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Milk whey proteins, produced by a proprietary technique involving mi-
crofiltration and low-temperature pasteurization of milk, can be used as
an effective oral supplement protecting against oxidative stress in both
healthy subjects and in different types of diseases with the purpose to.
This result is mainly due to their high capacity to donor cysteine
residues which confer them a significant antioxidant activity. The possi-
ble fields of application of a milk whey protein dietary supplementation
include also several neurological diseases characterized by different etiol-
ogy but with a common pathogenic mechanism due to altered cellular
oxidative status. In this article we reviewed our experience with the milk
protein as support treatment in patients affected by some neurometabol-
ic or neurodegenerative disorders, such as mitochondrial diseases, my-
otonic dystrophy and amyotrophic lateral sclerosis.

Riassunto
Le proteine da siero di latte, prodotte mediante un procedimento che
prevede la microfiltrazione e la pastorizzazione a bassa temperatura del
latte, possono essere utilizzate come integratori alimentari efficaci sia in
soggetti sani sia in diversi tipi di malattie con lo scopo di proteggere dal-
lo stress ossidativo. Tale effetto è dovuto principalmente alla loro elevata
capacità di donare residui di cisteina che conferisce una significativa atti-
vità antiossidante. Il possibile campo di applicazione della integrazione
orale con proteine da siero di latte include anche molte patologie neuro-
logiche caratterizzate da diversa eziologia, ma accomunate da uno stesso
meccanismo patogenetico, ovvero da un alterato status ossidativo della
cellula. In questo articolo abbiamo descritto la nostra esperienza con in-
tegratori orali a base di proteine da siero di latte come trattamento di
supporto in pazienti affetti da alcune patologie neurometaboliche o neu-
rodegenerative, come le malattie mitocondriali, la distrofia miotonica e la
sclerosi laterale amiotrofica.
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Introduction

The potential involvement of free
radicals or oxidative damage as
consequent of mitochondrial dys-
function in the pathogenesis of
human disease has received an
enormous amount of study in the
last decade (1-4). Free radicals are
atoms or molecules with unpaired
electrons in their outer orbits,
making them highly reactive with
macromolecular structures, leading
to cellular injury. Free radicals re-
sulting by normal metabolism are
balanced by endogenous mecha-
nisms reducing their formation or
enhancing their inactivation (5, 6).
The imbalance between the pro-
duction of reactive oxygen species
(ROS) and the ability of the en-
dogenous systems to remove them
or repair the cellular damage leads
to a condition known as oxidative
stress (7). This term describes the
adverse effect of oxidative reac-
tions induced by free radicals
within biological organisms. Cel-
lular ROS derives from the mito-
chondrial aerobic metabolism (8-
10). The mitochondrial respiratory
chain transfers electrons from
NADH or FADH through a se-
ries of electron acceptors to the fi-
nal oxygen acceptor, with produc-
tion of energy and water (11), but
the electrons loss from the mito-
chondrial respiratory chain leads
to an incomplete reduction of mo-
lecular oxygen during oxidative

phosphorylation with ROS pro-
duction (10). Excessive accumula-
tion of ROS can damage biomole-
cules, including lipids, proteins
and nucleic acids leading to a pro-
gressive decline in physiological
function (12).
In particular, ROS can attack pro-
teins causing their carbonylation,
which is an irreversible oxidative
damage, often leading to a loss of
protein function and protein ag-
gregation (13). Moreover, perox-
ynitrite modifies protein activity
through protein tyrosine residues
nitration (11). Free radicals are
able to cause lipid peroxidation
catching electrons from the lipids,
often affecting polyunsaturated
fatty acids, in the cell membranes,
ensuing in degradation of lipids
and cell damage (15). Further-
more, ROS can damage DNA
causing mutations resulting in in-
heritable disease, cancer and aging
(16). Such oxidative stress has
been implicated in the pathogene-
sis of various diseases affecting the
human nervous system.
Antioxidants are endogenous or
exogenous compounds that either
reduce the formation of free radi-
cals or react with and neutralize
them, thus potentially protecting
cells from oxidative injury.
Between endogenous antioxidant
molecules it can be count enzymes
(for example superoxide dismutase,
catalase, glutathione peroxidase),
antioxidant compounds (also found

