
UN
CO

RR
EC

TE
D

PR
OO

F

Neurochemistry International xxx (xxxx) 105118

Contents lists available at ScienceDirect

Neurochemistry International
journal homepage: www.elsevier.com/locate/neuint

Lipid peroxidation in brain tumors
Morana Jaganjac a, Marina Cindrić b, Antonia Jakovčević b, Kamelija Žarković b, c,
Neven Žarković a, ∗

a Rudjer Boskovic Institute, Laboratory for Oxidative Stress, Zagreb, Croatia
b Clinical Hospital Centre Zagreb, Department of Pathology, Zagreb, Croatia
c University of Zagreb, School of Medicine, Zagreb, Croatia

A R T I C L E  I N F O

Keywords:
Central nervous system
Brain
Oxidative stress
Lipid peroxidation
4-Hydrodxynonenal
Cancer
Metastases
Blood-brain barrier
Astrocytes
Glioblastoma
Blood vessels
Growth control

A B S T R A C T

There is a lot of evidence showing that lipid peroxidation plays very important role in development of various
diseases, including neurodegenerative diseases and brain tumors. Lipid peroxidation is achieved by two main
pathways, by enzymatic or by non-enzymatic oxidation, respectively. In this paper, we focus on non-enzymatic,
self-catalyzed chain reaction of poly-unsaturated fatty acid (PUFA) peroxidation generating reactive aldehydes,
notably 4-hydroxynonenal (4-HNE), which acts as second messenger of free radicals and as growth regulating
factor. It might originate from astrocytes as well as from blood vessels, even within the blood-brain barrier
(BBB), which is in case of brain tumors transformed into the blood-brain-tumor barrier (BBTB). The functionality
of the BBB is strongly affected by 4-HNE because it forms relatively stable protein adducts thus allowing the per-
sistence and the spread of lipid peroxidation, as revealed by immunohistochemical findings. Because 4-HNE can
act as a regulator of vital functions of normal and of malignant cells acting in the cell type- and concentration-
dependent manners, the bioactivities of this product of lipid peroxidation be should further studied to reveal if it
acts as a co-factor of carcinogenesis or as natural factor of defense against primary brain tumors and metastatic
cancer.
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AKR aldo-keto reductases
ALA alpha-linolenic acid
ALDH aldehyde dehydrogenases
ATP Adenosine triphosphate
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BBTB blood-brain-tumor barrier
CAT catalase
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COX cyclooxygenase
CYP450 cytochrome p450
DAB 3,3′-diaminobenzidine staining
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EGFR Epidermal growth factor receptor
ERK extracellular signal-regulated kinase

GPX glutathione peroxidase
GSH glutathione
GSSG oxidized glutathione
HPODE hydroperoxy octadecadienoates
L● carbon-centered lipid radical
LA linoleic acid
LL lipid dimer
LO● lipid alkoxyl radical
LOO● lipid peroxyl radical
LOOH lipid hydroperoxide
LOX lipoxygenase
MDA malondialdehyde
MMPs matrix metalloproteinases
MRI magnetic resonance imaging
NMDA N-methyl-d-aspartate
NOX nitric oxide system
NRF2 Nuclear Factor, Erythroid 2 Like 2
PUFA poly-unsaturated fatty acid
ROS reactive oxygen species
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SOD superoxide dismutase
TBARS thiobarbituric acid reactive substance
TIGAR TP53 induced glycolysis regulatory phosphatase
TMZ temozolomide

1. Introduction

The brain is a highly metabolically active organ, which requires
about one fifth of total body oxygen consumption (Rink and Khanna,
2011). Consequently, oxidative metabolism of the brain results in con-
tinuous production of large amounts of reactive oxygen species (ROS),
which are generated mostly by mitochondria. While ROS are needed for
normal cognitive functions (Massaad and Klann, 2011), they are pro-
duced mostly by activated microglia and astrocytes (Lopez-Fabuel et
al., 2016; Pawate et al., 2004). Hence, ROS are involved in numerous
processes in the brain, modulating signal transduction and gene expres-
sion of neurons, defensive activities of the glial cells and communica-
tion between neurons and glia (Atkins and Sweatt, 1999).

Furthermore, ROS promote S-glutathionylation of ryanodine recep-
tor, resulting in Ca2+ release and phosphorylation of the extracellular
signal-regulated kinase (ERK) and the cAMP-response element-binding
protein (CREB), thus contributing to hippocampal synaptic plasticity
(Kemmerling et al., 2007). While ROS are involved in N-methyl-d-
aspartate (NMDA) receptor signaling and function, excessive ROS are
neurotoxic and may impair normal functions central nervous system
(CNS), induce genetic alterations and promote brain tumorigenesis
(Rinaldi et al., 2016). Under stressful conditions ROS upregulate NMDA
receptor and may lead to glutamate induced blood-brain barrier (BBB)
disruption (Betzen et al., 2009; Gao et al., 2007). In recent years, sev-
eral excellent reviews on the roles of ROS in both physiology and
pathology of the brain (Beckhauser et al., 2016; Salazar-Ramiro et al.,
2016), including the chemistry of ROS have been published (Collin,
2019).

Delicate control of the redox homeostasis in the brain is regulated
both by enzymatic and by non-enzymatic antioxidant defense systems
(Ramírez-Expósito and Martínez-Martos, 2019). Among the most rele-
vant endogenous antioxidants are glutathione (GSH) system, thiore-
doxin system, superoxide dismutase (SOD) and catalase (CAT), while
NRF2 (Nuclear Factor, Erythroid 2 Like 2) is a considered to act as key
regulator of antioxidants. In a recent review, the involvement of antiox-
idant defense mechanisms, in particular, NRF2, thioredoxin and GSH
systems in tumorigenesis has been described in depth suggesting that
altered antioxidant defenses and deregulated redox homeostasis are im-
portant hallmarks of cancer development (Jaganjac et al., 2020b).

For many years ROS have been considered as important factors of
carcinogenesis, especially in the tumor initiation and promotion phases
(Betteridge, 2000; Halliwell and Gutteridge, 1999; Perchellet and
Perchellet, 1989). The relationship between cancer and oxidative stress
is mostly based on the fact that cancer cells are usually exposed to
higher levels of oxidative stress than normal cells (Pervaiz and Clément,
2004). However, in vivo studies on experimental tumor models have
demonstrated that the process of tumor development can be reversed or
at least decelerated by moderate levels of ROS, while high levels of ROS
can be mutagenic and promote tumorigenesis (Jaganjac et al., 2008,
2010, 2012b; Zivkovic et al., 2005, 2007). In addition, inflammation
generating inflammatory mediators in the tumor microenvironment
can direct the course of tumor development (Landskron et al., 2014).
While acute inflammation and excessive ROS released by inflammatory
cells can lead to the destruction of malignant cells, continuous genera-
tion of ROS during chronic inflammation targeting non-malignant cells
can eventually contribute to the tumorigenesis. Our earlier studies
showed that rapid infiltration of granulocytes at the site of tumor trans-
plantation, followed by their oxidative burst caused tumor regression

(Jaganjac et al., 2008), while a continuous release of ROS by granulo-
cytes was accompanied by tumor progression. During chronic inflam-
mation elevated ROS are generated by inflammatory cells and epithelial
cells and may cause accumulation of macromolecular impairments re-
sulting in mutations, altered signaling pathways and enhanced release
of other inflammatory mediators. Hence, oxidative stress, chronic in-
flammation and tumor development may be considered as particularly
vicious circle that has been described in more depth in several excellent
reviews (Aggarwal et al., 2019; Prasad et al., 2017; Reuter et al., 2010).

Due to its high lipid and iron contents, abundant oxygen consump-
tion and consequential ROS production, the brain is very susceptible to
ROS-induced damage. Depending on the type of ROS produced, their
reactivity, diffusion distance and the site of generation, ROS can affect
different macromolecules (Jaganjac et al., 2016). Among the usual ROS
targets are polyunsaturated fatty acids (PUFAs) that are highly suscepti-
ble to ROS induced damage at the bis-allylic site. Increased iron content
in the brain can further promote the chain reactions of lipid peroxida-
tion and have additional role in tumorigenesis, alongside with the cellu-
lar growth support (Jaganjac et al., 2020c). Increased lipid peroxida-
tion is considered to be mutagenic and carcinogenic (Zhang et al.,
2002). The most abundant long-chain PUFAs in the brain are arachi-
donic acid (omega-6, AA) and docosahexaenoic acid (omega-3, DHA),
while linoleic acid (omega-6 PUFA, LA) and alpha-linolenic acid
(omega-3 PUFA, ALA) are the main precursors for the synthesis of long-
chain PUFAs. Final products of non-enzymatic peroxidation of these
PUFAs are reactive aldehydes, which have longer half-life and spread
much further than ROS, especially if bound to the (extra)cellular pro-
teins. Therefore, in this review, special attention is given to relevance of
lipid peroxidation in the pathogenesis of the brain tumors.

2. Lipid oxidation: enzymatic vs. non-enzymatic, self-catalyzed
peroxidation chain reaction

Lipid peroxidation is achieved by two main pathways, either by en-
zymatic or by non-enzymatic oxidation.

The enzymatic oxidation is mediated by the action of peroxidases
such are cyclooxygenase (COX), lipoxygenase (LOX), phospholipase A2,
and cytochrome p450 (CYP450). LOX catalyzes the oxidation of LA
yielding hydroperoxy octadecadienoates (HPODEs), while AA can be
oxidized by several distinct enzymatic pathways. Oxidation of AA, via
LOX and COX pathway, results in the formation of prostaglandins,
thromboxanes, leukotrienes, lipoxins and hydroperoxyl eicosate-
traenoic acid, while oxidation with CYP450 yields epoxyeicosatrienoic
acid and 20-hydroxyeicosatetraenoic acid (Hanna and Hafez, 2018).

The bis-allylic site of PUFAs is prone to free radical or nonradical
species induced damage-triggering non-enzymatic oxidation of lipids
(Fig. 1). The abstraction of allylic hydrogen from PUFA initiates lipid
peroxidation forming the carbon-centered lipid radical (L●). In the
propagation phase of the chain reaction, L● rapidly reacts with molecu-
lar oxygen leading to the generation of lipid peroxyl radical (LOO●).
The LOO● further abstracts hydrogen from the other unsaturated lipids
yielding new L● and lipid hydroperoxides (LOOH). Lipid peroxidation
is terminated when protective molecules, like lipid soluble antioxi-
dants, donate a hydrogen atom to LOO●, thus causing formation of less
reactive ROS and eventually stable molecules (Fig. 1).

Oxygen free radical-mediated lipid peroxidation of LA, similarly to
enzymatic, will give rise to HPODEs, which are further reduced to hy-
droxyoctadecanoic acids by glutathione peroxidase (GPX). Due to the
presence of three double bonds, AA is more sensitive to the free radical
attack and produces F2-isoprostanes and isoflurane, while oxidation of
DHA yields neuroprostane compounds similar to isoprostanes (Shichiri,
2014).

