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Oxidative stress: the lowest common denominator of 
multiple diseases

Oxygen is essential to the human life and life of all aer-
obic organisms. The complete oxidation of nutrients for 
biological energy supply is one of the most important 
prerequisites for the formation of higher life forms. 
However, the cells that benefit from oxidative respira-
tion have also been burdened by the reactive oxygen 
species (ROS) since adaptation to oxygen as an energy 
source. Oxygen radicals are continuously formed in aer-
obic organisms. For example, free radicals are involved 
in the synthesis of some hormones. Leukocytes and 
macrophages use free radicals as part of the respiratory 
burst to destroy foreign bodies such as bacteria and vi-
ruses. Furthermore, the role of ROS as a signaling and 
modulator molecule, as well as a transcriptional regu-
lator, has come to the fore in recent years. Therefore, it 
can be assumed that ROS is part of a healthy metabo-
lism in limited concentrations. Healthy cells balance the 
formation and elimination of ROS thereby creating and 
keeping ROS-homeostasis. When the concentration of 
free radicals exceeds a critical level and the homeosta-
sis is disturbed oxidative stress occurs. Upon oxidative 
stress, the free radicals of oxygen and nitrogen can 
cause damage to cells, cell organelles, and components, 
such as lipids, proteins, and DNA. These damages, if 
unrepaired, can lead to cell death. Oxidative changes 
play a role in the pathogenesis of many diseases, for 
example in diabetes, cardiovascular and neurodegen-
erative diseases, such as amyotrophic lateral sclerosis, 
but also in chronic inflammatory diseases, amyloidosis, 

autoimmune processes and cancer (Cacciapuoti, 2016). 
Recent studies revealed also an emerging role of oxida-
tive stress or decreased antioxidant defenses in migraine 
pathogenesis, which was partly associated with the mi-
tochondrial dysfunction (Ferroni et al., 2018). To coun-
teract this potential threat of oxidative stress, eukaryotic 
cells have developed protective systems that attempt 
to prevent the development of free radicals in parallel 
with the evolutionary adaptation to the oxygen-rich 
atmosphere by the uptake of the oxidative metabolizing 
mitochondria. These oxidation protection systems have 
in common that they can prevent or delay oxidative 
damage and thereby help keeping the balance between 
the malignant or healthy stage in various diseases. In 
order to fulfill this task, oxidation protection systems 
need to meet several requirements. We have performed 
a PubMed literature search of articles published in the 
period January 1969–September 2018 on the molecular 
mechanisms of oxidative stress in neurodegenerative 
diseases and cancer.

The requirements for a substance to have an antiox-
idant effect are: i) reactivity with biologically relevant 
oxidants and radicals, ii) availability in sufficient con-
centration and iii) reaction product of the substance it-
self is less harmful than the oxidant. The mechanisms of 
action consist of trapping reactive oxygen compounds, 
minimizing the oxygen compounds, repairing or re-
placing damaged target molecules. However, this differ-
ent possibilities for elimination of ROS require variable 
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antioxidant protection systems.
The antioxidant protection system of the cell can be 

divided into antioxidant molecules and antioxidant 
enzymes. The antioxidant molecules of the cell include 
endogenous substances such as glutathione, uric acid, 
ubiquinone (coenzyme Q), lipoic acid and bilirubin, 
or food antioxidant molecules such as ascorbic acid 
(vitamin C), tocopherols and tocotrienols such as 
α-tocopherol (vitamin E), carotenoids and flavonoids. 
Nevertheless, despite the variety of existing antioxidant 
protection systems within the cell, they all have to fulfill 
the above-mentioned requirements.

The tripeptide glutathione (GSH, γ-glutamylcysteinyl-
glycine) is the cell’s most important antioxidant mol-
ecule found in mammalian cells at concentrations up 
to 12 mM. Mitochondria contain about 10% to 15% of 
the total glutathione of the cell. On the one hand GSH 
reacts directly in non enzymatic reactions with radi-
cals, on the other hand GSH acts as an electron donor 
in the reduction of peroxides catalyzed by glutathione 
peroxidase. Regulation of GSH synthesis proceeds by 
γ-glutamylcysteine-synthetase via a feedback mecha-
nism. Oxidized glutathione disulfide can be regenerated 
by glutathione reductase, which uses nicotinamide ade-
nine dinucleotide phosphate (NADPH) as the reducing 
agent.

Vitamin C and Vitamin E are the most important an-
tioxidants that can be absorbed through diet. By form-
ing the stable ascorbyl radical, vitamin C can release an 
electron to radicals in the cytosol of a cell. Radicals that 
attack membranes are trapped by vitamin E. Vitamin E 
accumulates in membranes due to its lipophilic charac-
ter and detoxifies lipid peroxidation products and thus 
constitutes a so-called chain-breaking antioxidant. Vi-
tamin C and ubiquinone regenerate oxidized vitamin E.