in diet: α-tocopherol and ascorbic
acid), other antioxidant substances
(uric acid, melatonin and glu-
tathione (GSH), the major intracel-
lular antioxidant), antioxidant co-
factors (selenium, coenzyme Q10),
precursors and derivatives of antiox-
idant compounds and enzymes
(acetylcysteine, polyethylene glycol
superoxide dismutase). Metal chela-
tors naturally occurring plant sub-
stances (flavonoids in Ginkgo biloba
and black tea, lycopene in toma-
toes), synthetic free radical com-
pounds and compounds with other
primary beneficial therapeutic ef-
fects can be considered as exogenous
antioxidant with free radical scav-
enging activity (17). Antioxidants
may be lipid soluble (for example vi-
tamin E) or water soluble (for ex-
ample vitamin C) and possess vary-
ing degrees of blood-brain barrier
(BBB) penetrance. Antioxidants
that readily pass through the BBB
are good therapeutic candidates for
use in neurologic disorders (17).
Glutathione is one of the major in-
tracellular antioxidant compound
and its biosynthesis depends on the
intracellular availability of cysteine
(18). According to this evidence, it
has been described that supplemen-
tation with N-acetylcysteine en-
hanced muscle cysteine and GSH
availability and attenuated fatigue
during prolonged exercise in en-
durance-trained individuals (21) but
several significant dose depending
adverse effects with this treatment
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have been described (conjunctival
irritation, dysphoria, sleepiness,
cough, palmar and facial erythema,
dyspepsia and nausea) (20). A milk
whey-based oral supplement with a
relative abundance of glutamylcys-
teine has been shown to increase in-
tracellular GSH concentrations be-
cause of cysteine enters the cell
more readily in the form of glu-
tamylcysteine moiety (18). This
supplement is a protein concentrate
which consists of several com-
pounds, including albumin, lacto-
ferrin, and a-lactalbumin, which are
rich in cysteine (the oxidized form
of cysteine) residues and in glu-
tamylcysteine, substrates for en-
dogenous GSH biosynthesis (18).
In this paper, we review our expe-
rience with milk whey proteins
supplementation as cysteine donor
food integrator in some neu-
rometabolic or neurodegenerative
disorders, such as mitochondrial
diseases, myotonic dystrophy and
amyotrophic lateral sclerosis, neu-
rological disorders characterized
by evidences of oxidative stress as
pathogenic factor in determining
cell damage.

Mitochondrial myopathies

Mitochondria are highly dynamic
and pleomorphic intracellular or-
ganelles composed of a smooth
outer membrane surrounding an
inner membrane of significantly

larger surface area that, in turn,
surrounds a protein-rich core, the
matrix (21). The majority of mito-
chondrial polypeptides are encod-
ed in the nuclear genome, synthe-
sized in the cytosol and imported
into the mitochondria post-tran-
scriptionally (22) although mito-
chondria contain their own
genome and protein synthesizing
machinery (23).
Human mitochondrial DNA
(mtDNA) is a circular, double-
stranded molecule, which contains
37 genes: 2 rRNA genes, 22 tR-
NA genes, and 13 structural genes
encoding subunits of the mito-
chondrial respiratory chain (24).
The main mitochondria role is the
synthesis of ATP generated via
glycolysis or by oxidation of glu-
cose to ethanol or lactic acid (25).
Electrons from oxidative sub-
strates are transferred to oxygen,
via a series of redox reactions, to
generate water (26). In this
process, protons are pumped from
the matrix across the mitochondr-
ial inner membrane through the
electron transport chain (ETC),
which consists of four multimeric
complexes -I to IV- plus two small
electron carriers, coenzyme Q -or
ubiquinone- and cytochrome c.
This process creates an electro-
chemical proton gradient, which is
utilized by complex V (ATP-syn-
thase), which generates ATP
flowing back as protons into the
matrix (27).

Mitochondria are also involved in
many other metabolic processes
including the biosynthesis of
amino acids, vitamin cofactors,
fatty acids, iron-sulphur clusters
(28), cell signalling (29) and pro-
grammed cell death (30).
Mitochondrial diseases are disor-
ders caused by impairment of the
mitochondrial respiratory chain
(24) characterized by genetic error
either mtDNA or nuclear DNA
(nDNA) (31). The extraordinary
variability of clinical presentations
from pure myopathies to multisys-
temic disorders with involvement
of visual and auditory pathways,
heart, gastro-enteric system, cen-
tral nervous system, skeletal mus-
cle (32) is attributed to the pecu-
liar rules of mitochondrial genet-
ics, especially heteroplasmy and
the threshold effect (24). These
diseases are not as rare as com-
monly believed: their estimated
prevalence of 10 to 15 cases per
100,000 persons (24). Diagnosis
often requires a complex approach
with measurements of serum lac-
tate, exercise testing, magnetic
resonance spectroscopy, muscle
histology and ultrastructure, enzy-
mology and genetic analysis. The
pathological hallmarks are the
presence of ragged red fibers,
ragged blue fibers and cytochrome
c oxidase (COX)-negative fibers in
muscle tissue (33). The respiratory
chain is the main intracellular
source of energy but also of ROS
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deriving from electrons loss
through the mitochondrial respi-
ratory chain with incomplete re-
duction of molecular oxygen (10).
The proximity to the inner mito-
chondrial membrane, where oxi-
dants are formed, makes the mtD-
NA particularly sensitive to oxida-
tive damage; furthermore the mtD-
NA is not protected by histones; in
this way it can be more easily dam-
aged by free radicals resulting in ox-
idative mtDNA base modifications
that can lead to bioenergetic dys-
functions, generating a vicious cycle
of mitochondrial dysfunction, in-
creased ROS production, and cellu-
lar death (34).
A deficiency of reduced GSH in
skeletal muscle from patients with
mitochondrial disorders, either as
a consequence of diminished ATP
availability or of increased oxida-
tive stress has been reported (35).
Moreover several studies have
showed a decrease in the activities
of the ETC complexes following
GSH depletion (36, 37). Given
those evidences it has been postu-
late that the decreased GSH con-
centration may contribute to the
progressive nature of mitochondr-
ial disorders (35) and that the re-
placement of cellular GSH could
has beneficial therapeutic effects.
On this base our research group
examined in a double-blind
crossover study with 30-days sup-
plementation with a whey-based
cysteine donor (ProtherTM SOD,

