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ABSTRACT
In the recent time, neurodegenerative disorders like Alzheimer disease were recognized for their signifi cant role 
in the current healthcare because of their growing incidence and costs for health insurance systems. Effective 
therapy is missing and even etiology of the diseases like Alzheimer disease is not deeply known. In the case 
of Alzheimer disease,  it is probable that oxidative stress is at least a factor involved in the disease. Neverthe-
less, the current literature is controversial and ambiguous in this matter. This review is focused on mapping the 
role of oxidative stress as well as on a consideration that oxidative stress represents the pathway at which a 
therapeutic strategy can be aimed. This paper provides a survey of contemporary literature on oxidative stress 
in Alzheimer disease and discusses the opportunities for establishing a therapy based on interfering the stress 
(Fig. 5, Ref. 117). Text in PDF www.elis.sk.
KEY WORDS: Alzheimer disease, amyloid plaque, oxidative stress, Fenton reaction, neurodegenerative disor-
der, reactive oxygen species.

Faculty of Military Health Sciences, University of Defense, Hradec 
Kralove, Czech Republic 
Address for correspondence: M. Pohanka, Faculty of Military Health 
Sciences, University of Defense, Trebesska 1575, CZ-500 01 Hradec 
Kralove, Czech Republic.
Phone: +420973253028

Introduction

Alzheimer (or Alzheimer´s in some sources) disease is a neu-
rodegenerative disorder which is an object of an extensive re-
search. The disease is known for its recent high incidence while 
the probability of its manifestation is higher in elder people. The 
incidence can reach 20 % for those at age above 90 years (1,2). 
In a European study, an incidence of 7.2 % was proved for popu-
lation older than 65 years (3). When developed, the disease can 
be recognized by typical hallmarks like decline of short-term 
memory, problems with visuospatial perception, and impairment 
in language and executive functioning (4). Alzheimer disease can 
be simply diagnosed using just the fact that cognitive functions 
are declined. While being a cheap alternative to the expensive 
laboratory tests based on biochemical markers, the Mini-Mental 
Status Exam known as a MMSE test serves for this purpose and 
is considered to be a fi rst-choice tool in many healthcare systems. 
Despite its simplicity, the MMSE test is a reliable tool helping to 
recognize the disease in its early stage (5). 

This review is focused on mapping the role of oxidative stress 
as well as on a consideration that oxidative stress represents the 
pathway at which the effects of therapeutic strategies can be tar-
geted. Oxidative stress is a pathology producing reactive oxygen 
or nitrogen species to an extent that the body is no longer able 
to scavenge them. The association between Alzheimer disease 

and oxidative stress is widely investigated and it appears to be a 
potential target of therapy (6-8). The paper provides a survey of 
contemporary literature on oxidative stress in Alzheimer disease 
and discusses the wide consequences of intervening with therapy 
focused on these pathways.

Current therapy and the major pathological processes relat-
ed to Alzheimer disease 

Many theories about pathological processes can be learned 
from literature including genetics which can play a role in some 
types of familiar and early-onset degenerative disorders of Al-
zheimer type (9–11) and be a link between immunity and the 
disease (12, 13). When searching the molecular processes related 
to Alzheimer disease, two dominant pathological hallmarks were 
identifi ed. The formation of amyloid plaques can be mentioned 
as being the fi rst of the hallmarks, while the development of neu-
rofi brillary tangles is the second one. 

Amyloid plaques are formed by an amyloid β peptide, Abeta 
42, while number 42 gives the count of amino acids in its chain. 
Short amyloid chains come from hydrolysis of amyloid precursor 
protein and a huge number of amyloids differing in their length 
are formed by activity of α secretase, β secretase or γ secretase 
(14). The amyloid precursor protein has probably multiple func-
tions in cells including excitability by outer signals, while its role 
in memory and olfactory function is also discussed in the cur-
rent literature (15–17). In the hydrolysis of the amyloid precur-
sor protein, the reaction starts by an action of either α secretase 
or β secretase. The second step is mediated by γ secretase which 
contains substantial parts known as presenilin (18) and it is the 
presenilin which is suspected to be the cause of amyloid plaques 
formation because presenilin genes are frequently mutated in pa-
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tients with manifested Alzheimer disease (19). The most reactive 
form of amyloid peptides, Abeta 42, is formed by a consequent 
action mediated with β and γ secretases (20). The other forms of 
amyloid β peptides can arise by hydrolysis while various lengths, 
typically from 36 to 43, can be expected (21). Chemical properties 
of Abeta 42 are founded on the presence of methionine in position 
35. Methionine is probably responsible for the detrimental prop-
erties of Abeta 42 because of the generation of reactive oxygen 
species, involvement in polymerization of amyloid plaques and 
heavy metals complexation (22). The displacement of methio-
nine by mutagenesis consequently alters the chemical properties 
including the generation of reactive oxygen species (23, 24). The 
heavy metals bound into formed amyloids can further initiate gen-
eration of reactive oxygen species by Fenton reactions (25–27). –