An important enzymatic component of radical de-
fense is formed by superoxide dismutase (SOD). SOD 
is an intracellular enzyme that catalyzes the reaction of 
two superoxide radicals and two protons to produce 
hydrogen peroxide and molecular oxygen. In this func-
tion, the SOD is an important part of the oxidation 
protection system. Overexpression of SOD can lead to 
an overproduction of H2O2, which may also lead to cell 
destruction. For this reason, the resulting H2O2 must 
be detoxified by means of catalase or glutathione per-
oxidase. Catalase is an intracellular, highly active en-
zyme found mainly in peroxisomes. This catalyzes the 
reaction of H2O2 to water and molecular oxygen, which 
traps the radical H2O2. Glutathione peroxidase also 
reduces H2O2 by GSH producing glutathione disulfide 
and lipid hydroperoxide.

If ROS formation outweighs ROS detoxification, ox-
idative modifications of cellular components predomi-

nate. Lipid peroxidation occurs on polyunsaturated fat-
ty acids, which are highly concentrated in membranes 
of the brain and the mitochondrial membrane. The 
main products of lipid decomposition and biochemical 
markers of oxidative stress are malondialdehyde and 
4-hydroxy-nonenal. Both aldehydes show cytotoxic 
properties, are mutagenic, attack proteins and induce 
oxidative conditions (Ayala et al., 2014). Lipid perox-
idation products modify proteins and reactions with 
sugars and aldehydes cause increased protein glyco-
sylation. Protein carbonyls that are formed in these 
reactions are an important marker of protein oxidation. 
Protein oxidation causes various modifications of the 
amino acid residues, e.g., cysteine and methionine side 
chains can react to disulfides and sulfoxides, arginine 
and lysine to aldehydes, aromatic side chains can be 
oxidized or nitrated, and aliphatic carbon atoms can 
be oxidized to alcohols (Davies, 2016). The elimination 
of modified proteins occurs by means of proteosomal 
and lysosomal degradation processes. The oxidation 
of nucleic acids is mutagenic, in which case aromatic 
bases, as well as the sugar backbone can be oxidized, the 
latter leading to DNA strand breaks. The most common 
product of this reaction is 8-hydroxyguanine, which is 
another marker of oxidative stress. Furthermore, exces-
sive ROS-formation can damage mitochondrial DNA 
as well leading among others to functional limitations 
of the mitochondria (Nissanka and Moraes, 2018). All 
these modifications lead to impaired cellular processes 
and increased repair mechanisms. Excessive oxidative 
stress or disruption of pathways can induce cell death.

Numerous studies have shown that oxidative stress 
seems to play a major role in the pathology of amyo-
trophic lateral sclerosis (ALS). Patients suffering from 
various forms of ALS (familial ALS and sporadic ALS) 
show evidence of protein damage by ROS. Thus, in the 
spinal cord of the patients as well as in the motor cortex 
increased levels of protein carbonyls could be detected 
(Ferrante et al., 1997). At the cellular level, protein oxi-
dation and lipid oxidation could be observed within the 
gray matter of the spinal cord of sporadic ALS patients 
in motor neurons as well as in reactive astrocytes and 
microglia (Shibata et al., 2001). Measurements of 8-hy-
droxyguanine levels have shown that oxidative DNA 
damage is found in the anterior horn of the cervical 
part of the spinal cord of ALS patients (Ferrante et al., 
1997). Thus, ALS patients have the results of increased 
and non-physiologic ROS concentration within specific 
cells (Figure 1). Neuronal cells are more susceptible 
to oxidative stress than other cell populations, because 
they are post-mitotic and accumulate damage through-
out life. Highly specialized cells with a large size, such as 
motor neurons, generally appear to be more vulnerable 
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to stress, because they require a high energy demand 
and metabolic input, to maintain its functions. For this 
reason, additional mitochondrial functionalities are 
of great importance accompanied with increased pro-
duction of ROS (Shaw and Eggett, 2000). In addition, 
neurons are more vulnerable to oxidative stress because 
they have a lower level of glutathione as an antioxidant 
than other cells of the nervous system (Makar et al., 
1994; Bhattacharyya et al., 2014). Mitochondrial dys-
function was also associated with motor neuronal cell 
death in ALS. In vitro studies have shown that changes 
in the electron transport chain, the main physiological 
ROS producer in cells, and impaired ATP production 
are responsible for changes in oxidative metabolism 
(Mattiazzi et al., 2002; Menzies et al., 2002). Another 
plausible explanation for oxidative stress in ALS is pro-
vided by the findings that about 20% of familial ALS pa-
tients show different toxic gain of function mutations of 
the SOD1 gene with the simultaneous loss of dismutase 
activity (Saccon et al., 2013). Since SOD1 is an import-
ant component of the antioxidant system, it is not sur-
prising that these cells are exposed to elevated oxidative 
stress levels. In ALS patients suffering from the sporadic 
form, this fact is not necessarily given and the cause of 
motor neuron degeneration is not fully understood. 
However, recent work on the Wobbler Mouse, an ani-
mal model of sporadic ALS, showed elevated ROS levels 
in the cervical part of the spinal cord (Röderer et al., 
2018). In addition, the use of the unspecific ROS scav-
engers N-acetyl-L-cysteine has been shown to decrease 
the degeneration of the motor neurons in wobbler 
mice due to a reduction of ROS level (Henderson et al., 
1996). Since 2017, a new active substance called Edar-
avone has been approved for the treatment of ALS in 
humans: Edaravone has antioxidant properties and thus 
prevents oxidative stress that leads to motoneuronal 
death in ALS patients (Ikeda and Iwasaki, 2015; Schultz, 
2018). This indicates that abnormal levels of ROS may 
result from a non-functioning antioxidant protection 
system of the cell with the involvement of antioxidant 
molecules, increased ROS production by e.g., complexes 
of oxidative phosphorylation within the damaged mito-
chondria or altered metabolic demands or both.