10 g/day) in blood samples from
27 mitochondrial patients and 42
controls, the modification of lac-
tate concentration during cycle
ergometer aerobic exercise, mus-
cular strength, quality of life and
the values of some peripheral ox-
idative stress markers, in particu-
lar advanced oxidation protein
products (AOPP), ferric reducing
antioxidant power (FRAP) and
total GSH (38). AOPP is one of
the main markers of in vivo pro-
teins oxidation impairment, close-
ly related to the levels of dityro-
sine, this in turn a hallmark of ox-
idized protein, and to pentosi-
dine, a marker of enzymatic pro-
tein glycation tightly (39). AOPP
values were spectrophotometrical-
ly determined according to
Witko-Sarsat protocol (39).
FRAP is a sum of biological anti-
oxidant defined as “any substance
that, when present at low concen-
tration compared to those of an
oxidizable substrate, significantly
delays or prevents oxidation of
that substrate” (40); the estimated
relative contributions to the
FRAP value of fresh plasma are
15, 5, 10, and 5% for ascorbic
acid, α-tocopherol, protein, and
bilirubin, respectively. FRAP val-
ues were spectrophotometrically
assessed according to Benzie and
Strain protocol (40). The content
of total GSH was determined ac-
cording to the enzymatic assay
described by Tietze (41) and

modified by Baker and co-work-
ers (42).
Patients performed series of 3-min
of exercise (60-70 revolutions/
min). The workload was increased
from 25 W until 70% of the pre-
dicted normal maximal power
output (pnPOmax), or until the
highest workload at which cycling
could be maintained. Patients also
underwent the MRC (43) scale of
muscle strength and SF-36 (44)
scale of quality of life (38).
We observed, compared to controls,
a significant increased of AOPP val-
ues while FRAP levels did not differ
between the two groups. Resting
plasma FRAP and AOPP signifi-
cantly increased and decreased, re-
spectively, as well as straight after
and 15 min after the end of the ef-
fort (recovery). Total GSH levels
significantly increased both at rest
and after exercise (38). Treatment
did not modify lactate concentra-
tion, clinical scale (MRC) or quality
of life (SF-36). Our results reinforce
the notions that in mitochondrial
diseases oxidative stress is relevant
and cysteine donor treatment is able
to modify mitochondrial patients’
redox profile.

Myotonic Dystrophy

Myotonic dystrophy (DM) is an
autosomal dominant multisys-
temic disease with a severe pheno-
type characterized by a variable
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involvement of skeletal muscle,
heart, eyes, brain and endocrine
system (45). Two different DM
phenotypes are described associat-
ed to two different genetic loci.
DM type 1 (DM1) is due to an
abnormal expansion of CTG
triplet in 3’ untranslated region of
the myotonin protein kinase gene,
located on chromosome 19q13.3.
The mutation responsible for DM
type 2 (DM2) is a CCTG-repeat
expansion in intron 1 of the gene
coding for the ZNF9 gene on
chromosome 3q21.3 (46). Al-
though the pathogenic mecha-
nisms involved in DM1 are still
unknown (47), a role of oxidative
stress is demonstrated by data in-
dicating increased free radicals
production, accumulation of per-
oxidation products and reduced
antioxidant defences (48, 49).
Moreover, as Ihara and colleagues
reported (48), the serum lipid per-
oxide concentration was increased
in DM1 patients and tended to
increase further as the disease pro-
gressed. Furthermore evidences
came from Usuki and Ishiura (50)
suggesting that mild expanded
CTG repeats in myotonin protein
kinase (MtPK) may amplify cell
susceptibility to oxidative stress.
Targeted disruption of the MtPK
gene in mice in fact has produced
only late-onset myopathy with
mitochondrial abnormalities (51,
52); another paper of Usuki and
colleagues demonstrated that cells

transfected with MtPK cDNAs
containing a different number of
CTG repeats may evoke different
apoptosis/proliferation-differenti-
ation signaling pathways after ox-
idative stress (53). Only few thera-
peutical trials based on antioxidant
principles, such as selenium-vita-
min E and coenzyme Q10, have
been performed on DM1 (54-56),
with controversial results.
Recently (unpublished data), we an-
alyzed the oxidative status in 14
DM1 patients during an open label
trial before and after one months of
treatment with a cysteine donor
food integrator (ProtherTM) (10
g/die). DM1 patients were clinical-
ly scored according to the Muscular
Disability Rating Scale (MDRS)
(57). We observed, compared to 10
matched controls, that before treat-
ment mean blood levels of AOPP
and FRAP were significantly high-
er in patients than in controls while
total GSH was not different in the
two groups. After 30 days of treat-
ment, AOPP levels significantly
decreased while FRAP and GSH
levels did not show any change. In
DM1 after 30-day treatment, aver-
age MDRS score was not signifi-
cantly different from the basal val-
ue. These results showed that in
DM1 increased oxidative stress oc-
curs and that an antioxidant cys-
teine-donor diet supplement might
have potential beneficial effects
(Figs. 1, 2, 3).