Major end-products of lipid peroxidation are reactive aldehydes,
such are 4-hydroxyalkenals, 2-alkenals and ketoaldehydes and other
similar α,β-unsaturated aldehydes, represented by well-studied short-
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Fig. 1. Scheme of non-enzymatic lipid peroxidation.
The abstraction of allylic hydrogen (red) from PUFA leads to the formation of lipid radicals (L●) and initiates a chain reaction of lipid peroxidation. This is followed
by molecular rearrangement yielding conjugated dienes, more stable lipid reactive oxygen species. In the presence of molecular oxygen, conjugated dienes are trans-
formed to lipid peroxyl radical (LOO●), which can abstract allylic hydrogen from another PUFA leading to the formation of lipid hydroperoxide (LOOH) and another
L●. The presence of free iron FeII and FeIII will further catalyze transformation of LOOH to lipid alkoxyl radical (LO●) and LOO●, respectively. Lipid peroxidation is
terminated when non-radical products are formed due to interaction with (lipid soluble) antioxidants (such as tocopherol). The reaction between two LOO● or two
LO● will result in the formation of peroxide-bridged lipid dimer, while LOOH can react with L● forming lipid dimer (LL). Finally, further decomposition of LOOH or
LOO● will give rise to isoprostanes and bioactive, reactive aldehydes, represented by 4-HNE, acting as “second messengers of free radicals”.

chain aldehydes 4-hydroxynonenal (4-HNE), malondialdehyde (MDA)
and acrolein, among which biological importance of 4-HNE is the best
recognized. The important signaling role of 4-HNE in both physiology
and pathology is well documented especially also for the brain cells
(Jaganjac et al., 2020a; K. K. Zarkovic, 2003; N. N. Zarkovic, 2003, Rojo
et a. 2014). Biological activities of 4-HNE depend on its concentration
and the affected cell type. At low concentrations, 4-HNE can modulate
cell proliferation, differentiation, and cellular antioxidant capacities.
Opposite to that, at high concentrations 4-HNE can induce cell death,
either through apoptosis or necrosis. Due to its three functional groups,
4-HNE is highly reactive and can interact with proteins altering their
structure and function (Zarkovic et al., 2013). In addition, 4-HNE is also
binding to DNA, thus leading to adduct formation, which can induce al-
tered expression of numerous genes and elicit mutagenic effects
(Jaganjac et al., 2012a). Only a limited number of studies have investi-
gated the involvement of 4-HNE in the brain tumorigenesis, while its
appearance in human astrocytic tumors in situ was shown to be propor-
tional to the level of malignancy of these tumors (Zarkovic et al., 2005).
The in vitro analysis of the brain tumor models found 4-HNE and ROS
able to induce expression of aldo-keto reductases (AKR) AKR1C,
AKR1A1 and AKR7A2 in human astrocytoma c1321N1 cells, protecting
them from 4-HNE and ROS induced cytotoxicity (Li and Ellis, 2012).
Moreover, human glioblastoma ADF cells seem to be more resistant to
ROS-induced stress if compared to the counterpart normal cells (Peroni
et al., 2020). These glioblastoma cells have higher level of the NADP+-
dependent dehydrogenase, which catalyzes 3-glutathionyl-4-

hydroxynonanal oxidation, thus contributing to cell detoxification by
removal of the main 4-HNE metabolite (Moschini et al., 2015). There-
fore, relative resistance of malignant astrocytic cells against the cyto-
toxicity of 4-HNE, seems to be different from the other types of malig-
nant tumors that are usually more sensitive to the cytotoxic effects of 4-
HNE than are the respective counterpart non-malignant cells (Borovic
et al., 2007; Milkovic et al., 2015). That is one of important reasons
which make glial tumors difficult to treat by therapies relying on oxida-
tive stress (radiotherapy, several types of chemotherapy, photodynamic
treatments, etc.).

3. The blood-brain barrier in glioma

Medicamentous treatment of any brain disease is difficult especially
due to the specialized protective brain shield, notably the selectively
permeable membrane denoted the blood-brain barrier (BBB). This com-
plex structure builds its physical, transport and metabolic properties on
fine cooperation of their main structural components - endothelial cells
and their basement blood vessel membrane with surrounding astro-
cytes, pericytes and microglia (Abbott et al., 2006). Brain endothelial
cells differ in several structural elements from endothelial cells of the
rest of the body – they have the continuous belt of tight junctions, in-
creased numbers of mitochondria and low pinocytic activity, but do not
have fenestrations (Cardoso et al., 2010). These differences, together
with the local microenvironment, contribute to the low permeability of
BBB for majority of molecules, including chemotherapeutics. The base-
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ment membrane of endothelial cells together with glia limitans close up
a perivascular space and serve as a complex supportive network for the
glial soluble factors that regulate BBB properties (Persidsky et al.,
2006). In case of glioma development impairment of the BBB occurs
primarily due to functional changes of the BBB and its microenviron-
ment (Zhao et al., 2017). The development of glioma is accompanied by
newly formed tumor microvessels, which form the blood-brain-tumor
barrier (BBTB). This barrier is characterized by formation of fenestra-
tions and alterations of the tight junctions, together with an increase of
perivascular space proportional with the tumor grading (Wolburg et al.,
2012) (Fig. 2). Consequently, BBTB loses characteristics of BBB and be-
comes leaky, leading to brain edema as can be seen on magnetic reso-
nance imaging (MRI) (Arvanitis et al., 2020). The contrast medium,
which is not able to cross the functional BBB, accumulates proportion-
ally with the tumor grade and BBB disruption leading to the edema for-
mation (Pronin et al., 1997). Hence, a strong correlation between mi-
crovascular permeability and the tumor grade may be observed by neu-
roradiological examination using contrast enhanced MRI (Roberts et
al., 2000). One of two possible explanations of BBB breakdown in ma-
lignant glioma implies the angiogenesis process during glioma develop-
ment and formation of BBTB. The other explanation considers degrada-
tion of tight junctions and basement membrane due to glioma secretion
of different mediators of tumor progression and invasion upon oxida-
tive stress induction, including ROS and proteolytic enzymes
(Schneider et al., 2004). Furthermore, brain edema formation is associ-
ated with the upregulation of aquaporin-4 (Warth et al., 2007) accom-
panied with redistribution of aquaporin-4 from endfeet membranes to
entire cell surface due to the loss of ECM protein agrin (Warth et al.,
2004). A study on human brain glioma tissues has revealed that aqua-
porin-4 expression in peritumoral edematous tissues positively corre-

lates with the edema index, while no correlation was found for tumor
tissue (Mou et al., 2010). In vitro studies on LN229 human glioblastoma
cells suggested the potential role of aquaporin-4 in the migration and
invasion of glioblastoma (Ding et al., 2011). However, the exact func-
tion of aquaporin-4 in gliomas remains to be better studied.

Hyperactive nitric oxide system (NOX) in glioma generates in-
creased levels of NO and ONOO being even further aggravated by the
activation of microglia (Rojo et al., 2014; Song et al., 2020). Under such
oxidative stress conditions, ROS and RNS activate numerous signaling
pathways (PI3K/AKT, MAPK, AMPK), but also a plethora of redox sensi-
tive transcription factors (NfκB, Nrf2, HIFα), thus inducing lipid peroxi-
dation and production of reactive aldehydes subsequently leading to
impairment of the BBB (Rinaldi et al., 2016; Schieber and Chandel,
2014; Song et al., 2020). Namely, ROS directly activate protein tyrosine
kinase causing phosphorylation of the tight junction proteins and the
activation of matrix metalloproteinases (MMPs) both leading to an in-
crease of the BBB permeability (Haorah et al., 2007; Staddon et al.,
1995). The MMPs degrade proteins of the extracellular matrix. The
MMP-2 and MMP-9 are secreted by proliferating glioma endothelial
cells, while the MMP-12 is upregulated by glioma cells (Wolburg et al.,
2012). Furthermore, MMP-9 (Chen et al., 2011), ROS (Boonstra and
Post, 2004) and 4-HNE (Suc et al., 1998) can all activate epidermal
growth factor receptor (EGFR), which is the receptor crucial for normal
cell growth and differentiation, thus affecting the EGF-related down-
stream pathways. In the case of glioblastoma, EGFR activation possibly
serves the growth enhancement and protection as it leads to de novo li-
pogenesis and replacement of PUFA with highly saturated fatty acids
thus reducing cytotoxicity of lipid peroxidation (McKinney et al., 2019;
Rysman et al., 2010) and, at the same time, stimulating glioma prolifer-
ation (Taïb et al., 2019).

Fig. 2. Scheme of BBB and BBTB.
Transformation of the blood-brain barrier (BBB) to blood-brain tumor barrier (BBTB) correlates with tumor grading and includes alterations of tight and adherent
junctions, formation of fenestrations, degradation of the basement membrane, perivascular space increase and detachment of glial end-feet. The VEGF induced angio-
genesis in high grade gliomas results in leaky blood vessels and edema formation. Glioma induces ROS increase aggravated by microglia activation which further
leads to activation of several signaling pathways (MAPK, PI3K/Akt) and redox sensitive transcription factors (Nrf-2, Hif-α). Consequently, lipid peroxidation in-
creases and HNE accumulation together with ROS induce major structural changes that lead to BBB impairment. (AJ – adherent junctions; TJ – tight junctions; MMP –
matrix metalloproteinases).
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The presence of 4-HNE-protein adducts proportionally increasing
with malignancy of astrocytoma was found both in tumor cells and in
blood vessels suggesting their potential role in BBB regulation (Juric-
Sekhar et al., 2009; Zarkovic et al., 2005). In favor of this assumption
are several in vitro studies using different BBB models, which gave in-
sights into possible 4-HNE roles in functionality of the BBB. Hence, 4-
HNE was found first of all to act as a growth regulating factor and was
detected immunohistochemically to be abundant within BBB under sep-
sis and ischemia of the brain, being even washed-out during reperfusion
(Žarković et al., 1999). It was afterwards recognized as detrimental
byproduct that increases the BBB permeability within several minutes
after being used in vitro (Mertsch et al., 2001). The effects of 4-HNE on
endothelial cells were recognized by later studies to vary from regula-
tory to devastating. As described by Chapple et al., 4-HNE can, by
means of hormesis, modulate vascular functions (Chapple et al., 2013),
thus maintaining redox balance targeting specific cellular pathways
when present at physiological levels and provoking an adaptive re-
sponse in case of high 4-HNE concentrations. In addition, low levels of
4-HNE can induce phosphorylation of p53 causing an increase in p53
protein (Sharma et al., 2008), which is a master regulator of numerous
pathways including the cellular response to oxidative stress (Liu and
Xu, 2011). The recent study demonstrated also that p53 has important
role in supporting the BBB integrity by reducing oxidation of lipids
(Akhter et al., 2019). However, too high levels of 4-HNE induce en-
dothelial barrier dysfunction and activation of pro-inflammatory and
pro-apoptotic signaling. Moreover, 4-HNE can inhibit endothelial cell
proliferation, migration, and consequently angiogenesis in vitro
through binding to proteins of extracellular matrix like fibronectin.
Such 4-HNE-adducts can alter the expression of surface integrins
(CD166, ICAM2, PECAM, integrin α5 and β1), of the adhesion mole-
cules (cadherin-5, annexin A1) and of the growth factors/receptors
(VEGFR, connective tissue growth factor, ephrin type-A receptor) (Xu et
al., 2011). Furthermore, 4-HNE may affect endothelial barrier functions
through activation of ERK, JNK and p38 proteins of MAPK signaling
cascade. In such a way turn actin cytoskeleton rearrangement occurs
(Usatyuk and Natarajan, 2004) that includes focal adhesion kinase,
beta catenin, paxillin, VE-cadherin redistribution leading to formation
of the intercellular disparities (Usatyuk et al., 2006). The formation of
4-HNE adducts with adherent and tight junction proteins, as well as in-
tegrins, contributes to the endothelial barrier dysfunction (Usatyuk et
al., 2006). The 4-HNE also downregulates the expression of adhesion
molecules ICAM-1, VCAM-1 and E-selectin (Pizzimenti et al., 2010).
Additionally, through tyrosine kinase activation 4-HNE can stimulate
phospholipase D (Natarajan et al., 1997), which is responsible for phos-
pholipid signaling and reorganization of the cytoskeleton, membrane
transport and signal transduction (Oliveira and Di Paolo, 2010). Even
though all these studies emphasize 4-HNE role in BBB functioning, they
have one major objection. Namely, they were done in vitro using mod-
els mainly build from only one type of cells, while complexity of the
BBB and pluripotency of 4-HNE that can impact nucleic acids, proteins
and lipids, require more complex model systems of the BBB or in vivo
studies for more precise clarification of 4-HNE effects on the BBB.

4. Lipid peroxidation in primary brain tumors

The involvement of lipid peroxidation in primary brain tumors was
first recognized more than 40 years ago. Since then, scientists are trying
to elucidate its role in brain tumorigenesis. Studies, involving human
samples are limited with the majority focusing on gliomas (Table 1).
Based on the various types of glial cells from which glioma can origi-
nate, there are different types of gliomas, notably astrocytoma, oligo-
dendroglioma and ependymoma. Until today, only a few studies inves-
tigated the involvement of lipid peroxidation in other primary brain tu-
mors, like meningioma, craniopharyngioma and medulloblastoma, or
in the secondary, metastatic brain tumors.

Table 1
Findings on involvement of lipid peroxidation in primary or metastatic brain
tumors listed chronologically.

Author classification of
tumor type (sample
size)

Evidence of LPO and oxidative stress in
human brain tumors

Reference

Astrocytoma, low-
grade (8)
Astrocytoma, high-
grade (11)

Low grade astrocytoma had higher GSH and
TBARS compared to malignant lesions. This
difference was particularly prominent at the
tumor surface.