Tau protein is another macromolecule tightly linked to Al-
zheimer disease development. The protein is known for its struc-
tural function which consists of stabilizing the N-terminal part of 
microtubules dominantly in neuronal axons, glia and astrocytes 
(28–30). Under normal conditions, tau protein is phosphorylated 
by calcium-calmodulin-dependent protein kinase II, casein kinases, 
glycogen synthase kinase 3β, cyclin dependent kinases cdc2 and 
cdk5, stress activated kinases and others (31–33). The reverse 
process, dephosphorylation, is mediated by PP1, PP2A, PP2B and 
PP5 phosphatases (34,35). The processes of both, phosphorylation 
and dephosphorylation are not well understood and the mechanism 
of phosphorylation regulation is also unknown (36). Under some 
conditions which are not fully understood, hyperphosphorylation 
can be started. The hyperphosphorylation of tau protein takes 
place in pathologies commonly called tauopathies. Amyotrophic 
lateral sclerosis, corticobasal degeneration, dementia pugilistica, 
and fronto-temporal dementia can be introduced as tauopathies be-
side Alzheimer disease where hyperphosphorylation of tau protein 
also occurs (37–41). Tauopathy can be also revealed in Parkinson 
disease patients (42). 

The question as to why tau proteins become hyperphosphory-
lated remains unanswered. Malfunction of mitochondrial metabo-
lism (43,44), catalysis by Abeta 42 (45) as well as catalysis of some 
metals like aluminum (46) and glucose-related metabolic disorders 
like diabetes (47) can be mentioned as suspected factors for the 
initiation of hyperphosphorylation. 

Surprisingly, none of the current drugs used in Alzheimer dis-
ease therapy is purposefully focused on interfering in the amyloid 
deposition or hyperphosphorylated tau formation. Two major cur-
rent strategies are common, namely the inhibition of acetylcho-
linesterase (AChE) and antagonism on the N-methyl-D-aspartate 
receptor (NMDAR). The strategies improve cognitive abilities and 
ameliorate Alzheimer disease manifestation, but the therapy is not 
a causative one. The currently available drugs include rivastigmine, 
a pseudo-irreversible inhibitor of AChE and butyrylcholinesterase, 
a competitive inhibitor of AChE galantamine, and non-competitive 
inhibitor of AChE, as well as memantine, a substance blocking 
NMDA receptors (48–51). Chemical structures of the latter drugs 
are depicted in Figure 1.

Other strategies are investigated but they have not yet passed 
through clinical trials successfully or been commercialized for a 

general use. New types of cholinesterase inhibitors can be pointed 
out of which huperzine and its ZT-1 derivative can be introduced 
as drugs on a common principle (52,53) whereas other approaches 
like vaccination against tau and amyloid beta (54,55) or synthesis 
of new β secretase inhibitors (56,57) are other ways of pharma-
cologic treatments. 

Global view on oxidative stress in the Alzheimer disease

The theories that oxidative stress causes Alzheimer disease 
are not unifi ed in their explanation of the processes leading to the 
disease. There is uncertainty in assessing the signifi cance of stress, 
distinguishing between the cause and consequences, or even in de-
fi ning the role of reactive compound as an only marker. Currently, 
there are some antagonistic theories and hypotheses to be learned 
while it is fair to mention even the extreme ones. The oxidative 
stress is not fully accepted by all researchers as a physiologically 
signifi cant process and this approach to oxidative stress can be 
mentioned as one end of the opinion spectrum. On the other end, 
there is of course the full acceptation of the role of oxidative stress 
and recognizing it as the causative pathological process in many 
diseases including Alzheimer disease as well as the major or even 
only one factor initiating the disease. Compromising theories and 
hypotheses are laid up between the two extremes. Oxidative stress 
then can be designated as a co-factor necessary for the develop-
ment of Alzheimer disease, factor worsening the progression but 
not necessarily initiating the disease while in its mildest variant, 
oxidative stress is considered to be an only marker albeit with-
out causative effect. The last theory can be abbreviated as smoke 
(oxidative stress) over fi re (other pathological process) and can 
be generalized for all pathologies with oxidative stress playing a 
role. This idea was widely discussed by some researchers in their 
works (58). Regarding Alzheimer disease, the role of oxidative 
stress cannot be simply evaluated because the etiology of this 
disease has not been revealed yet (59–61). In this work, oxidative 
stress is assumed to be a factor supporting the pathologic process 