Amyotrophic Lateral Sclerosis

Amyotrophic Lateral Sclerosis
(ALS) is a neurological disease of
unknown origin characterized by a
selective degeneration and death of
upper and lower motor neurons,
initiating in mild adult life and al-
most invariably progressing to
paralysis and death over a 1-5 year
time course (58). The clinical man-
ifestations reflect the involvement
of both upper and lower motor
neurons. ALS diagnosis is based on
the El Escorial criteria revised, and
mainly based on clinical features in
four body regions (59). About 90%
of ALS patients are sporadic,
whereas 10% are familial. In this
group, a mutation in the SOD1
gene (on chromosome 21) that
codes for the Cu,Zn-superoxide
dismutase (SOD), an enzyme that
catalyzes the dismutation of super-
oxide to molecular oxygen and hy-
drogen peroxide (60), has been
found in a subset of 20% of pa-
tients (61). The symptoms and
pathology of familiar ALS patients
with SOD1 mutations closely re-
semble those of patients with spo-
radic ALS suggesting that the
mechanisms of neurodegeneration
for sporadic ALS and familiar ALS
share common components (62).
Several potential mechanisms of
motor neurons degeneration in
sporadic ALS have been proposed.
These include the involvement of
environmental factors (63), genetic
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factors (64), autoimmune phenom-
ena (65), increased oxidative stress
(66), glutamate toxicity (67), viral
infections (68), protein aggregation
(69), mitochondrial dysfunction
(70), cytoskeletal abnormalities
(71), impairment of axonal trans-
port (72) and pro-apoptotic alter-
ations (73). Although the patho-
genetic mechanisms leading to
ALS are still unclear, accumulating
evidences indicate that oxidative
stress is involved in the pathogene-
sis of this disease. Increased oxida-
tive stress appears to be an early
and sustained event in association
with motor neuron death in ALS
(74), although the specific mecha-
nism leading to oxidative damage
on motor neurons remains to be
defined. Moreover, whether oxida-
tive stress is a primary cause of
pathogenesis in ALS, or is merely a
consequence of the disease, has
long been debated.
Several studies have showed an in-
creased oxidative damage in spinal
cord and motor cortex motorneu-
rons (75) in both sporadic and
SOD1 familial ALS post mortem
tissue (76-78). Moreover oxidative
damage to DNA measured by lev-
els of 8-hydroxy-2′-deoxyguano-
sine (8-OHdG), and lipid oxida-
tion occurs (79, 80). Imbalance of
oxidative stress has been reported
also in cerebrospinal fluid (CSF)
of ALS patients (81, 82). We have
also observed (33) a significantly
decrease of the total antioxidant
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Figure 1 -AOPP values in DM1 patients before and after treatment

Figure 2 - FRAP values in DM1 patients before and after treatment
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capacity and an increased content
of oxidation protein products both
in CSF and in plasma in ALS pa-
tients compared to controls.
Although the evidence for oxida-
tive stress is strong in ALS, the
role of altered GSH metabolism is
less clear. There is strong evidence
that elevated extracellular levels of
glutamate in ALS cause excitotox-
icity and contribute to motorneu-
rons death. Alterations of GSH
metabolism may enhance genera-
tion of ROS and, in the case of in-
creased GSH hydrolysis by γGT,
also increase concentrations of
glutamate (83). However, GSH
concentrations in the cortex or
spinal cord of ALS patients are
not supported by convincing re-
ports. The increase of GSH-bind-
ing sites in the spinal cord of ALS
patients (84, 85) may be interpret-
ed as an up-regulation caused by a
deficiency of GSH.
On this base, in our Clinic we
have performed an open label trial
with a food-integrator cysteine
donor (ProtherTM, 10 g/die) in 16
ALS patients before and after 3
months of treatment in order to
analyze the modification of some
peripheral oxidative stress markers
(86). In particular, we assessed
blood levels of total GSH, AOPP
and FRAP. AOPP and FRAP
were also measured, besides rest-
ing condition, during an incre-
mental hand-grip dynamometer
muscle exercise test, performed in

the two experimental conditions.
Clinical evaluation was effectuated
at the beginning and at the end of
the treatment using ALS-Func-
tional Rating Scale-revised (87)
and MRC scales.
Patients performed an incremental
muscle test with a hand-grip dy-
namometer for the assessment of
AOPP and FRAP in the resting
state, at the end of the exercise and
after 15 minutes recovery, before
and after cysteine donor treatment.
Total GSH was assessed only in
the resting state before and after
the treatment. At the start of each
experiment the patient performed
3 brief maximal efforts on the hand
grip dynamometer. The highest
tension recorded was taken as the
maximal voluntary contraction