Louw et al.
(1997)

Glioblastoma (5)
Astrocytoma, grade
I-II (4)
Astrocytoma, grade
III and IV (30)
Ependymoma (1)
Meningioma (28)
Acoustic neurinoma
(17)
Craniopharyngioma
(7) Metastases (8)
Lymphoma (3)

Glioma, meningioma and acoustic neurinoma
had elevated lipid peroxidation of
erythrocytes as measured by TBARS assay,
while only glioma had significantly increased
levels of conjugated dienes in plasma
compared to control and other tumor types.
Erythrocyte TBARS and conjugated dienes
did not significantly differ between benign
and malignant brain tumors.

Rao et al.
(2000)

Craniopharyngioma
(55)

Lipid peroxidation and lactate accumulation
is higher in craniopharyngiomas cyst fluid
then in plasma.

Arefyeva
et al.
(2001)

Astrocytoma, high-
grade (30) Glioma,
low-grade (30)
Nontumorous lesions
(10) Healthy
volunteers (28)

Patients with brain tumor have elevated
MDA level in serum and tissue. The level of
MDA correlated with the grade of tumor.

Cirak et al.
(2003)

Brain tumor tissue (32)
Normal tissue (19)

MDA and SOD levels were lower in tumor
brain tissues compared to control tissue.

Popov et
al. (2003)

Astrocytoma (45) Presence of 4-HNE protein adducts in tumor
cells correlated with the degree of tumor
malignancy. The presence of 4-HNE protein
adducts was lowest in diffuse astrocytoma
and located mainly around blood vessels,
compared to anaplastic astrocytoma and
glioblastoma where 4-HNE protein adducts
were diffusely distributed.

Zarkovic et
al. (2005)

Glioma (21)
Meningioma (14)
Healthy volunteers
(11)

MDA, catalase and GPX activity are elevated
in serum of patients with brain tumors. No
difference between tumor types was
observed.

Yilmaz et
al. (2006)

Astrocytoma (26) The levels of 4-HNE, 2-HHE and histone H3
mRNA correlated with the pathological grade
of astrocytoma. Poorer prognosis was
observed for patients with high 4-HNE, 2-
HHE and low n-hexanal.

Zajdel et
al. (2007)

Glioblastoma (9)
Astrocytoma (15)
Healthy volunteers
(20)

Patients with brain tumor have elevated
activities of SOD and CAT in erythrocytes
and elevated MDA in both plasma and
erythrocytes compared to healthy volunteers.
However, no differences were observed in
respect to tumor type or surgery.

Woźniak et
al. (2007)

Glioblastoma (29)
Astrocytoma, high-
grade (8)
Astrocytoma, low-
grade (8)

Carnitine levels increased with the grade of
malignancy. Strong positive correlation
between MDA and C20:4 carnitine levels was
observed for glioblastoma samples.

Bayraktar
et al.
(2008)

Glioma, low-grade
(42) Paired
peritumoral region
(22)

MDA and catalase levels are higher in
peripheral zone of the tumor compared to
central area of tumor. However, no
significant differences are observed for SOD
and GPX.

Lamari et
al. (2008)

(continued on next page)
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Table 1 (continued)
Author classification of
tumor type (sample
size)

Evidence of LPO and oxidative stress in
human brain tumors

Reference

Glioma, grade II-IV (6) COX activity is decreased while GSH and
MnSOD activity are increased in central
region of gliomas compared to peripheral
regions. TBARS, GSSG, GPX, GRd, SOD,
protein carbonyls and level of oxidized
mtDNA did not significantly differ between
regions. In addition, peripheral mitochondria
had greater H2O2 production capacity
compared to central mitochondria.

Santandreu
et al.
(2008)

Glioblastoma (30)
Astrocytoma, grade
I-III (90)
Ependymoma (30)
Ependymoma,
anaplastic (10)

Presence of 4-HNE protein adducts in tumor
cells correlates with the degree of tumor
malignancy. The highest expression of 4-HNE
protein adducts is found in glioblastoma.
Presence of 4-HNE protein adducts in
microvessels of endothelium and walls of
tumor cells correlated with the grade of
malignancy.

Juric-
Sekhar et
al. (2009)

Astrocytoma (16)
Meningioma (14)
Metastases (11)
Other brain tumor
types (13)

Tumor tissues have decreased enzymatic and
non-enzymatic antioxidants and increased
LPO compared to peritumoral tissues. Higher
grade tumors had higher LPO and GSH, GR
and SOD were decreased compared to low
grade tumors. The highest LPO levels were
detected in astrocytoma, followed by
metastatic tumor, meningioma and the
lowest was recorded for other brain tumors.

Zengin et
al. (2009)

Glioblastoma (25)
Normal tissue (15)

SOD is decreased, while MPO, 3-
nitrotyrosine and TBARS level is increased in
tumor tissues compared to control.

Atukeren
et al.
(2010)

Anaplastic glioma (14)
Benign astrocytoma
(16) Metastases of
breast cancer (15)
Metastases of lung
cancer (14)
Metastases of kidney
cancer (13)
Metastases of skin
melanoma (16)

SOD activity was elevated in malignant
gliomas and metastases. Skin melanoma
metastases showed approximately 60%
higher SOD activity compared to malignant
gliomas, while other brain metastases had
SOD activity similar to malignant gliomas.
MDA level was 2-fold increase in malignant
gliomas and 3.5-fold increase in brain
metastases.

Sidorenko
et al.
(2011)

Glioblastoma (30) 4-HNE protein adducts were detected in all
samples. This study also demonstrated co-
expression of 4-HNE and CD133.

Kolenc et
al. (2011)

Meningioma (20)
Glioma, low-grade
(19) Glioma, high-
grade (20) Normal
tissue (15)

Advanced oxidation protein products and
MDA were increased in tumor tissues while
antioxidant capacity was decreased
compared to control samples. In addition,
high grade gliomas also had significantly
increased levels of lipid hydroperoxides.

Atukeren
et al.
(2017)

Glioblastoma (51)
Paired tumor
samples after EGFR
inhibitor therapy
(21)

Aldehyde dehydrogenase ALDH1A1 is
expressed in almost 70% of glioblastoma at
initial diagnosis but at low level. EGFR
inhibitor therapy induced ALDH1A1 levels in
tumors with EGFR amplification.

McKinney
et al.
(2019)

Glioblastoma, primary
resections (56)
Glioblastoma,
secondary resections
(56)

Aldehyde dehydrogenase ALDH1A3
expression is elevated in the recurrent
glioblastoma compared to expression of
respective primary tumors. Higher ALDH1A3
expression correlates with poorer survival.

Wu et al.
(2020)

Medulloblastoma (11)
Teratoid rhabdoid
(4) Ependymoma,
grade II and III (4)
Astrocytoma (10)
Other brain tumors,
grade I (5)

MDA was elevated in cerebrospinal fluid
before mass debulking compared
postoperative samples, however no
correlations were noticed in respect to tumor
type. MDA in plasma did not correlate with
MDA levels in cerebrospinal fluid.

Piastra et
al. (2020)

Although some earlier studies reported controversial findings on
lipid peroxidation in tumor tissues when compared to the normal brain
tissues (Louw et al., 1997; Popov et al., 2003), nowadays most of the
studies agree that the presence of lipid peroxidation correlates with the
histopathological grade of brain tumor and that incidence of lipid per-
oxidation is accompanied by altered antioxidant defense systems. Amid

the lipid peroxidation markers investigated in brain tumors or biologi-
cal fluids of brain tumor patients the major are 4-HNE, MDA, 2-
hydroxyhexanal (2-HHE) and conjugated dienes (Table 1).

Studies done by our group and others have shown that 4-HNE level
is increased in brain tumors (Fig. 3), proportional with the grade of tu-
mor malignancy and is, therefore, associated with poorer prognosis
(Juric-Sekhar et al., 2009; Zajdel et al., 2007; Zarkovic et al., 2005). We
revealed the presence of 4-HNE-protein conjugates in the endothelium
of microvessels within the brain tumors that also correlates with the tu-
mor malignancy, as does the appearance of 4-HNE in the tumor cells
themselves (Juric-Sekhar et al., 2009). Moreover, we found co-
expression of 4-HNE and CD133 in glioblastomas (Kolenc et al., 2011),
suggesting possible importance of 4-HNE for the growth of malignant
stem cells of the brain tumors, for which CD133, denoted also as pro-
minin-1, was identified as a surface marker (Singh et al., 2003). The
above studies on the 4-HNE in primary brain tumors and the fact that 4-
HNE is a pluripotent bioactive molecule, as described above, suggests
its important role in the brain tumorigenesis. That is further stressed by
the most recent findings showing that the aldehyde dehydrogenases
(ALDH), which are enzymes involved in 4-HNE metabolism, are ele-
vated in recurrent glioblastoma (Wu et al., 2020) and glioblastoma with
EGFR amplification occurring after EGFR inhibitor therapy (McKinney
et al., 2019).

These findings could be of clinical relevance because ALDH1A3-
positive cells are less sensitive to temozolomide (TMZ) treatment, while
patients suffering from glioblastoma with high ALDH expression have
worse survival duration (Wu et al., 2020). Depletion of ALDH1A3 in hu-
man glioblastoma LN229, U87MG and T98G cells leads to increased au-
tophagy after TMZ treatment and promotes lipid peroxidation, while
the addition of N-acetylcysteine neutralizes these effects (Wu et al.,
2020). The results of the same study also revealed close co-localization
of ADLH1A3, p62 and 4-HNE-modified proteins, supporting assumed
interactions of 4-HNE and ALDH1A3 in autophagy. Moreover, if present
at low concentrations 4-HNE can reversibly inhibit the ALDH enzymes,
while at high concentrations 4-HNE irreversibly inhibits ALDH enzymes
thus reducing its own cleavage and the metabolism of reactive aldehy-
des in general (Doorn et al., 2006).

The TP53-induced glycolysis and apoptosis regulator (TIGAR) is an-
other enzyme found to be upregulated in glioblastoma that closely cor-
relates with poor survival of patients (Tang and He, 2019). It was
shown experimentally that the TIGAR knock-down leads to decreased
NADPH and consequently decreased reduction of the oxidized glu-
tathione (GSSG) to GSH, leading to increased ROS production and lipid
peroxidation. The TIGAR also induces AKT activation, inhibits apopto-
sis, promotes proliferation and metastasis in U-87MG cells, which could
together with its role in maintaining oxidation resistance promote tu-
morigenesis of glioblastoma (Tang and He, 2019). Furthermore, α-
synuclein is a protein commonly present in various brain tumors
(Kawashima et al., 2000), which can be present in oligomeric form that
induces ROS formation, oxidizes ATP synthase altering the efficiency of
ATP production and also promotes lipid oxidation (Ludtmann et al.,
2018). Eventually, it should be mentioned that depending on the con-
centration of 4-HNE and duration of the cellular exposure to it, 4-HNE
can modulate mitochondrial metabolism leading even to the mitochon-
drial leakage and severe oxidative stress (Al-Menhali et al., 2020).

Another well-known aldehyde in primary brain tumors is MDA, fre-
quently assessed by measuring thiobarbituric acid reactive substance
(TBARS). Similar to 4-HNE, MDA was also found to be elevated in tu-
mor tissues and to correlate with the histopathological grade of the tu-
mor (Cirak et al., 2003; Zengin et al., 2009). The presence of MDA ap-
peared as more prominent at tumor peripheral zones than in the central
tumor area (Lamari et al., 2008), while MDA was also shown to be pre-
sent at high levels in brain metastases of various tumors (Sidorenko et
al., 2011; Zengin et al., 2009). Complementary to that, the incidence of
MDA seems to be lower in peritumoral tissues, whereas both enzymatic
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Fig. 3. Immunohistochemical findings of 4-HNE-protein adducts in human brain tumors.
Genuine monoclonal antibodies (courtesy of Prof. Georg Waeg, KF University, Graz, Austria), specific for 4-HNE-histidine adducts were used on formalin-fixed,
paraffin embedded tissue specimens, as described before (Zarkovic et al., 2017). Immunopositivity was visualized using brown-colored 3,3′-diaminobenzidine stain-
ing (DAB), with blue hematoxylin contrast-staining.A - The infiltration zone of a low-grade diffuse astrocytoma (G II, left side) into surrounding brain tissue (right
side). The 4-HNE immunoreactivity appears stronger in the affected brain tissue, than in the tumor itself (magnification 100×).B - Low to mild 4-HNE immunoreac-
tivity in tumor cells of the low-grade diffuse astrocytoma (G II), with more pronounced moderate immunostaining of the tumor's blood vessels, indicated by arrows
(magnification 400×).C - Strong 4-HNE immunopositivity of tumor cells and vascular endothelium (indicated by arrows) in glioblastoma multiforme (G IV) (magni-
fication 400×).D - Strong 4-HNE immunopositivity in tumor cells of metastatic renal carcinoma (right side, note strongly 4-HNE-immunopositive nuclei of carci-
noma cells) and even more pronounced in surrounding brain tissue (left side) (magnification 400×).

and non-enzymatic antioxidants seem to be increased. In addition, the
amount of MDA was found to correlate with the amount of C20:4 carni-
tine in glioblastoma patients (Bayraktar et al., 2008).