Fig. 1. Chemical structures of AChE inhibitors galantamine, rivastig-
mine and donepezil, and NMDAR antagonist memantine which are 
used in Alzheimer disease therapy.
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and the interference in oxidative stress a way of ameliorating the 
pathological consequences. 

Currently, oxidative stress in patients suffering from Alzheimer 
disease is expected to be initiated by one or more sources. Namely, 
the roles of amyloid plaques, heavy metals, and malfunctioned 
metabolism in mitochondria are the most accepted theories. Other 
pathways can be also involved in other theories and hypotheses 
occurring in current literature. 

Amyloids and oxidative stress

As mentioned previously, amyloid plaques are probably as-
sociated with oxidative stress formation and more independent 
pathways of reactive oxygen species formation are even involved 
in stress development. Methionine in position 35 of Abeta 42 plays 
a substantial role in the production of reactive oxygen species and 
depletion of low molecular weight antioxidants as indicated is some 
works (62). The role of methionine 35 is caused by a chemical 
process allowing to oxidize the sulphur moiety by various oxi-
dizing agents like reactive oxygen species giving rise to methio-
nine sulfoxide. The reduction of methionine sulfoxide is mediated 
by enzymes like methionine sulfoxide reductase. The methionine 
sulfoxide can be further oxidized up to methionine sulfone. The 
oxidation of methionine and reduction of methionine sulfoxide is 
depicted in Figure 2. Methionine sulfoxide reductase is responsible 
for the turning of oxidized methionine containing sulfoxide group 
back to its reduced form and it is indicated that this pathway is a 
promising target for therapy protecting from amyloid plaques for-
mation (63). In some works, oxidative status of methionine 35 is 
shown to correlate with reduced risk for amyloid plaque formation 
and ameliorate the development of oxidative stress (64). In other 
works, cytotoxicity of sulfoxide containing Abeta 42 is proved (65). 
On the other hand, other papers are concluded by a statement that 
the oxidative status of methionine does not play a signifi cant role 
in the plaques formation and further catalytical production of reac-
tive oxygen species (66). Understanding the role of methionine 35 
needs more experiments and both, chemical properties of pure Abeta 
42 and its interactions with other structures in the cells need to be 
better clarifi ed. As discussed further, amyloids are potent chela-
tors for heavy metals which can also contribute to oxidative stress. 

Metabolism as a source of reactive compounds

Basic metabolism is also a possible source of reactive oxygen 
species and a contributor to the development of Alzheimer disease. 
The question of the role of metabolism in antioxidant homeostasis 
and even in the Alzheimer disease is a little complicated because 
of the huge scale of basic metabolism. For instance, working-age 
population daily consumes food typically worth of 1500 – 3500 
kcal per (6276 – 14644 kJ per a day). But the wider spectrum is 
real because of high or no physical activity, diseases, diets, gen-
der, lactation, in elderly or young people (67–71). People need 
oxygen for their metabolic function as an inevitable part of oxi-
dative phosphorylation and the consumption of energy is tightly 
connected with breathing in the oxygen. From the taken oxygen, 
approximately 1 % is transmitted to reactive oxygen species like 
hydrogen peroxide rather than to harmless compounds like water 
(72). This fact is mentioned for understanding the amount of reac-
tive oxygen species produced by basal metabolism. The reactive 
compounds are of course produced by other pathways as well. 
Various oxygenases like cytochrome P450 (73,74), production of 
reactive compounds like nitric oxide by nitric oxide synthase in 
cellular signaling and others (27,75,76), and complex IV of mito-
chondrial respiratory chain creating hydrogen peroxide rather than 
water (77–79) take place in reactive oxygen and nitrogen species 
production under physiological conditions. The production of re-
active compounds can be increased under pathological conditions. 
For instance hypoxia signifi cantly increases the production (80). 