(MVC). Fifteen minutes later the
test begun with a first bout at 10%
of MVC, then continued trough
successive 10% increments, up to
70% of MVC. Each bout consisted
of 1 minute intermittent contrac-
tions on the hand grip dynamome-
ter followed by a 2 minutes rest.
Patients performed the exercise
test at baseline and after 45 days
of treatment. After 3 months of
treatment only 3 of the enrolled
patients were able to performed
the hand grip exercise because of
the very rapid progression of the
disease.
We found that, in resting condition
and before therapy, compared to 7
matched controls, FRAP was un-
changed, while total GSH was sig-
nificantly decreased (Fig. 4) and

66

VOLUME 13

Figure 3 -Total GSH values in DM1 patients before and after treatment

08-carlesi:carlesi 13-10-2011 11:03 Pagina 66



AOPP was significantly increased
(Fig. 5) in ALS patients. After 45
days of treatment, during incremen-
tal exercise, ALS patients showed a
significant decrease of peak exercise
blood AOPP levels, compared to
pre treatment condition. After 3
months of treatment also basal
blood AOPP levels showed a sig-
nificant decrease as compared to the
basal pre-treatment value in ALS
patients (Fig. 5).
However, clinical evaluations after
treatment, showed a decrease of
ALS-FRS-r and MRC scale
scores compared to pre-treat-
ment ’s one and reductions in
MVC due to the very rapid dis-
ease progression.
The evidence of a significant total
GSH reduction in ALS patients
confirms the hypothesis that GSH
depletion could be an important
factor in the disease pathogenesis.
Moreover, our results confirm
beneficial effects of antioxidant
cysteine-donor therapy to modify
blood levels of oxidative stress bio-
chemical markers.

Conclusion

The biochemical imbalance be-
tween oxidant and antioxidant
compounds has been shown to be
involved in physiological aging
process as well as in the pathogen-
esis of many diseases. Among
these, neurological disorders char-

acterized by different etiology, clinical presentation and progres-

PROGRESS IN NUTRITION SUPPLEMENTO/2011

67

Figure 4 - Total GSH values at resting condition before and after treatment in
ALS patients

Figure 5 - AOPP values at resting condition before and after treatment in
ALS patients.
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sion but unified by the common
mechanism of oxidative stress re-
lated cell damage can be consid-
ered. Based on this, several thera-
peutic attempts using molecules
with antioxidant properties have
been performed to test clinical and
laboratory effects in these neuro-
logical disorders. Among them,
dietary milk whey based antioxi-
dant supplementation has been as-
sessed in diseases as mitochondrial
myopathies, DM and ALS, neu-
rodegenerative or neurometabolic
disorders involving both the cen-
tral nervous system and peripheral
nerves and skeletal muscle. Al-
though not definitive, these stud-
ies show beneficial effects of the
milk whey protein dietary supple-
mentation and reinforce the no-
tions that oxidative stress can play
an important role in the patho-
genesis of these diseases.

Acknowledgement

The financial support of Telethon-
UILDM Clinical Grant 2009 (grant n°
GUP09004) is gratefully acknowledged.
This study was partially supported by
Fondazione Monte dei Paschi di Siena.

References

1. Ames BN, Shigenaga MK, Hagen
TM. Oxidants, antioxidants, and the
degenerative diseases of aging. Proc
Natl Acad Sci USA 1993; 90: 7915-22.

2. Halliwell B. Free radicals, antioxi-
dants, and human disease: curiosity,

cause, or consequence? Lancet 1994;
344: 721-4.

3. McCord JM. Human disease, free rad-
icals, and the oxidant/antioxidant bal-
ance. Clin Biochem 1993; 26: 351-7.

4. Cross CE, Halliwell B, Borish ET, et
al. Oxygen radicals and human disease
[review]. Ann Intern Med 1987; 107:
526-45.

5. Vatassery GT, Bauer T, Dysken M.
High doses of vitamin E in the treat-
ment of disorders of the central nerv-
ous system in the aged. Am J Clin Nu-
tr 1999; 70 (5): 793-801.

6. Reiter RJ. Oxidative processes and an-
tioxidative defense mechanisms in the
aging brain. FASEB J 1995; 9: 526-33.

7. Wilson JX. Antioxidant defense of the
brain: a role for astrocytes. Can J
Physiol Pharmacol 1997; 75: 1149-63.

8.Coyle JT, Puttfarcken P. Oxidative stress,
glutamate, and neurodegenerative disor-
ders. Science 1993; 262: 689-95.

9. Lenaz, G. Role of mitochondria in ox-
idative stress and ageing. Biochim
Biophys Acta 1998; 1366: 53-67.

10. Halliwell B, Gutteridge JMC. Free
Radicals in Biology and Medicine, 3rd
ed. Oxford Univ. Press, Oxford; 1999.

11. Chan DC. Mitochondria: dynamic or-
ganelles in disease, aging, and develop-
ment. Cell 2006; 125: 1241–52.

12. Navarro A, Boveris A. The mitochon-
drial energy transduction system and
the aging process. Am J Physiol Cell
Physiol 2007; 292: C670-C686.

13. Dalle-Donne I, Aldini G, Carini M,
Colombo R, Rossi R, Milzani A. Pro-
tein carbonylation, cellular dysfunc-
tion, and disease progression. J Cell
Mol Med 2006; 10: 389-406.

