.
361
ould be produced by adding purified CuZnSOD to the
itochondrial preparation before eliciting the superox-

de response (18).
In our previous studies of elevated superoxide dis-
utase in mitochondria, the elevations were present

ecause of defects in NADH-ubiquinone oxidoreduc-
ase, which led to changes in redox state and increased
ree radical production. In these cells there was no
vidence of any respiratory chain defect. Measurement
f lactate/pyruvate ratio in the cells and NADH-
ytochrome c reductase in the mitochondria of the cells
ith elevated MnSOD showed both variables were not
ifferent from those measured in controls (results not
hown). Therefore the origin of the elevation of MnSOD
n these cells does not seem to lie in a change in redox
tate or in an overtly defective respiratory chain. It is
ossible therefore that the defect might lie instead in
he mechanisms that control induction and repression
f MnSOD and that the observed elevation is compen-
atory.
We found previously that there were two reciprocal
echanisms at work in mitochondria at risk from dam-

ge by oxygen free radicals due to defects in the mito-
hondrial respiratory chain. In some cells there was an
nduction of Bcl-2 so that the Bcl-2/Bax ratio was sig-
ificantly increased. In other cells there was an induc-
ion of MnSOD, which seemed to be a response to a
ual change in both redox state and in superoxide
roduction (20). In the cells from the current study
here was a lack of the protective Bcl-2 in cells that had
ncreased their MnSOD, again highlighting this recip-
ocal behaviour, seen at work before in cultured skin
broblasts. Bcl-2 has been shown to be protective
gainst free radical induced apoptosis in both yeast
nd mammalian cells (21). In a mouse model of ALS
G93A CuZnSOD), which mimics many of the symp-
oms of ALS, crossed with a mouse overexpressing a
cl-2 transgene, the offspring with both fully ex-
ressed transgenes were protected from neuronal dam-
ge (22). In skin fibroblasts it is not exactly clear how

FIG. 2. Immunoblot of ALS skin fibroblast mitochondria for
cl-2. Immunoblotting procedures were carried out as described un-
er Materials and Methods using antibodies for bcl-2 and MnSOD in
eparate blots with the same samples. The results are combined in
his figure. Lane 1, ALS patient 12636; Lane 2, ALS patient 12620;
ane 3, ALS patient 12618; Lane 4, ALS patient 12542; Lane 5, ALS
atient 12510; Lane 6, ALS patient 12494; Lane 7, ALS patient
2493; Lane 8, control 9152.
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his reciprocal system works. While mechanisms for
nSOD induction are known to include NFkB depen-

ent promoter driven transcription (23), we could find
o evidence of changes in NFkB titre in nucleus or
ytoplasm in any of the high titre MnSOD ALS lines
24). Protein kinase C (PKC) dependent mechanisms
lso exist which influence MnSOD gene transcription
s do PKC mechanisms for Bcl-2 phosphorylation, so it
s here possibly that there is some connection (24–26).

Since it is unlikely that ALS patients are actually
uffering from mitochondrial respiratory chain defects,
t is possible that the defect leading to increased

nSOD and decreased Bcl-2 perhaps is associated with
ome maladjustment in one of these signalling mecha-
isms. The net result of having too much MnSOD over
prolonged period could be the overproduction of hy-

roxyl radicals formed from the excess hydrogen per-
xide generated. Increased production of hydrogen per-
xide in the cytosolic compartment or perhaps
roduction of OH radical by back reaction of hydrogen
eroxide through CuZnSOD (27) has been theorized as
eing responsible for making CuZnSOD overexpress-
ng mice more susceptible to radiation, infection and
ther stresses (28, 29). The overexpression of mitochon-
rial MnSOD in fibroblasts inhibited growth while
verexpression in rat glioma cells made those cells
ore sensitive to damage by radiation and carcinogens

30, 31). Thus there is a precedent for overactivity of
uperoxide dismutases being deleterious but as an al-
ernative there could be another aberrant source of
uperoxide production which we have not investigated
hat lies at the base of this problem. Overexpression of
nSOD in brain stem motor neurons from patients
ith ALS has been noted in patients in a previous

tudy (32). Overall, the net result of increased MnSOD
n three of ten ALS patient derived cell lines strongly
uggests a further genetic mechanism involving oxy-

Summary of the Findings for Ten Sporadic ALS Patients,
Superoxide Measurem

Cell line MnSOD 49K Complex I Bcl-2 Ba

783 (CuZnSOD) 1 11 1 1
784 1 11 2 1
785 111 11 1 1
2493 111 11 2 1
2494 1 11 1 1
2509 11 11 2 1
2510 1 11 1 1
2542 111 11 2 1
2618 1 11 1 1
2620 1 11 1 1
2636H 1 11 1 1
ontrols 1 11 1 1

Note. Determinations were carried out as described under Materia
o the situation in controls.
362
en free radicals is responsible for ALS. It also sug-
ests that this association should be investigated in a
arger cohort of patients, and mechanisms governing

nSOD expression be investigated in association with
LS.
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