In contrast, different cancers including the neoplasia 
of the neuronal system (e.g., glioblastoma multiforme) 
adapt their antioxidant system to counteract increased 
ROS formation induced among others by elevated me-
tabolism and increased metabolic demands (Matschke 
et al., 2016a). In particular, cancer cells rewire their me-
tabolism at multiple levels to reduce ROS generation or 
improve ROS defense to maintain mitochondrial integ-
rity and reduce ROS-dependent damage to cellular mac-
romolecules (Levine and Puzio-Kuter, 2010; Matschke 

et al., 2016a; Hlouschek et al., 2018a). Therefore, cancer 
cells can become increasingly dependent on the uptake 
of additional nutrients, such as glucose, amino acids or 
fatty acids, for proliferation and survival in an adverse 
tumor microenvironment (Matschke et al., 2016b). As 
an example, cancer cells, including glioblastoma multi-
forme, may become dependent on glucose or glutamine 
as a carbon source to support anabolic processes that 
fuel proliferation and support increased production of 
reduction equivalents necessary for the regeneration of 
glutathione, the main antioxidant in the cell (Matschke 
et al., 2016a; Hlouschek et al., 2018a). Moreover, tumor 
cells may use reductive glutamine metabolism to main-
tain tricarboxylic acid cycle, particularly acetyl-coen-
zyme A production for fatty acid synthesis, rendering 
them independent of complex-I but dependent on fatty 
acid uptake (Matschke et al., 2016a) or increase the up-
take of fatty acids to maintain proliferation under low 
oxygen conditions (Matschke et al., 2016b). However, 
several studies demonstrated different metabolic adap-
tation strategies of cancer cells to increase their cellular 
glutathione levels, avoid ROS-dependent damage and 
escape genotoxic therapies (Matschke et al., 2016a; Na-
kashima et al., 2017; Hlouschek et al., 2018a). Neverthe-
less, modulation of the antioxidant capacity in cancer 
cells as a consequence of metabolic adaptation seems 
to be a general mechanism throughout different tumor 
entities (Figure 1). Even the highly aggressive neoplasia 
of neuronal system, glioblastoma multiforme, acquires 
alterations in redox status during the gliomagenesis 
bringing therapies modulating the redox homeosta-
sis and antioxidant capacity into the spotlight (Sala-
zar-Ramiro et al., 2016).

In this case, the increased antioxidant capacity of tu-
mor cells makes them cross-resistant to ROS-inducing 
treatments like radio- and chemotherapy and offers 
novel intervention strategies for treatment of radio and 
chemotherapy resistant tumor types, like glioblastoma 
multiforme, breast and non-small cell lung cancers 
(Matschke et al., 2016a; Hlouschek et al., 2018a, b). 
Generally, increased GSH levels can be targeted by us-
ing drugs interfering with the regeneration of glutathi-
one, the provision of reduction equivalents, increased 
glutathione synthesis or glutathione transport and up-
take (Matschke et al., 2016a; Hlouschek et al., 2018a). 

In summary, the oxidative system seems to play an 
important role in physiology and pathology of various 
diseases, like amyotrophic lateral sclerosis or glioblas-
toma. Regardless of the direction in which the ROS-ho-
meostasis disequilibrate - leading to functional loss of 
the organism, as in case of ALS, or by improving this 
protection system against external influences, as in the 
case of glioblastoma cells, the oxidative protection sys-
tem should be in focus of research (Figure 1).
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Figure 1 Bringing oxidative stress as common denominator into the 
perspective of multiple diseases. 
Oxidative stress plays an important role in physiology and pathology 
of various diseases. Among them, neurodegenerative diseases like 
amyotrophic lateral sclerosis or the neoplasia of neuronal system (glio-
blastoma) are just a few examples. Often the concentration of reactive 
oxygen species (ROS) exceeds a critical level disturbing the equilibrium 
and thereby leading to oxidative stress. Upon oxidative stress, the free 
radicals of oxygen and nitrogen can cause damage to cells, cell organ-
elles, and components, such as lipids, proteins, and DNA. Therefore, 
in the genesis of several diseases, antioxidant protection system often 
becomes pathologically unbalanced and thus leading to functional loss 
of the organism, as in case of amyotrophic lateral sclerosis, or cells 
develop metabolic mechanisms to use this system as protection against 
external influences, as in the case of glioblastoma cells. Either way, un-
derstanding the underlying deregulated mechanisms of the oxidative 
protection system would allow to develop novel treatment strategies 
for various diseases.