Nitric oxide represents a specifi c reactive compound having a 
role in Alzheimer disease. During investigation of Alzheimer dis-
ease, hypertension was identifi ed to be a risk factor accelerating 
the disease progression (81) while the increased activity of nitric 
oxide synthase followed by a release of nitric oxide is typical for 
this type of pathology (82,83). Nitric oxide is created by nitric 
oxide synthase from NADPH, oxygen molecule, and L-arginine. 
Citrulline, nitric oxide, water and NADP+ are products from the 
reaction. Nitric oxide is not a reactive compound itself, but it 
chemically reacts with superoxide anion providing peroxinitrite. 
The mentioned chemical reactions are presented in Figure 3. The 
superoxide itself can be formed in various ways from which the 
reaction mediated by NADPH oxidase appears as a relevant one 

Fig. 2. Oxidation of methionine and reduction of methionine sulfoxide by methionine sulfoxide reductase.
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while the association between NADPH oxidase expression and 
neuropathologies including Alzheimer disease is also deeply in-
vestigated (84,85). The peroxinitrite is a cytotoxic compound given 
to a wider group of reactive oxygen and nitrogen species and a 
signifi cant contributor to oxidative stress (86–88). Considering the 
mentioned facts, nitric oxide would appear as a compound induc-
ing oxidative stress in patients suffering from Alzheimer disease; 
however, the situation is not too close to the conclusion. Studies 
on transgenic mice serving as the disease model exerted higher 
pathological fi ndings and more intense phosphorylation of tau was 
present when the mice were not able to express the endothelial 
type of nitric oxide synthase (89). Similar fi ndings are presented 
elsewhere (90). Although it is premature to make a simple recom-

mendation because the studies are on model organisms and further 
research on patients is necessary, it is highly probable that reactive 
oxygen species can be indicated as a target for therapy while reac-
tive nitrogen species should be excluded from therapy targeting. 
When developing new drugs, the probably different roles of reac-
tive oxygen and nitrogen species in the disease should be taken 
into consideration. Simple administration of low-molecular weight 
antioxidants or preparation of drugs with antioxidant potency will 
probably have a limited therapeutic impact because two pathways 
with negative reactive oxygen species and none, or positive reac-
tive nitrogen species become interfered. 

Normal and impaired functions of complex IV of mitochon-
drial respiratory chain were chosen as an example (depicted in 

Fig. 3. Chemical reactions leading to formation of nitric oxide by catalysis of nitric oxide synthase and formation of peroxinitrite by a reaction 
between nitric oxide and superoxide anion.

Fig. 4. Graphic presentation of chemical reaction mediated by complex IV of mitochondrial respiratory chain under normal and impaired functions
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Figure 4) of a signifi cant metabolic pathway causing the produc-
tion of either a harmless compound (water) or harmful hydrogen 
peroxide. Considering the aforementioned facts, it is not surprising 
that mitochondria, the most metabolically active compartments of 
a cell, are signifi cant producers or reactive oxygen species (91). 
The mitochondria can be also injured by the produced reactive 
compounds, and apoptosis of the whole cell can get started. When 
reactive oxygen species damage the mitochondria, it is going to 
have consequences for the whole cell because apoptosis can be 
started (92). The role of mitochondria in Alzheimer disease is con-
sidered to be one of the crucial factors and oxidative stress probably 
represents a link to an essential role (93,94). Since the start of the 
Alzheimer disease research, many theories regarding mitochondria 
have been stated. Both opinions, namely the one that mitochondria 
are injured by Alzheimer pathology (presence of amyloid plaques 
or neurofi brillary tangles) and become impaired which worsens 
the disease, and the second one assume that the etiology of the 
disease lies in mitochondria and the impairment of mitochondria 
or excessive production of reactive compounds is a step preceding 
the formation of amyloid plaques and neurofi brillary tangles. A 
suspicion that mitochondria can take a role in Alzheimer disease 
is also supported by the fact that γ secretase exerts high activity 
in the membranes of the rough endoplasmic reticulum just close 
to mitochondria (95–97), hence the impairment in mitochondrial 
metabolism can easily reach the sites where amyloid plaques are 
formed. Some studies confi rmed that mitochondrial metabolism is 
altered because of hyperphoshporylated tau (98–100) or amyloid 
plaques (101–104) in the proximity of mitochondria. 