14. Ischiropoulos H. Protein tyrosine ni-
tration-an update. Arch Biochem Bio-
phys 2009; 484: 117-21.

15. Nair U, Bartsch H, Nair J. Lipid per-
oxidation-induced DNA damage in
cancer-prone inflammatory diseases: a
review of published adduct types and
levels in humans. Free Radic Biol Med
2007; 43: 1109-20.

16. Cadet J, Douki T, Gasparutto D, Ra-
vanat JL. Oxidative damage to DNA:
formation, measurement and bio-
chemical features. Mutat Res 2003;
531: 5-23.

17. Delanty N, Dichter MA. Antioxidant
therapy in neurologic disease. Arch
Neurol 2000; 57 (9): 1265-70.

18. Lands LC, Grey VL, Smountas AA.
Effect of supplementation with a cys-
teine donor on muscular performance.
J Appl Physiol 1999; 87: 1381-5.

19. Medved I, Brown MJ, Bjorksten AR,
et al. N-acetylcysteine enhances mus-
cle cysteine and glutathione availabili-
ty and attenuates fatigue during pro-
longed exercise in endurance-trained
individuals. J Appl Physiol 2004; 97:
1477-85.

20. Reid MB, Stokic DS, Koch SM, Khawli
FA, Leis AA (1994) N-acetylcysteine
inhibits muscle fatigue in humans. J Clin
Investig 1994; 94: 2468-74.

21. Logan DC. The mitochondrial com-
partment. J Exp Bot 2007; 58: 1225-43.

22. Duby G, Boutry M. Mitochondrial
protein import machinery and target-
ing information. Plant Science 2002;
162: 477-90.

23. Gray MW, Burger G, Lang BF. Mito-
chondrial evolution. Science 1999;
283: 1476-81.

24. DiMauro S, Schon EA. Mitochondrial
respiratory-chain diseases. N Engl J
Med 2003; 348: 2656-68.

25. Saraste M. Oxidative phosphorylation
at the fin de siecle. Science 1999; 283:
1488-93.

26. Elston T, Wang, H, Oster, G. Energy
transduction in ATP synthase. Nature,
1998; 391: 510-3.

27. Noji H, Yoshida M. The rotary ma-
chine of the cell, ATP synthase. J Biol
Chem 2001; 276: 1665-8.

28. Bowsher CG, Tobin AK. Compart-
mentation of metabolism within mito-
chondria and plastids. J Exp Bot 2001;
52: 513-27.

29. Logan DC, Knight MR. Mitochondr-
ial and cytosolic calcium dynamics are

68

VOLUME 13

08-carlesi:carlesi 13-10-2011 11:03 Pagina 68



differentially regulated in plants. Plant
Physiology 2003; 133: 21-4.

30. Youle RJ, Karbowski M. Mitochondri-
al fission in apoptosis. Nat Rev Mol
Cell Biol 2005; 6: 657-63.

31. Wallace DC. Mitochondrial diseases
in man and mouse. Science 1999; 283:
1482-8.

32. Di Mauro S, Moraes CT. Mitochon-
drial encephalomyopathies. Arch Neu-
rol 1993; 50: 1197-208.

33. Siciliano G, Volpi L, Piazza S, Ricci
G, Mancuso M, Murri L. Functional
diagnostics in mitochondrial diseases.
Biosci Rep 2007; 27 (1-3): 53-67.

34. Chan DC. Mitochondria: dynamic or-
ganelles in disease, aging, and develop-
ment. Cell 2006; 125: 1241-52.

35. Hargreaves IP, Sheena Y, Land JM,
Heales SJ. Glutathione deficiency in
patients with mitochondrial disease:
implications for pathogenesis and
treatment. J Inherit Metab Dis 2005;
28: 81-8.

36. Heales SJ, Davies SE, Bates TE, Clark
JB. Depletion of brain glutathione is
accompanied by impaired mitochondr-
ial function and decreased N-acetyl as-
partate concentration. Neurochem Res
1995; 20 (1): 31-8.

37. Merad-Saidoune M, Boitier E, Nicole
A, et al. Overproduction of Cu/Zn-
superoxide dismutase or Bcl-2 pre-
vents brain mitochondrial respiratory
chain dysfunction induced by glu-
tathione depletion. Exp Neurol 1999;
158: 428-36.

38. Mancuso M, Orsucci D, Logerfo A, et
al. Oxidative stress biomarkers in mi-
tochondrial myopathies, basally and
after cysteine donor supplementation.
J Neurol 2010; 257 (5): 774-81.

39. Witko-Sarsat V, Friedlander M,
Capeillère-Blandin C, et al. Advanced
oxidation protein products as a novel
marker of oxidative stress in uremia.
Kidney Int 1996; 49 (5): 1304-313.

40. Benzie IF, Strain JJ. The ferric reduc-
ing ability of plasma (FRAP) as a
measure of antioxidant power: the

FRAP assay. Anal Biochem 1996: 239
(1): 70-6.