However, although patients suffering from brain tumors have usu-
ally increased levels of the lipid peroxidation markers in the blood
(Cirak et al., 2003; Woźniak et al., 2007; Yilmaz et al., 2006) the corre-
lation of systemic lipid peroxidation with the type of primary brain tu-
mors or the degree of their malignancy was not reported.

5. Lipid peroxidation in brain metastases

The metastases of cancer to CNS, notably to the brain, are among
the most difficult clinical problems and a cause of deep human suffer-
ing. Despite recent therapeutic breakthroughs estimated survival time
of patients with brain metastases is still less than one year (Lowery and
Yu, 2017). Alongside with melanoma, primary cancers that most fre-
quently metastasize to the brain originate from lungs, breast, colon and
kidney, although any type of cancer, including hematological malig-
nancies, can disseminate to the brain (Nayak et al., 2012; Patchell,
2003). Cancer metastases to the brain develop through hematogenous
seeding from a primary tumor penetrating the brain microvasculature.

The brain metastases can often be the first presenting symptoms of
malignant disease in patients with undiagnosed advanced-stage cancer.
It is estimated that about 20% of patients with cancer will develop
eventually brain metastases (Hall et al., 2000; Nayak et al., 2012). The
true incidence of brain metastasis is likely even higher because guide-
lines for majority of solid tumors do not recommend routine brain MRI
screening in patients who do not have any prominent neurological
deficit. Hence, autopsy studies have suggested higher incidence (up to
40%) of brain metastases in patients with cancer (Posner and Chernik,
1978; Tsukada et al., 1983). In advanced primary disease, the risk of de-
veloping brain metastases is even higher and increasing (Steeg et al.,
2011). In patients without brain metastases detected at the time of ini-
tial diagnosis, the median time from initial cancer diagnosis to the de-

velopment of brain metastases is related to the primary cancer type
(Nieder et al., 2011). In one study the median time for patients with
breast carcinoma to develop brain metastases was 44 months, while it
was only 11 months for patients suffering from primary lung cancer
(Berghoff et al., 2016). Such differences may be due to variations in
screening and the staging of the disease but also in respect to biological
differences between different tumor types.

Tumor growth involves complex microenvironmental tumor:host in-
teractions, neuroinflammatory cascades and neovascularization. Aim-
ing to spread from the site of origin, tumor cells leave from the primary
tumor and invade the surrounding tissues, venules, capillaries, and lym-
phatic system to further interact with immune cells thus promoting cell
motility through extracellular matrix. When cancer cells get into the
circulation, they begin the process of metastatic extravasation from the
vasculature. The brain metastases tend to occur mostly at the junction
between grey and white matter and watershed areas between vascular
territories where tumor cells benefit from extended time of blood flow.
Thus, tumor cells have more time to extravasate from the vasculature
and overcome the BBB (Achrol et al., 2019). At the time when diagnosis
of a primary tumor is done, more than 80% of patients already have
multiple brain metastases, disallowing surgery as a therapeutic option
(Ammannagari et al., 2013; Patchell et al., 1998).

The protective features of the brain include neuronal support cells
and BBB aiming to restrict the chemical and nutrient content of the CNS
and defend it against invading cells. These brain characteristics repre-
sent on one hand the barrier preventing cancer cells to enter the brain,
but on the other they provide safe surrounding for cancer cells able to
metastasize to the brain. Brain metastases have to adapt to the brain en-
vironment and avoid anti-cancer defense of the astrocytes and eventu-
ally to develop resistance to therapies applied (Lowery and Yu, 2017).

Therefore, to successfully form the brain metastases cancer cells
spread through blood must complete the following these steps: 1) mi-
gration across BBB, 2) survival in the brain microenvironment and 3)
malignant cell growth (Zou et al., 2019). In these crucial stages of the

7



UN
CO

RR
EC

TE
D

PR
OO

F

M. Jaganjac et al. Neurochemistry International xxx (xxxx) 105118

brain metastases development astrocytes may have different functions.
When activated they are considered to act as effective cancer-killing de-
fense factor in the brain microenvironment (Valiente et al., 2014). Op-
posite to that, some studies found that astrocytes could have a pro-
metastatic function and facilitate brain metastases by increasing their
formation and survival, migration of cancer cells through the BBB and
stemness of the invading cancer cells, even modulating the immune re-
sponse within the brain metastatic lesions (Priego et al., 2018; Valiente
et al., 2014).

Astrocytes are a major source of fatty acid synthesis in the brain,
which are used by neurons to support synapse formation and function
(Mauch et al., 2001; van Deijk et al., 2017). In the recent study, Zou and
colleagues (Zou et al., 2019) found that once migrated across the BBB to
the brain parenchyma, cancer cells take advantage of this high fatty
acid microenvironment to support their proliferation. This is the ulti-
mate step for metastatic cancer cells to form macrometastases, for
which inflammation-activated astrocytes serve as a source of produc-
tion of polyunsaturated fatty acids utilized by proliferating cancer cells
to build their membranes (Aizawa et al., 2016).

Zengin et al. studied the level of MDA, measured by TBARS, and an-
tioxidant activities (GSH, SOD and GR) in different types of primary
and metastatic brain tumors and their surrounding healthy tissues
(Zengin et al., 2009). They demonstrated that the extent of lipid peroxi-
dation is increased in all primary and metastatic brain tumors when
compared with their surrounding tissues, while primary astrocytoma
showed even higher MDA levels in comparison with brain metastases.
Furthermore, in all tumor types analyzed, MDA levels showed a nega-
tive correlation with SOD and GR activity, and with GSH levels. In
metastatic tumors, GSH levels and GR activity showed a significant pos-
itive correlation and SOD activity, also showing a significant correla-
tion with GSH levels (Zengin et al., 2009). A significant reduction of
GSH in metastatic and other brain tumors, in comparison with peritu-
moral tissues, was also found in the study by Navarro (Navarro et al.,
1999).

Therefore, increased levels of lipid peroxidation products in brain
metastases and primary tumors of the brain support the assumption
that the malignant tumor cells produce large quantities of free radicals,
thus supporting carcinogenesis.

6. The appearance of 4-HNE in the brain tumors

As can be seen on Figs. 1 and 3, a self-catalyzed chain reaction of
lipid peroxidation generates 4-HNE that forms relatively stable protein
adducts and maintain its bioactivities acting as a second messenger of
free radicals. That could not only result in the spread and accumulation
of 4-HNE within the affected tissues, but also its regulatory as well as
cytotoxic effects could be manifested in the cell-type and concentration-
dependent manners. Our immunohistochemical findings obtained by
the genuine monoclonal antibody specific for the 4-HNE-histidine
adducts, have shown that the development of astrocytoma is associated
not only with production of 4-HNE (Fig. 3A) within the tumor tissue but
even more in the surrounding non-malignant brain cells. This finding
resembles similar findings described before for oropharyngeal malig-
nancies, liver cancer and lung cancer (primary and metastatic). Even
more, higher presence of 4-HNE in normal tissue of the brain surround-
ing astrocytoma also resembles previously described levels of 4-HNE in
non-malignant cells near cancer (Gęgotek et al., 2016; Zhong et al.,
2017; Jakovčević et al., 2020). This is opposite to the findings on MDA
in normal peritumoral brain tissue (Zengin et al., 2009), so we assume
that cancer growth induces 4-HNE due to persistent lipid peroxidation
on one hand, but on the other non-malignant cells could produce 4-HNE
also as defense mechanism against invading cancer (Gęgotek et al.,
2016; Zhong et al., 2017; Jakovčević et al., 2020). In favor of this hy-
pothesis are also findings on concentration-dependent anticancer ef-
fects of 4-HNE, which might be produced by non-malignant cells in the

vicinity of cancer thus blocking the cancer-specific membrane-
associated catalase (Bauer and Zarkovic, 2015). Similar findings of in-
creased lipid peroxidation in peritumoral non-malignant tissues were
found before also for colon carcinoma both in the case of 4-HNE and
acrolein (Biasi et al, 2002, 2006; Zarkovic et al., 2006).

The source of 4-HNE within non-malignant brain tissue could be not
only glial cells but also BBB itself, especially because arterial smooth-
muscle cells can accumulate 4-HNE in an age-dependent manner
(Zarkovic et al., 2015). Therefore, it is not surprising that in the case of
low-grade astrocytoma (Grade II), 4-HNE is mostly prominent in blood
vessels (Fig. 3B) being less pronounced in tumor cells, while in the most
malignant astrocytic tumor, glioblastoma multiforme (Grade IV), 4-
HNE is abundant in blood vessels and in tumor cells (Fig. 3C). Finally,
in case of brain metastases, as presented on Figure 3D, 4-HNE can be
found strongly pronounced in cancer cells (even in their nuclei, which
is exceptional), and even more in surrounding brain tissue. That is
again raising the question if so much 4-HNE present in the normal tis-
sue affected by cancer development is due to its decay caused by lipid
peroxidation or due to an attempt of normal cells to defend the normal
tissue from invading cancer. While findings of more pronounced 4-HNE
in normal brain in the vicinity of metastatic cancer is again opposite to
findings on MDA, which was found lower in metastatic than in primary
brain tumors and peritumoral tissue, the highest levels of 4-HNE found
in the brain near metastatic cancer are very well in agreement with
findings of higher 4-HNE levels in normal lung tissue surrounding lung
metastasis of remote, mostly colon cancer) (Piskač Živković et al.,
2017). This topic deserves further research and could help better under-
standing not only of the origin of 4-HNE in brain tumors, but also of its
biological activities relevant for the tumor:host relationship.

7. Conclusions and future perspectives

There is enough evidence showing that lipid peroxidation is associ-
ated with the development of various CNS diseases including primary
and metastatic brain tumors. Major sources of lipid peroxidation in the
brain might be astrocytes and the blood vessels, also within the BBB,
which is in case of brain tumors modified into the BBTB. The final prod-
uct of non-enzymatic lipid peroxidation, reactive aldehyde 4-HNE,
which forms relatively stable protein adducts, might be responsible for
the persistence and the spread of lipid peroxidation and oxidative
stress, acting as the second messenger of free radicals.

Immunohistochemical findings on the presence of 4-HNE in primary
brain tumors suggest positive relationship between lipid peroxidation
with malignancy of astrocytic tumors and the tumor progression. In
case of cancer metastases in the brain, the levels of 4-HNE seem to be
even higher, peaking at the maximum of immunohistochemical positiv-
ity revealed in the peritumoral brain tissues. Because 4-HNE can act in
cell-type and concentration-dependent manners, either as cytotoxic
product of PUFA peroxidation or as a regulator of vital functions of nor-
mal and of malignant cells, bioactivities of this reactive aldehyde
should further be studied to reveal if it serves as a co-factor of carcino-
genesis or/and as a factor of the host's defense against cancer.

Finally, since 4-HNE increases permeability of the BBB, it is likely
that 4-HNE might be in the future used as a potential humoral bio-
marker of various CNS diseases, including brain tumors, or even as bio-
logical inducer of the BBB permeability that could enhance penetration
of the medicinal remedies into the brain.

Author statement

Herewith, on behalf of all co-authors, I declare that contribution of
the co-authors of the manuscript “Lipid peroxidation in brain tumors”,
which was prepared upon your invitation for the SI denoted “The oxida-
tive/nitrosative stress in brain tumors”, for which you act as guest edi-
tors was: Morana Jaganjac – Conceptualization; Data curation; Visual-

8



UN
CO

RR
EC

TE
D

PR
OO

F

M. Jaganjac et al. Neurochemistry International xxx (xxxx) 105118

ization; Roles/Writing - original Marina Cindrić - Visualization; Roles/
Writing - original. Antonia Jakovčević - Roles/Writing - original.
Kamelija Žarković - Data curation; Validation; Visualization; Roles/
Writing - original. Neven Žarković - Conceptualization; Data curation;
Formal analysis; Project administration; Supervision; Validation; Visu-
alization; Roles/Writing - original. Sincerely yours,

Declaration of competing interest

There is no conflict of interest.