Metals as a player in Alzheimer disease and their contribu-
tion to oxidative stress

Amyloid plaques are a site where metal ions can be captured 
while it is known that aluminum, copper, iron and zinc interact 
with amyloid proteins (105–107). Just aluminum was identifi ed as 
a causative agent of Alzheimer disease in early works (108–112). 
The theory was neglected in the further periods of research, though 
the possibility that aluminum contributes to the disease in some 
way is still considered by some researchers at least as a relevant 
co-factor (113). It has to be also stated that aluminum is a caus-
ative agent of pathologies resembling Alzheimer disease in their 
manifestation. Neurotoxicity of aluminum deposition in nervous 
system is also a proven fact that supports theories claiming that 
there is a link (114).

Deposition of metals or metallic ions in amyloid plaques can 
easily cause overproduction of reactive oxygen species and devel-
opment of oxidative stress inside cells when the reactive species 
generation is uncovered by an antioxidant defense system. The 
metals can cause a wide number of pathologic consequences of 
stabilizing the amyloid plaques by chemical reactions with free 
thiols on proteins etc. Infl ammatory reaction, more precisely neu-
roinfl ammation in sites of metals like copper deposition can be 
expected (115). The infl ammatory processes are followed by sys-
tematic production of reactive compounds by microglia and other 
immunity cells (27,116,117). The role of immunity in Alzheimer 

disease and the possible link between immunity and oxidative 
stress accent the fact that more factors contribute to the fi nal pa-
thology. Regarding Alzheimer disease, Fenton reaction appears 
to be a signifi cant pathway possibly leading to the production of 
cytotoxic reactive oxygen species. The Fenton reaction is caused 
by some metals that can alter their oxidation state which are the 
both non-biogenic metals like cadmium and biogenic ones like 
copper and iron (27). Redox changes of Cu(I) to Cu(II) and Fe(II) 
to Fe(III) are common in the Fenton reaction. The Fenton reaction 
is connected with Haber–Weiss reaction and these two reactions 
provide a complete cycle, the principle of which can be learned 
from Figure 5. Hydrogen peroxide is a compound entering the 
Fenton reaction and can come from aforementioned impairment of 
the mitochondrial function or any other source. Metals like iron(II) 
or copper(I) change their oxidation states to iron(III) or copper(II) 
and hydrogen peroxide contemporarily splits to hydroxyl radical 
and hydroxide anion. Oxidized metals like iron(III) or copper(II) 
are reduced back just in the Haber Weiss reaction. Superoxide is 
a compound entering the Haber Weiss reaction while oxygen is 
an output. The reduction can be also mediated by low molecular 
weight antioxidants like ascorbic acid which is oxidized to dehy-
droascorbic acid. Consumption of superoxide or antioxidant and 
hydrogen peroxide and production of cytotoxic hydroxyl radi-
cal and relatively harmless hydroxide anion is the summary of 
the reaction. Interfering with pathology mediated by metal ions 
would be an option for therapy. Chelating the metals followed by 
their elimination from organism or interfering the Fenton reaction 
chemically would be effective ways for introducing a new therapy 
for Alzheimer disease. 

Conclusions

In the current time, there is no causative therapy for Alzheim-
er disease. It is not surprising because its etiology has not been 
yet revealed while the effort of developing an effective therapy 
without understanding the wider details its impact is like taking 
a shot in the dark. Oxidative stress is a pathology where reactive 
oxygen or nitrogen species are produced and the organism is not 
able to scavenge them by antioxidants or in any other way. As 
such it appears to be at least a contributor to pathological pro-

Fig. 5. Fenton reaction and Haber Weiss reaction catalyzed by iron.
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cesses taking place in the nervous system of patients suffering 
from Alzheimer disease. Interfering with the production of reac-
tive oxygen species would be a promising strategy for alleviating 
the disease consequences. When compared to the scavenging of 
reactive oxygen species, , the therapy based on the scavenging of 
reactive nitrogen species is questionable because of the biologi-
cal role of nitric oxide and risks arising from interfering with this 
pathway. Nevertheless, a complex research on Alzheimer disease 
is necessary prior to making an unambiguous conclusion. Regard-
ing the oxidative stress interference, the situation is complicated 
because reactive species can be probably produced by means of 
more than one pathway associated to Alzheimer disease. Studies on 
the pathways is more than necessary in bringing new compounds 
with antioxidant properties. 
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