41. Tietze, F. Enzymic method for quanti-
tative determination of nanogram
amounts of total and oxidized glu-
tathione: applications to mammalian
blood and other tissue. Anal Biochem
1969; 27 (3): 502-22.

42. Baker MA, Cerniglia GJ, Zaman A.
Microtiter plate for the measurement
of glutathione and glutathione disul-
fide in large numbers of biological
samples. Anal Biochem 1990; 190 (2):
360-5.

43. Medical Research Council. Aids to the
investigation of peripheral nerve in-
jury. War memorandum, 2nd Edn.
London, HSMO 1943; 11-46.

44. Apolone G, Mosconi P. The Italian
SF-36 Health Survey: translation, val-
idation and norming. J Clin Epidemiol
1998; 51: 1025-36.

45. Toscano A, Messina S, Campo GM,
et al. Oxidative stress in myotonic dys-
trophy type 1. Free Radical Research
2005; 39: 771-6.

46. Mankodi A, Thornton CA. Myotonic
syndromes. Curr Opin Neurol 2002;
15 (5): 545-52.

47. Kaliman P, Llagostera E. Myotonic
dystrophy protein kinase (DMPK) and
its role in the pathogenesis of myoton-
ic dystrophy 1. Cell Signal 2008; 20
(11): 1935-41.

48. Ihara Y, Mori A, Hayabara T, et al.
Free radicals lipid peroxides and an-
tioxidants in blood of patients with
myotonic dystrophy. J Neurol 1995;
242: 119-22.

49. Siciliano G, Pasquali L, Rocchi A, et
al. Advanced oxidation protein prod-
ucts in serum of patients with myoton-
ic disease type I: association with
serum gamma-glutamyltransferase and
disease severity. Clin Chem Lab Med
2005; 43: 745-7.

50. Usuki F, Ishiura S. Expanded CTG re-
peats in myotonin protein kinase in-
crease the susceptibility to oxidative
stress. Neuroreport 1998; 9: 2291-6.

51. Reddy S, Smith DB, Rich MM, et al.
Mice lacking the myotonic dystrophy
protein kinase develop a late onset
progressive myopathy. Nat Genet
1996; 13 (3): 325-35.

52. Jansen G, Groenen PJ, Bächner D, et
al. Abnormal myotonic dystrophy pro-
tein kinase levels produce only mild
myopathy in mice. Nat Genet 1996;
13 (3): 316-24.

53. Usuki F, Takahashi N, Sasagawa N,
Ishiura S. Differential signaling path-
ways following oxidative stress in mu-
tant myotonin protein kinase cDNA-
transfected C2C12 cell lines. Biochem
Byophys Res Commun 2000; 267:
739-43.

54. Kurihara T. New classification and
treatment for myotonic disorders. In-
tern Med 2005; 44: 1027-32.

55. Orndahl G, Grimby G, Grimby A, Jo-
hansson G, Wilhelmsen L. Functional
deterioration and selenium-vitamin E
treatment in myotonic dystrophy. A
placebo-controlled study. J Intern Med
1994; 235: 205-10.

56. Folkers K, Simonsen R. Two success-
ful double-blind trials with coenzyme
Q10 (vitamin Q10) on muscular dys-
trophies and neurogenic atrophies.
Biochim Biophys Acta 1995; 1271:
281-6.

57. Mathieu J, De Braekeleer M, Prevost
C, Boily C. Myotonic dystrophy: clini-
cal assessment of muscular disability in
an isolated population with presumed
homogeneous mutation. Neurology
1992; 42: 203–8.

58. Cleveland DW. From Charcot to
SOD1: mechanisms of selective motor
neuron death in ALS. Neuron 1999;
24: 515-20.

59. Belsh JM. ALS diagnostic criteria of El
Escorial revisited: do they meet the
needs of clinicians as well as researchers?
Amyotroph Lateral Scler Other Motor
Neuron Disord 2000; 1: 57-60.

60. Klug D, Rabani J, Fridovich I. A direct
demonstration of the catalytic action
of superoxide ismutase through the use

PROGRESS IN NUTRITION SUPPLEMENTO/2011

69

08-carlesi:carlesi 13-10-2011 11:03 Pagina 69



70

VOLUME 13

of pulse radiolysis. J Biol Chem 1972;
839-42.

61. Rosen DR. Mutations in Cu/Zn su-
peroxide dismutase gene are associated
with amyotrophic lateral sclerosis. Na-
ture 1993; 362: 59-62.

62. Manfredi G, Xu Z. Mitochondrial
dysfunction and its role in motor neu-
ron degeneration in ALS. Mitochon-
drion 2005; 5: 77-87.

63. Wicklund MP. Amyotrophic lateral
sclerosis: possible role of environmen-
tal influences. Neurol Clin 2005; 23:
461-84.

64. Simpson CL, Al-Chalabi A. Amy-
otrophic lateral sclerosis as a complex
genetic disease. Biochim Biophys Acta
2006; 1762: 973-85.

65. Pagani MR, Reisin RC, Uchitel OD.
Calcium signaling pathways mediating
synaptic potentiation triggered by
amyotrophic lateral sclerosis IgG in
motor nerve terminals. J Neurosci
2006; 26: 2661-72.