References

Abbott, N.J., Rönnbäck, L., Hansson, E., 2006. Astrocyte-endothelial interactions at the
blood-brain barrier. Nat. Rev. Neurosci. 7, 41–53. https://doi.org/10.1038/nrn1824.

Achrol, A.S., Rennert, R.C., Anders, C., Soffietti, R., Ahluwalia, M.S., Nayak, L., Peters, S.,
Arvold, N.D., Harsh, G.R., Steeg, P.S., Steeg, P.S., Chang, S.D., 2019. Brain metastases.
Nat. Rev. Dis. Prim. 5. https://doi.org/10.1038/s41572-018-0055-y.

Aggarwal, V., Tuli, H.S., Varol, A., Thakral, F., Yerer, M.B., Sak, K., Varol, M., Jain, A.,
Khan, M.A., Sethi, G., 2019. Role of reactive oxygen species in cancer progression:
molecular mechanisms and recent advancements. Biomolecules 9. https://doi.org/10.
3390/biom9110735.

Aizawa, F., Nishinaka, T., Yamashita, T., Nakamoto, K., Koyama, Y., Kasuya, F.,
Tokuyama, S., 2016. Astrocytes release polyunsaturated fatty acids by
lipopolysaccharide stimuli. Biol. Pharm. Bull. 39, 1100–1106. https://doi.org/10.1248/
bpb.b15-01037.

Akhter, M.S., Uddin, M.A., Kubra, K.-T., Barabutis, N., 2019. P53-induced reduction of
lipid peroxidation supports brain microvascular endothelium integrity. J. Pharmacol.
Sci. 141, 83–85. https://doi.org/10.1016/j.jphs.2019.09.008.

Al-Menhali, A.S., Banu, S., Angelova, P.R., Barcaru, A., Horvatovich, P., Abramov, A.Y.,
Jaganjac, M., 2020. Lipid peroxidation is involved in calcium dependent upregulation of
mitochondrial metabolism in skeletal muscle. Biochim. Biophys. Acta Gen. Subj. 1864
https://doi.org/10.1016/j.bbagen.2019.129487.

Ammannagari, N., Ahmed, S., Patel, A., Bravin, E.N., 2013. Radiological response of brain
metastases to novel tyrosine kinase inhibitor lapatinib. QJM 106, 869–870. https://doi.
org/10.1093/qjmed/hct090.

Arefyeva, I.A., Semenova, Z.B., Korshunov, A.G., Zubairaev, M.S., Krasnova, T.S.,
Gorelyshev, S.K., Promyslov, M.S., 2001. Lipid peroxidation in cystic fluid of
craniopharyngiomas. Vopr. Meditsinskoj Khimii 47, 631–632.

Arvanitis, C.D., Ferraro, G.B., Jain, R.K., 2020. The blood–brain barrier and blood–tumour
barrier in brain tumours and metastases. Nat. Rev. Canc. 20, 26–41. https://doi.org/10.
1038/s41568-019-0205-x.

Atkins, C.M., Sweatt, J.D., 1999. Reactive oxygen species mediate activity-dependent
neuron-glia signaling in output fibers of the hippocampus. J. Neurosci. 19, 7241–7248.
https://doi.org/10.1523/jneurosci.19-17-07241.1999.

Atukeren, P., Kemerdere, R., Kacira, T., Hanimoglu, H., Ozlen, F., Yavuz, B., Tanriverdi,
T., Gumustas, K., Canbaz, B., 2010. Expressions of some vital molecules: glioblastoma
multiforme versus normal tissues. Neurol. Res. 32, 492–501. https://doi.org/10.1179/
174313209X459075.

Atukeren, P., Oner, S., Baran, O., Kemerdere, R., Eren, B., Cakatay, U., Tanriverdi, T.,
2017. Oxidant and anti-oxidant status in common brain tumors: correlation to TP53 and
human biliverdin reductase. Clin. Neurol. Neurosurg. 158, 72–76. https://doi.org/10.
1016/j.clineuro.2017.05.003.

Bauer, G., Zarkovic, N., 2015. Revealing mechanisms of selective, concentration-
dependent potentials of 4-hydroxy-2-nonenal to induce apoptosis in cancer cells through
inactivation of membrane-associated catalase. Free Radic. Biol. Med. 81, 128–144.
https://doi.org/10.1016/j.freeradbiomed.2015.01.010.

Bayraktar, N., Paşaoǧlu, H., Paşaoǧlu, A., Kaymaz, M., Biberoǧlu, G., Kulaksizoǧlu, S.,
2008. The relationship between carnitine levels and lipid peroxidation in glial brain
tumors. Turk. J. Med. Sci. 38, 293–299.

Beckhauser, T.F., Francis-Oliveira, J., De Pasquale, R., 2016. Reactive oxygen species:
physiological and physiopathological effects on synaptic plasticity. J. Exp. Neurosci.
23–48 2016 https://doi.org/10.4137/JEN.S39887.

Berghoff, A.S., Schur, S., Füreder, L.M., Gatterbauer, B., Dieckmann, K., Widhalm, G.,
Hainfellner, J., Zielinski, C.C., Birner, P., Bartsch, R., Bartsch, R., Preusser, M., 2016.
Descriptive statistical analysis of a real life cohort of 2419 patients with brain metastases
of solid cancers. ESMO Open 1. https://doi.org/10.1136/esmoopen-2015-000024.

Betteridge, D.J., 2000. What is oxidative stress?. Metabolism 49, 3–8. https://doi.org/10.
1016/S0026-0495(00)80077-3.

Betzen, C., White, R., Zehendner, C.M., Pietrowski, E., Bender, B., Luhmann, H.J.,
Kuhlmann, C.R.W., 2009. Oxidative stress upregulates the NMDA receptor on
cerebrovascular endothelium. Free Radic. Biol. Med. 47, 1212–1220. https://doi.org/
10.1016/j.freeradbiomed.2009.07.034.

Biasi, F., Tessitore, L., Zanetti, D., Cutrin, J.C., Zingaro, B., Chiarpotto, E., Zarkovic, N.,
Serviddio, G., Poli, G., 2002. Associated changes of lipid peroxidation and transforming
growth factor β1 levels in human colon cancer during tumour progression. Gut 50,
361–367. https://doi.org/10.1136/gut.50.3.361.

Biasi, F., Vizio, B., Mascia, C., Gaia, E., Zarkovic, N., Chiarpotto, E., Leonarduzzi, G., Poli,
G., 2006. c-Jun N-terminal kinase upregulation as a key event in the proapoptotic
interaction between transforming growth factor-beta 1 and 4-hydroxynonenal in colon
mucosa. Free Radic. Biol. Med. 41, 443–454. https://doi.org/10.1016/j.freeradbiomed.
2006.04.005.

Boonstra, J., Post, J.A., 2004. Molecular events associated with reactive oxygen species
and cell cycle progression in mammalian cells. Gene 337, 1–13. https://doi.org/10.
1016/j.gene.2004.04.032.

Borovic, S., Cipak, A., Meinitzer, A., Kejla, Z., Perovic, D., Waeg, G., Zarkovic, N., 2007.
Differential sensitivity to 4-hydroxynonenal for normal and malignant mesenchymal
cells. Redox Rep. 12, 50–54. https://doi.org/10.1179/135100007X162194.

Cardoso, F.L., Brites, D., Brito, M.A., 2010. Looking at the blood-brain barrier: molecular
anatomy and possible investigation approaches. Brain Res. Rev. 64, 328–363. https://
doi.org/10.1016/j.brainresrev.2010.05.003.

Chapple, S.J., Cheng, X., Mann, G.E., 2013. Effects of 4-hydroxynonenal on vascular
endothelial and smooth muscle cell redox signaling and function in health and disease.
Redox Biol. https://doi.org/10.1016/j.redox.2013.04.001.

Chen, F., Hori, T., Ohashi, N., Baine, A.-M., Eckman, C.B., Nguyen, J.H., 2011. Occludin is
regulated by epidermal growth factor receptor activation in brain endothelial cells and
brains of mice with acute liver failure. Hepatology 53, 1294–1305. https://doi.org/10.
1002/hep.24161.

Cirak, B., Inci, S., Palaoglu, S., Bertan, V., 2003. Lipid peroxidation in cerebral tumors.
Clin. Chim. Acta 327, 103–107. https://doi.org/10.1016/S0009-8981(02)00334-0.

Collin, F., 2019. Chemical basis of reactive oxygen species reactivity and involvement in
neurodegenerative diseases. Int. J. Mol. Sci. 20. https://doi.org/10.3390/
ijms20102407.

Ding, T., Ma, Y., Li, W., Liu, X., Ying, G., Fu, L., Gu, F., 2011. Role of aquaporin-4 in the
regulation of migration and invasion of human glioma cells. Int. J. Oncol. 38,
1521–1531. https://doi.org/10.3892/ijo.2011.983.

Doorn, J.A., Hurley, T.D., Petersen, D.R., 2006. Inhibition of human mitochondrial
aldehyde dehydrogenase by 4-hydroxynon-2-enal and 4-oxonon-2-enal. Chem. Res.
Toxicol. 19, 102–110. https://doi.org/10.1021/tx0501839.

Gao, X., Kim, H.K., Chung, J.M., Chung, K., 2007. Reactive oxygen species (ROS) are
involved in enhancement of NMDA-receptor phosphorylation in animal models of pain.
Pain 131, 262–271. https://doi.org/10.1016/j.pain.2007.01.011.

Gęgotek, A., Nikliński, J., Žarković, N., Žarković, K., Waeg, G., Łuczaj, W., Charkiewicz,
R., Skrzydlewska, E., 2016. Lipid mediators involved in the oxidative stress and
antioxidant defence of human lung cancer cells. Redox Biol 9, 210–219. https://doi.org/
10.1016/j.redox.2016.08.010.

Hall, W.A., Djalilian, H.R., Nussbaum, E.S., Cho, K.H., 2000. Long-term survival with
metastatic cancer to the brain. Med. Oncol. 17, 279–286. https://doi.org/10.1007/
BF02782192.

Halliwell, B., Gutteridge, J.M.C., 1999. Free Radicals in Biology and Medicine. third ed.
Oxford Science Publications, Oxford.

Hanna, V.S., Hafez, E.A.A., 2018. Synopsis of arachidonic acid metabolism: a review. J.
Adv. Res. 11, 23–32. https://doi.org/10.1016/j.jare.2018.03.005.

Haorah, J., Ramirez, S.H., Schall, K., Smith, D., Pandya, R., Persidsky, Y., 2007. Oxidative
stress activates protein tyrosine kinase and matrix metalloproteinases leading to blood-
brain barrier dysfunction. J. Neurochem. 101, 566–576. https://doi.org/10.1111/j.
1471-4159.2006.04393.x.

Jaganjac, M., Čačev, T., Čipak, A., Kapitanović, S., Trošelj, K.G., Žarković, N., 2012a. Even
stressed cells are individuals: second messengers of free radicals in pathophysiology of
cancer. Croat. Med. J. 53, 304–309. https://doi.org/10.3325/cmj.2012.53.304.

Jaganjac, M., Cipak, A., Schaur, R.J., Zarkovic, N., 2016. Pathophysiology of neutrophil-
mediated extracellular redox reactions. Front. Biosci. - Landmark 21, 839–855. https://
doi.org/10.2741/4423.

Jaganjac, M., Milkovic, L., Gegotek, A., Cindric, M., Zarkovic, K., Skrzydlewska, E.,
Zarkovic, N., 2020a. The relevance of pathophysiological alterations in redox signaling
of 4-hydroxynonenal for pharmacological therapies of major stress-associated diseases.
Free Radic. Biol. Med. 157. https://doi.org/10.1016/j.freeradbiomed.2019.11.023.

Jaganjac, M., Milkovic, L., Sunjic, S.B., Zarkovic, N., 2020b. In: The NRF2, Thioredoxin,
and Glutathione System in Tumorigenesis and Anticancer Therapies, vol. 9.
Antioxidants, Basel, Switzerland. https://doi.org/10.3390/antiox9111151.

Jaganjac, M., Poljak-Blazi, M., Kirac, I., Borovic, S., Joerg Schaur, R., Zarkovic, N., 2010.
Granulocytes as effective anticancer agent in experimental solid tumor models.
Immunobiology 215, 1015–1020. https://doi.org/10.1016/j.imbio.2010.01.002.

Jaganjac, M., Poljak-Blazi, M., Schaur, R.J., Zarkovic, K., Borovic, S., Cipak, A., Cindric,
M., Uchida, K., Waeg, G., Zarkovic, N., 2012b. Elevated neutrophil elastase and acrolein-
protein adducts are associated with W256 regression. Clin. Exp. Immunol. 170,
178–185. https://doi.org/10.1111/j.1365-2249.2012.04639.x.

Jaganjac, M., Poljak-Blazi, M., Zarkovic, K., Schaur, R.J., Zarkovic, N., 2008. The
involvement of granulocytes in spontaneous regression of Walker 256 carcinoma. Canc.
Lett. 260, 180–186. https://doi.org/10.1016/j.canlet.2007.10.039.

Jaganjac, M., Sunjic, S.B., Zarkovic, N., 2020c. Utilizing iron for targeted lipid
peroxidation as anticancer option of integrative biomedicine: a short review of
nanosystems containing iron. Antioxidants 9. https://doi.org/10.3390/antiox9030191.

Jakovčević, A., Žarković, K., Jakovčević, D., Rakušić, Z., Prgomet, D., Waeg, G., Šunjić, S.
B., Žarković, N., 2020. The appearance of 4-hydroxy-2-nonenal (HNE) in squamous cell
carcinoma of the oropharynx. Molecules 25. https://doi.org/10.3390/
molecules25040868.

Juric-Sekhar, G., Zarkovic, K., Waeg, G., Cipak, A., Zarkovic, N., 2009. Distribution of 4-
hydroxynonenal-protein conjugates as a marker of lipid peroxidation and parameter of
malignancy in astrocytic and ependymal tumors of the brain. Tumori 95, 762–768.
https://doi.org/10.1177/030089160909500620.

Kawashima, M., Suzuki, S.O., Doh-ura, K., Iwaki, T., 2000. alpha-Synuclein is expressed in
a variety of brain tumors showing neuronal differentiation. Acta Neuropathol. 99,
154–160. https://doi.org/10.1007/pl00007419.

Kemmerling, U., Muñoz, P., Müller, M., Sánchez, G., Aylwin, M.L., Klann, E., Carrasco, M.
A., Hidalgo, C., 2007. Calcium release by ryanodine receptors mediates hydrogen
peroxide-induced activation of ERK and CREB phosphorylation in N2a cells and
hippocampal neurons. Cell Calcium 41, 491–502. https://doi.org/10.1016/j.ceca.2006.

9

https://doi.org/10.1038/nrn1824
https://doi.org/10.1038/s41572-018-0055-y
https://doi.org/10.3390/biom9110735
https://doi.org/10.3390/biom9110735
https://doi.org/10.1248/bpb.b15-01037
https://doi.org/10.1248/bpb.b15-01037
https://doi.org/10.1016/j.jphs.2019.09.008
https://doi.org/10.1016/j.bbagen.2019.129487
https://doi.org/10.1093/qjmed/hct090
https://doi.org/10.1093/qjmed/hct090
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref8
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref8
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref8
https://doi.org/10.1038/s41568-019-0205-x
https://doi.org/10.1038/s41568-019-0205-x
https://doi.org/10.1523/jneurosci.19-17-07241.1999
https://doi.org/10.1179/174313209X459075
https://doi.org/10.1179/174313209X459075
https://doi.org/10.1016/j.clineuro.2017.05.003
https://doi.org/10.1016/j.clineuro.2017.05.003
https://doi.org/10.1016/j.freeradbiomed.2015.01.010
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref14
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref14
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref14
https://doi.org/10.4137/JEN.S39887
https://doi.org/10.1136/esmoopen-2015-000024
https://doi.org/10.1016/S0026-0495(00)80077-3
https://doi.org/10.1016/S0026-0495(00)80077-3
https://doi.org/10.1016/j.freeradbiomed.2009.07.034
https://doi.org/10.1016/j.freeradbiomed.2009.07.034
https://doi.org/10.1136/gut.50.3.361
https://doi.org/10.1016/j.freeradbiomed.2006.04.005
https://doi.org/10.1016/j.freeradbiomed.2006.04.005
https://doi.org/10.1016/j.gene.2004.04.032
https://doi.org/10.1016/j.gene.2004.04.032
https://doi.org/10.1179/135100007X162194
https://doi.org/10.1016/j.brainresrev.2010.05.003
https://doi.org/10.1016/j.brainresrev.2010.05.003
https://doi.org/10.1016/j.redox.2013.04.001
https://doi.org/10.1002/hep.24161
https://doi.org/10.1002/hep.24161
https://doi.org/10.1016/S0009-8981(02)00334-0
https://doi.org/10.3390/ijms20102407
https://doi.org/10.3390/ijms20102407
https://doi.org/10.3892/ijo.2011.983
https://doi.org/10.1021/tx0501839
https://doi.org/10.1016/j.pain.2007.01.011
https://doi.org/10.1016/j.redox.2016.08.010
https://doi.org/10.1016/j.redox.2016.08.010
https://doi.org/10.1007/BF02782192
https://doi.org/10.1007/BF02782192
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref33
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref33
https://doi.org/10.1016/j.jare.2018.03.005
https://doi.org/10.1111/j.1471-4159.2006.04393.x
https://doi.org/10.1111/j.1471-4159.2006.04393.x
https://doi.org/10.3325/cmj.2012.53.304
https://doi.org/10.2741/4423
https://doi.org/10.2741/4423
https://doi.org/10.1016/j.freeradbiomed.2019.11.023
https://doi.org/10.3390/antiox9111151
https://doi.org/10.1016/j.imbio.2010.01.002
https://doi.org/10.1111/j.1365-2249.2012.04639.x
https://doi.org/10.1016/j.canlet.2007.10.039
https://doi.org/10.3390/antiox9030191
https://doi.org/10.3390/molecules25040868
https://doi.org/10.3390/molecules25040868
https://doi.org/10.1177/030089160909500620
https://doi.org/10.1007/pl00007419
https://doi.org/10.1016/j.ceca.2006.10.001


UN
CO

RR
EC

TE
D

PR
OO

F

M. Jaganjac et al. Neurochemistry International xxx (xxxx) 105118

10.001.
Kolenc, D., Jakovčević, A., MacAn, M., Žarković, K., 2011. The co-expression of 4-

hydroxynonenal and prominin-1 in glioblastomas. Transl. Neurosci. 2, 163–167. https://
doi.org/10.2478/s13380-011-0012-7.

Lamari, F., La Schiazza, R., Guillevin, R., Hainque, B., Foglietti, M.-J., Beaudeux, J.-L.,
Bernard, M., 2008. Biochemical exploration of energetic metabolism and oxidative stress
in low grade gliomas: central and peripheral tumor tissue analysis | Exploration
biochimique du métabolisme énergétique et du stress oxydant des gliomes de bas grade:
analyse du tissu tu. Ann. Biol. Clin. 66, 143–150. https://doi.org/10.1684/abc.2008.
0211.

Landskron, G., De La Fuente, M., Thuwajit, P., Thuwajit, C., Hermoso, M.A., 2014.
Chronic inflammation and cytokines in the tumor microenvironment. J. Immunol. Res.
2014 https://doi.org/10.1155/2014/149185.

Li, D., Ellis, E.M., 2012. Inducible protection of human astrocytoma 1321N1 cells against
hydrogen peroxide and aldehyde toxicity by 7-hydroxycoumarin is associated with the
upregulation of aldo-keto reductases. Neurotoxicology 33, 1368–1374. https://doi.org/
10.1016/j.neuro.2012.08.015.

Liu, D., Xu, Y., 2011. P53, oxidative stress, and aging. Antioxidants Redox Signal. 15,
1669–1678. https://doi.org/10.1089/ars.2010.3644.

Lopez-Fabuel, I., Le Douce, J., Logan, A., James, A.M., Bonvento, G., Murphy, M.P.,
Almeida, A., Bolaños, J.P., 2016. Complex I assembly into supercomplexes determines
differential mitochondrial ROS production in neurons and astrocytes. Proc. Natl. Acad.
Sci. U.S.A. 113, 13063–13068. https://doi.org/10.1073/pnas.1613701113.

Louw, D.F., Böse, R., Sima, A.A.F., Sutherland, G.R., 1997. Evidence for a high free radical
state in low-grade astrocytomas. Neurosurgery 41, 1146–1151. https://doi.org/10.
1097/00006123-199711000-00025.

Lowery, F.J., Yu, D., 2017. Brain metastasis: unique challenges and open opportunities.
Biochim. Biophys. Acta Rev. Canc 49–57 1867 https://doi.org/10.1016/j.bbcan.2016.
12.001.

Ludtmann, M.H.R., Angelova, P.R., Horrocks, M.H., Choi, M.L., Rodrigues, M., Baev, A.Y.,
Berezhnov, A.V., Yao, Z., Little, D., Banushi, B., Abramov, A.Y., Gandhi, S., 2018. α-
synuclein oligomers interact with ATP synthase and open the permeability transition
pore in Parkinson’s disease. Nat. Commun. 9. https://doi.org/10.1038/s41467-018-
04422-2.

Massaad, C.A., Klann, E., 2011. Reactive oxygen species in the regulation of synaptic
plasticity and memory. Antioxidants Redox Signal. 14 2013–2054 https://doi.org/10.
1089/ars.2010.3208.

Mauch, D.H., Nägier, K., Schumacher, S., Göritz, C., Müller, E.-C., Otto, A., Pfrieger, F.W.,
2001. CNS synaptogenesis promoted by glia-derived cholesterol. Science (80- 294,
1354–1357. https://doi.org/10.1126/science.294.5545.1354.

McKinney, A., Lindberg, O.R., Engler, J.R., Chen, K.Y., Kumar, A., Gong, H., Lu, K.V.,
Simonds, E.F., Cloughesy, T.F., Liau, L.M., Prados, M., Bollen, A.W., Berger, M.S., Shieh,
J.T.C., David James, C., Nicolaides, T.P., Yong, W.H., Lai, A., Hegi, M.E., Weiss, W.A.,
Phillips, J.J., 2019. Mechanisms of resistance to EGFR inhibition reveal metabolic
vulnerabilities in human GBM. Mol. Canc. Therapeut. 18, 1565–1576. https://doi.org/
10.1158/1535-7163.MCT-18-1330.

Mertsch, K., Blasig, I., Grune, T., 2001. 4-Hydroxynonenal impairs the permeability of an
in vitro rat blood-brain barrier. Neurosci. Lett. 314, 135–138.

Milkovic, L., Cipak Gasparovic, A., Zarkovic, N., 2015. Overview on major lipid
peroxidation bioactive factor 4-hydroxynonenal as pluripotent growth-regulating factor.
Free Radic. Res. 49, 850–860. https://doi.org/10.3109/10715762.2014.999056.

Moschini, R., Peroni, E., Rotondo, R., Renzone, G., Melck, D., Cappiello, M., Srebot, M.,
Napolitano, E., Motta, A., Scaloni, A., Mura, U., Del-Corso, A., 2015. NADP+-dependent
dehydrogenase activity of carbonyl reductase on glutathionylhydroxynonanal as a new
pathway for hydroxynonenal detoxification. Free Radic. Biol. Med. 83, 66–76. https://
doi.org/10.1016/j.freeradbiomed.2015.02.001.

Mou, K., Chen, M., Mao, Q., Wang, P., Ni, R., Xia, X., Liu, Y., 2010. AQP-4 in peritumoral
edematous tissue is correlated with the degree of glioma and with expression of VEGF
and HIF-alpha. J. Neuro Oncol. 100, 375–383. https://doi.org/10.1007/s11060-010-
0205-x.

Natarajan, V., Scribner, W.M., Vepa, S., 1997. Phospholipase D Activation in Vascular
Endothelial Cells.

Navarro, J., Obrador, E., Carretero, J., Petschen, I., Aviñó, J., Perez, P., Estrela, J.M.,
1999. Changes in glutathione status and the antioxidant system in blood and in cancer
cells associate with tumour growth in vivo. Free Radic. Biol. Med. 26, 410–418. https://
doi.org/10.1016/S0891-5849(98)00213-5.

Nayak, L., Lee, E.Q., Wen, P.Y., 2012. Epidemiology of brain metastases. Curr. Oncol. Rep.
14, 48–54. https://doi.org/10.1007/s11912-011-0203-y.

Nieder, C., Spanne, O., Mehta, M.P., Grosu, A.L., Geinitz, H., 2011. Presentation, patterns
of care, and survival in patients with brain metastases: what has changed in the last 20
years?. Cancer 117, 2505–2512. https://doi.org/10.1002/cncr.25707.