66. Beckman JS, Estevez AG, Crow JP,
Barbeito L. Superoxide dismutase and
the death of motoneurons in ALS.
Trends Neurosci 2001; 24: S15-S20.

67. Van Den Bosch L, Van Damme P, Bo-
gaert E, Robberecht W. The role of
excitotoxicity in the pathogenesis of
amyotrophic lateral sclerosis. Biochim
Biophys Acta 2006; 1762: 1068-82.

68. Portegies P, Cohen ES. Possible etio-
logical role retroviruses and en-
teroviruses in the development of
amyotrophic lateral sclerosis. Ned Ti-
jdschr Geneeskd 2002; 146: 1398-400.

69. Wood JD, Beaujeux TP, Shaw PJ. Pro-
tein aggregation in motor neurone dis-
orders. Neuropathol Appl Neurobiol
2003; 29: 529-45.

70. Xu JX. Radical metabolism is partner
to energy metabolism in mitochon-

dria. Ann NY Acad Sci 2004; 1011:
57-60.

71. Cairns NJ, Lee VM, Trojanowski JQ.
The cytoskeleton in neurodegenerative
diseases. J Pathol 2004; 204: 438-49.

72. Lariviere RC, Julien JP. Functions of
intermediate filaments in neuronal de-
velopment and disease. J Neurobiol
2004; 58: 131-48.

73. Przedborski S. Programmed cell death
in amyotrophic lateral sclerosis: a
mechanism of pathogenic and thera-
peutic importance. Neurologist 2004;
10: 1-7.

74. Lin Y, Books BR, Tasiguchi N, Hart-
mann HA. CuZnSOD and MnSOD
immunoreactivity in brain stem motor
neurons from amyotrophic lateral scle-
rosis patients. Acta Neuropathol 1998;
95 (1): 63-70.

75. Ferrante RJ, Browne SE, Shinobu LA,
et al. Evidence of increased oxidative
damage in both sporadic and familial
amyotrophic lateral sclerosis. J Neu-
rochem 1997; 69: 2064-74.

76. Abe K, Pan LH, Watanabe M, Kato T,
Itoyama Y. Induction of nitrotyrosine-
like immunoreactivity in the lower
motor neuron of amyotrophic lateral
sclerosis. Neurosci Lett 1995; 199:
152-4.

77. Abe K, Pan LH, Watanabe M, Konno
H, Kato T, Itoyama Y. Upregulation of
protein-tyrosine nitration in the ante-
rior horn cells of amyotrophic lateral
sclerosis. Neurol Res 1997; 19: 124-8.

78. Beal MF, Ferrante RJ, Browne SE,
Matthews RT, Kowall NW, Brown Jr.
RH. Increased 3-nitrotyrosine in both
sporadic and familial amyotrophic lat-
eral sclerosis. Ann Neurol 1997; 42:
644-54.

79. Fitzmaurice PS, Shaw IC, Kleiner
HE, et al. Evidence for DNA damage

in amyotrophic lateral sclerosis. Mus-
cle Nerve 1996; 19: 797-8.

80. Shibata N, Nagai R, Uchida K, et al.
Morphological evidence for lipid per-
oxidation and protein glycoxidation in
spinal cords from sporadic amyotroph-
ic lateral sclerosis patients. Brain Res
2001; 917: 97-104.

81. Ihara Y, Takata H, Tanabe Y, Nobukuni
K, Hayabara T. Influence of repetitive
transcranial magnetic simulatin and dis-
ease severity and oxidative stress markers
in the cerebrospinal fluid of patients with
spinocerebellar degeneration. Neurol Res
2005; 27 (3): 310-3.

82. Smith RG, Henry YK, Mattson MP,
Appel SA. Presence of 4-hydroxynom-
enal in cerebrospinal fluid of patients
with sporadic amyothrophic lateral
sclerosis. Ann Neurol 1998; 44: 696-9.

83. Schulz JB, Lindenau J, Seyfried J,
Dichgans J. Glutathione, oxidative
stress and neurodegeneration. Eur J
Biochem 2000; 267 (16): 4904-11.

84. Bains JS, Shaw CA. Neurodegenera-
tive disorders in humans: the role of
glutathione in oxidative stress-mediat-
ed neuronal death. Brain Res Rev
1997; 25: 335-58.

85. Lanius RA, Krieger C, Wagey R,
Shaw CA. Increased [35S] glutathione
binding sites in spinal cords from pa-
tients with sporadic amyotrophic later-
al sclerosis. Neurosci Lett 1993; 163:
89-92.

86. Siciliano G, Carlesi C, Pasquali L, et
al. Clinical trials for neuroprotection
in ALS. CNS Neurol Disord Drug
Targets 2010l; 9 (3): 305-13.

87. Cedarbaum JM, Stambler N, Malta E,
et al. The ALSFRS-R: a revised ALS
functional rating scale that incorpo-
rates assessments of respiratory func-
tion. J Neurol Sci 1999; 169: 13-21.

08-carlesi:carlesi 13-10-2011 11:03 Pagina 70