Oliveira, T.G., Di Paolo, G., 2010. Phospholipase D in brain function and Alzheimer’s
disease. Biochim. Biophys. Acta 1801, 799–805. https://doi.org/10.1016/j.bbalip.2010.
04.004.

Patchell, R.A., 2003. The management of brain metastases. Canc. Treat Rev. 29, 533–540.
https://doi.org/10.1016/S0305-7372(03)00105-1.

Patchell, R.A., Tibbs, P.A., Regine, W.F., Dempsey, R.J., Mohiuddin, M., Kryscio, R.J.,
Markesbery, W.R., Foon, K.A., Young, B., 1998. Postoperative radiotherapy in the
treatment of single metastases to the brain: a randomized trial. J. Am. Med. Assoc. 280,
1485–1489. https://doi.org/10.1001/jama.280.17.1485.

Pawate, S., Shen, Q., Fan, F., Bhat, N.R., 2004. Redox regulation of glial inflammatory
response to lipopolysaccharide and interferonγ. J. Neurosci. Res. 77, 540–551. https://
doi.org/10.1002/jnr.20180.

Perchellet, J.-P., Perchellet, E.M., 1989. Antioxidants and multistage carcinogenesis in
mouse skin. Free Radic. Biol. Med. 7, 377–408. https://doi.org/10.1016/0891-5849(89)
90124-X.

Peroni, E., Scali, V., Balestri, F., Cappiello, M., Mura, U., Del Corso, A., Moschini, R., 2020.
Pathways of 4-hydroxy-2-nonenal detoxification in a human astrocytoma cell line.
Antioxidants 9. https://doi.org/10.3390/antiox9050385.

Persidsky, Y., Ramirez, S.H., Haorah, J., Kanmogne, G.D., 2006. Blood-brain barrier:
structural components and function under physiologic and pathologic conditions. J.
Neuroimmune Pharmacol. 1, 223–236. https://doi.org/10.1007/s11481-006-9025-3.

Pervaiz, S., Clément, M.-V., 2004. Tumor intracellular redox status and drug resistance-
serendipity or a causal relationship?. Curr. Pharmaceut. Des. 10 1969–1977 https://doi.
org/10.2174/1381612043384411.

Piastra, M., Caresta, E., Massimi, L., Picconi, E., Luca, E., Morena, T.C., Conti, G., Eaton,
S., 2020. Lipid peroxidation and antioxidant consumption as early markers of
neurosurgery-related brain injury in children. Neurocritical Care 33, 124–131. https://
doi.org/10.1007/s12028-019-00870-w.

Piskač Živković, N., Petrovečki, M., Lončarić, Č.T., Nikolić, I., Waeg, G., Jaganjac, M.,
Žarković, K., Žarković, N., 2017. Positron emission tomography-computed tomography
and 4-hydroxynonenal-histidine immunohistochemistry reveal differential onset of lipid
peroxidation in primary lung cancer and in pulmonary metastasis of remote
malignancies. Redox Biol 11, 600–605. https://doi.org/10.1016/j.redox.2017.01.005.

Pizzimenti, S., Toaldo, C., Pettazzoni, P., Dianzani, M.U., Barrera, G., 2010. The “two-
faced” effects of reactive oxygen species and the lipid peroxidation product 4-
hydroxynonenal in the hallmarks of cancer. Cancers 2, 338–363. https://doi.org/10.
3390/cancers2020338.

Popov, B., Gadjeva, V., Valkanov, P., Popova, S., Tolekova, A., 2003. Lipid peroxidation,
superoxide dismutase and catalase activities in brain tumor tissues. Arch. Physiol.
Biochem. 111, 455–459. https://doi.org/10.1080/13813450312331342328.

Posner, J.B., Chernik, N.L., 1978. Intracranial metastases from systemic cancer. Adv.
Neurol. 19, 579–592.

Prasad, S., Gupta, S.C., Tyagi, A.K., 2017. Reactive oxygen species (ROS) and cancer: role
of antioxidative nutraceuticals. Canc. Lett. 387, 95–105. https://doi.org/10.1016/j.
canlet.2016.03.042.

Priego, N., Zhu, L., Monteiro, C., Mulders, M., Wasilewski, D., Bindeman, W., Doglio, L.,
Martínez, L., Martínez-Saez, E., Cajal, S.R.Y., Bosch-Barrera, J., Valiente, M., 2018.
STAT3 labels a subpopulation of reactive astrocytes required for brain metastasis article.
Nat. Med. 24, 1024–1035. https://doi.org/10.1038/s41591-018-0044-4.

Pronin, I.N., Holodny, A.I., Petraikin, A.V., 1997. MRI of high-grade glial tumors:
correlation between the degree of contrast enhancement and the volume of surrounding
edema. Neuroradiology 39, 348–350. https://doi.org/10.1007/s002340050421.

Ramírez-Expósito, M.J., Martínez-Martos, J.M., 2019. The delicate equilibrium between
oxidants and antioxidants in brain glioma. Curr. Neuropharmacol. 17, 342–351. https://
doi.org/10.2174/1570159X16666180302120925.

Rao, G.M., Rao, A.V., Raja, A., Rao, S., Rao, A., 2000. Lipid peroxidation in brain tumours.
Clin. Chim. Acta 302, 205–211. https://doi.org/10.1016/S0009-8981(00)00330-2.

Reuter, S., Gupta, S.C., Chaturvedi, M.M., Aggarwal, B.B., 2010. Oxidative stress,
inflammation, and cancer: how are they linked?. Free Radic. Biol. Med. 49, 1603–1616.
https://doi.org/10.1016/j.freeradbiomed.2010.09.006.

Rinaldi, M., Caffo, M., Minutoli, L., Marini, H., Abbritti, R.V., Squadrito, F., Trichilo, V.,
Valenti, A., Barresi, V., Altavilla, D., Passalacqua, M., Caruso, G., 2016. ROS and brain
gliomas: an overview of potential and innovative therapeutic strategies. Int. J. Mol. Sci.
17. https://doi.org/10.3390/ijms17060984.

Rink, C., Khanna, S., 2011. Significance of brain tissue oxygenation and the arachidonic
acid cascade in stroke. Antioxidants Redox Signal. 14 1889–1903 https://doi.org/10.
1089/ars.2010.3474.

Roberts, H.C., Roberts, T.P.L., Brasch, R.C., Dillon, W.P., 2000. Quantitative measurement
of microvascular permeability in human brain tumors achieved using dynamic contrast-
enhanced MR imaging: correlation with histologic grade. Am. J. Neuroradiol. 21,
891–899.

Rojo, A.I., McBean, G., Cindric, M., Egea, J., López, M.G., Rada, P., Zarkovic, N.,
Cuadrado, A., 2014. Redox control of microglial function: molecular mechanisms and
functional significance. Antioxidants Redox Signal.. https://doi.org/10.1089/ars.2013.
5745.

Rysman, E., Brusselmans, K., Scheys, K., Timmermans, L., Derua, R., Munck, S.,
Veldhoven, P.P.V., Waltregny, D., Daniëls, V.W., Machiels, J., Vanderhoydonc, F.,
Smans, K., Waelkens, E., Verhoeven, G., Swinnen, J.V., 2010. De Novo Lipogenesis
Protects Cancer Cells from Free Radicals and Chemotherapeutics by Promoting
Membrane Lipid Saturation 8117–8127. https://doi.org/10.1158/0008-5472.CAN-09-
3871.

Salazar-Ramiro, A., Ramírez-Ortega, D., de La Cruz, V.P., Hérnandez-Pedro, N.Y.,
González-Esquivel, D.F., Sotelo, J., Pineda, B., 2016. Role of redox status in development
of Glioblastoma. Front. Immunol. 7. https://doi.org/10.3389/fimmu.2016.00156.

Santandreu, F.M., Brell, M., Gene, A.H., Guevara, R., Oliver, J., Couce, M.E., Roca, P.,
2008. Differences in mitochondrial function and antioxidant systems between regions of
human glioma. Cell. Physiol. Biochem. 22, 757–768. https://doi.org/10.1159/
000185559.

Schieber, M., Chandel, N.S., 2014. ROS function in redox signaling. Curr. Biol. 24,
453–462. https://doi.org/10.1016/j.cub.2014.03.034.ROS.

Schneider, S.W., Ludwig, T., Tatenhorst, L., Braune, S., Oberleithner, H., Senner, V.,
Paulus, W., 2004. Glioblastoma cells release factors that disrupt blood-brain barrier
features. Acta Neuropathol. 107, 272–276. https://doi.org/10.1007/s00401-003-0810-
2.

Sharma, A., Sharma, R., Chaudhary, P., Vatsyayan, R., Pearce, V., Jeyabal, P.V.S.,
Zimniak, P., Awasthi, S., Awasthi, Y.C., 2008. 4-Hydroxynonenal induces p53-mediated
apoptosis in retinal pigment epithelial cells. Arch. Biochem. Biophys. 480, 85–94.
https://doi.org/10.1016/j.abb.2008.09.016.

Shichiri, M., 2014. The role of lipid peroxidation in neurological disorders. J. Clin.
Biochem. Nutr. 54, 151–160. https://doi.org/10.3164/jcbn.14-10.

Sidorenko, Y.S., Bbalyazin-Parfyonov, I.V., Frantsiyants, E.M., Komarova, E.F.,

10

https://doi.org/10.1016/j.ceca.2006.10.001
https://doi.org/10.2478/s13380-011-0012-7
https://doi.org/10.2478/s13380-011-0012-7
https://doi.org/10.1684/abc.2008.0211
https://doi.org/10.1684/abc.2008.0211
https://doi.org/10.1155/2014/149185
https://doi.org/10.1016/j.neuro.2012.08.015
https://doi.org/10.1016/j.neuro.2012.08.015
https://doi.org/10.1089/ars.2010.3644
https://doi.org/10.1073/pnas.1613701113
https://doi.org/10.1097/00006123-199711000-00025
https://doi.org/10.1097/00006123-199711000-00025
https://doi.org/10.1016/j.bbcan.2016.12.001
https://doi.org/10.1016/j.bbcan.2016.12.001
https://doi.org/10.1038/s41467-018-04422-2
https://doi.org/10.1038/s41467-018-04422-2
https://doi.org/10.1089/ars.2010.3208
https://doi.org/10.1089/ars.2010.3208
https://doi.org/10.1126/science.294.5545.1354
https://doi.org/10.1158/1535-7163.MCT-18-1330
https://doi.org/10.1158/1535-7163.MCT-18-1330
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref60
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref60
https://doi.org/10.3109/10715762.2014.999056
https://doi.org/10.1016/j.freeradbiomed.2015.02.001
https://doi.org/10.1016/j.freeradbiomed.2015.02.001
https://doi.org/10.1007/s11060-010-0205-x
https://doi.org/10.1007/s11060-010-0205-x
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref64
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref64
https://doi.org/10.1016/S0891-5849(98)00213-5
https://doi.org/10.1016/S0891-5849(98)00213-5
https://doi.org/10.1007/s11912-011-0203-y
https://doi.org/10.1002/cncr.25707
https://doi.org/10.1016/j.bbalip.2010.04.004
https://doi.org/10.1016/j.bbalip.2010.04.004
https://doi.org/10.1016/S0305-7372(03)00105-1
https://doi.org/10.1001/jama.280.17.1485
https://doi.org/10.1002/jnr.20180
https://doi.org/10.1002/jnr.20180
https://doi.org/10.1016/0891-5849(89)90124-X
https://doi.org/10.1016/0891-5849(89)90124-X
https://doi.org/10.3390/antiox9050385
https://doi.org/10.1007/s11481-006-9025-3
https://doi.org/10.2174/1381612043384411
https://doi.org/10.2174/1381612043384411
https://doi.org/10.1007/s12028-019-00870-w
https://doi.org/10.1007/s12028-019-00870-w
https://doi.org/10.1016/j.redox.2017.01.005
https://doi.org/10.3390/cancers2020338
https://doi.org/10.3390/cancers2020338
https://doi.org/10.1080/13813450312331342328
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref80
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref80
https://doi.org/10.1016/j.canlet.2016.03.042
https://doi.org/10.1016/j.canlet.2016.03.042
https://doi.org/10.1038/s41591-018-0044-4
https://doi.org/10.1007/s002340050421
https://doi.org/10.2174/1570159X16666180302120925
https://doi.org/10.2174/1570159X16666180302120925
https://doi.org/10.1016/S0009-8981(00)00330-2
https://doi.org/10.1016/j.freeradbiomed.2010.09.006
https://doi.org/10.3390/ijms17060984
https://doi.org/10.1089/ars.2010.3474
https://doi.org/10.1089/ars.2010.3474
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref89
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref89
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref89
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref89
https://doi.org/10.1089/ars.2013.5745
https://doi.org/10.1089/ars.2013.5745
https://doi.org/10.1158/0008-5472.CAN-09-3871
https://doi.org/10.1158/0008-5472.CAN-09-3871
https://doi.org/10.3389/fimmu.2016.00156
https://doi.org/10.1159/000185559
https://doi.org/10.1159/000185559
https://doi.org/10.1016/j.cub.2014.03.034.ROS
https://doi.org/10.1007/s00401-003-0810-2
https://doi.org/10.1007/s00401-003-0810-2
https://doi.org/10.1016/j.abb.2008.09.016
https://doi.org/10.3164/jcbn.14-10
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref98


UN
CO

RR
EC

TE
D

PR
OO

F

M. Jaganjac et al. Neurochemistry International xxx (xxxx) 105118

Pogorelova, Y.A., Tcheryarina, N.D., 2011. The assessment of dynamics of free radical
processes in cerebral tumour tissue and brain metastases of various localizations.
Sovrem. Tehnol. v Med. 42–46 2011.

Singh, S.K., Clarke, I.D., Terasaki, M., Bonn, V.E., Hawkins, C., Squire, J., Dirks, P.B.,
2003. Identification of a cancer stem cell in human brain tumors. Canc. Res. 63,
5821–5828.

Song, K., Li, Y., Zhang, H., An, N., Wei, Y., Wang, L., Tian, C., Yuan, M., Sun, Y., Xing, Y.,
Gao, Y., Santibañez, J.F., 2020. Oxidative stress-mediated blood-brain barrier (BBB)
disruption in neurological diseases. Oxid. Med. Cell. Longev. 2020 https://doi.org/10.
1155/2020/4356386.

Staddon, J.M., Herrenknecht, K., Smales, C., Rubin, L.L., 1995. In: Evidence that Tyrosine
Phosphorylation May Increase Tight Junction Permeability, vol. 619. pp. 609–619.

Steeg, P.S., Camphausen, K.A., Smith, Q.R., 2011. Brain metastases as preventive and
therapeutic targets. Nat. Rev. Canc. 11, 352–363. https://doi.org/10.1038/nrc3053.

Suc, I., Meilhac, O., Lajoie-mazenc, I., Vandaele, J., Ju, N., Salvayre, R., Ne, A., Jürgens,
G., Salvayre, R., Nègre-Salvayre, A., 1998. Activation of EGF receptor by oxidized LDL.
Faseb. J. 12, 665–671.

Taïb, B., Aboussalah, A.M., Moniruzzaman, M., Chen, S., Haughey, N.J., Kim, S.F., Ahima,
R.S., 2019. Lipid accumulation and oxidation in glioblastoma multiforme. Sci. Rep. 9,
1–14. https://doi.org/10.1038/s41598-019-55985-z.

Tang, Z., He, Z., 2019. TIGAR promotes growth, survival and metastasis through oxidation
resistance and AKT activation in glioblastoma. Oncol. Lett. 18, 2509–2517. https://doi.
org/10.3892/ol.2019.10574.

Tsukada, Y., Fouad, A., Pickren, J.W., Lane, W.W., 1983. Central nervous system
metastasis from breast carcinoma autopsy study. Cancer 52, 2349–2354. https://doi.
org/10.1002/1097-0142(19831215)52:12<2349::AID-CNCR2820521231>3.0.CO;2-
B.

Usatyuk, P.V., Natarajan, V., 2004. Role of mitogen-activated protein kinases in 4-
hydroxy-2-nonenal-induced actin remodeling and barrier function in endothelial cells. J.
Biol. Chem. 279, 11789–11797. https://doi.org/10.1074/jbc.M311184200.

Usatyuk, P.V., Parinandi, N.L., Natarajan, V., 2006. Redox regulation of 4-hydroxy-2-
nonenal-mediated endothelial barrier dysfunction by focal adhesion, adherens, and tight
junction proteins. J. Biol. Chem. 281, 35554–35566. https://doi.org/10.1074/jbc.
M607305200.

Valiente, M., Obenauf, A.C., Jin, X., Chen, Q., Zhang, X.H.-F., Lee, D.J., Chaft, J.E., Kris,
M.G., Huse, J.T., Brogi, E., Brogi, E., Massagué, J., 2014. Serpins promote cancer cell
survival and vascular Co-option in brain metastasis. Cell 156, 1002–1016. https://doi.
org/10.1016/j.cell.2014.01.040.

van Deijk, A.-L.F., Camargo, N., Timmerman, J., Heistek, T., Brouwers, J.F., Mogavero, F.,
Mansvelder, H.D., Smit, A.B., Verheijen, M.H.G., 2017. Astrocyte lipid metabolism is
critical for synapse development and function in vivo. Glia 65, 670–682. https://doi.
org/10.1002/glia.23120.

Warth, A., Kröger, S., Wolburg, H., 2004. Redistribution of aquaporin-4 in human
glioblastoma correlates with loss of agrin immunoreactivity from brain capillary basal
laminae. Acta Neuropathol. 107, 311–318. https://doi.org/10.1007/s00401-003-0812-
0.

Warth, A., Simon, P., Capper, D., Goeppert, B., Tabatabai, G., Herzog, H., Dietz, K.,
Stubenvoll, F., Ajaaj, R., Becker, R., Wolburg, H., Mittelbronn, M., 2007. Expression
pattern of the water channel aquaporin-4 in human gliomas is associated with blood-
brain barrier disturbance but not with patient survival. J. Neurosci. Res. 85, 1336–1346.
https://doi.org/10.1002/jnr.21224.

Wolburg, H., Noell, S., Fallier-Becker, P., MacK, A.F., Wolburg-Buchholz, K., 2012. The
disturbed blood-brain barrier in human glioblastoma. Mol. Aspect. Med. 33, 579–589.
https://doi.org/10.1016/j.mam.2012.02.003.

Woźniak, B., Woźniak, A., Kasprzak, H.A., Drewa, G., Mila-Kierzenkowska, C., Drewa, T.,
Planutis, G., 2007. Lipid peroxidation and activity of some antioxidant enzymes in
patients with glioblastoma and astrocytoma. J. Neuro Oncol. 81, 21–26. https://doi.org/
10.1007/s11060-006-9202-5.

Wu, W., Wu, Y., Mayer, K., von Rosenstiel, C., Schecker, J., Baur, S., Würstle, S., Liesche-
Starnecker, F., Gempt, J., Schlegel, J., 2020. Lipid peroxidation plays an important role
in chemotherapeutic effects of temozolomide and the development of therapy resistance
in human glioblastoma. Transl. Oncol. 13. https://doi.org/10.1016/j.tranon.2020.

100748.
Xu, H., Liu, Q., Du, J., Shi, Y., Pritchard, K.A., Weihrauch, D., 2011. Changes in

endothelial cell surface proteins in response to oxidatively modified fibronectin. Faseb.
J. 25, S21–S39. https://doi.org/10.1096/fj.1530-6860.

Yilmaz, N., Dulger, H., Kiymaz, N., Yilmaz, C., Bayram, I., Ragip, B., Öǧer, M., 2006. Lipid
peroxidation in patients with brain tumor. Int. J. Neurosci. 116, 937–943. https://doi.
org/10.1080/00207450600553141.

Zajdel, A., Wilczok, A., Slowinski, J., Orchel, J., Mazurek, U., 2007. Aldehydic lipid
peroxidation products in human brain astrocytomas. J. Neuro Oncol. 84, 167–173.
https://doi.org/10.1007/s11060-007-9367-6.

Zarkovic, K., 2003. 4-hydroxynonenal and neurodegenerative diseases. Mol. Aspect. Med.
24, 293–303. https://doi.org/10.1016/s0098-2997(03)00024-4.

Zarkovic, K., Jakovcevic, A., Zarkovic, N., 2017. Contribution of the HNE-
immunohistochemistry to modern pathological concepts of major human diseases. Free
Radic. Biol. Med. 111, 110–126. https://doi.org/10.1016/j.freeradbiomed.2016.12.009.

Zarkovic, K., Juric, G., Waeg, G., Kolenc, D., Zarkovic, N., 2005. Immunohistochemical
appearance of HNE-protein conjugates in human astrocytomas. Biofactors 24, 33–40.
https://doi.org/10.1002/biof.5520240104.

Zarkovic, K., Larroque-Cardoso, P., Pucelle, M., Salvayre, R., Waeg, G., Nègre-Salvayre,
A., Zarkovic, N., 2015. Elastin aging and lipid oxidation products in human aorta. Redox
Biol 4, 109–117. https://doi.org/10.1016/j.redox.2014.12.008.

Zarkovic, K., Uchida, K., Kolenc, D., Hlupic, L., Zarkovic, N., 2006. Tissue distribution of
lipid peroxidation product acrolein in human colon carcinogenesis. Free Radic. Res. 40,
543–552. https://doi.org/10.1080/10715760500370048.

Zarkovic, N., 2003. 4-hydroxynonenal as a bioactive marker of pathophysiological
processes. Mol. Aspect. Med. 24, 281–291. https://doi.org/10.1016/s0098-2997(03)
00023-2.

Zarkovic, N., Cipak, A., Jaganjac, M., Borovic, S., Zarkovic, K., 2013. Pathophysiological
relevance of aldehydic protein modifications. J. Proteomics 92, 239–247. https://doi.
org/10.1016/j.jprot.2013.02.004.

Žarković, N., Žarković, K., Schaur, R.J., Štolc, S., Schlag, G., Redl, H., Waeg, G., Borović,
S., Lončarić, I., Jurić, G., Jurić, G., Hlavka, V., 1999. 4-Hydroxynonenal as a second
messenger of free radicals and growth modifying factor. Life Sci. 65, 1901–1904.
https://doi.org/10.1016/S0024-3205(99)00444-0.

Zengin, E., Atukeren, P., Kokoglu, E., Gumustas, M.K., Zengin, U., 2009. Alterations in
lipid peroxidation and antioxidant status in different types of intracranial tumors within
their relative peritumoral tissues. Clin. Neurol. Neurosurg. 111, 345–351. https://doi.
org/10.1016/j.clineuro.2008.11.008.

Zhang, Y., Chen, S.-Y., Hsu, T., Santella, R.M., 2002. Immunohistochemical detection of
malondialdehyde-DNA adducts in human oral mucosa cells. Carcinogenesis 23,
207–211. https://doi.org/10.1093/carcin/23.1.207.

Zhao, X., Chen, R., Liu, M., Feng, J., Chen, J., Hu, K., 2017. Remodeling the blood–brain
barrier microenvironment by natural products for brain tumor therapy. Acta Pharm. Sin.
B 7, 541–553. https://doi.org/10.1016/j.apsb.2017.07.002.

Zhong, H., Xiao, M., Zarkovic, K., Zhu, M., Sa, R., Lu, J., Tao, Y., Chen, Q., Xia, L., Cheng,
S., Zarkovic, N., Yin, H., 2017. Mitochondrial control of apoptosis through modulation of
cardiolipin oxidation in hepatocellular carcinoma: a novel link between oxidative stress
and cancer. Free Radic. Biol. Med. 102, 67–76. https://doi.org/10.1016/j.
freeradbiomed.2016.10.494.

Zivkovic, M., Poljak-Blazi, M., Egger, G., Sunjic, S.B., Schaur, R.J., Zarkovic, N., 2005.
Oxidative burst and anticancer activities of rat neutrophils. Biofactors 24, 305–312.
https://doi.org/10.1002/biof.5520240136.

Zivkovic, M., Poljak-Blazi, M., Zarkovic, K., Mihaljevic, D., Schaur, R.J., Zarkovic, N.,
2007. Oxidative burst of neutrophils against melanoma B16-F10. Canc. Lett. 246,
100–108. https://doi.org/10.1016/j.canlet.2006.02.002.

Zou, Y., Watters, A., Cheng, N., Perry, C.E., Xu, K., Alicea, G.M., Parris, J.L.D., Baraban, E.,
Ray, P., Nayak, A., Schug, Z.T., Chen, Q., 2019. Polyunsaturated fatty acids from
astrocytes activate PPARγ signaling in cancer cells to promote brain metastasis. Canc.
Discov. 9, 1720–1735. https://doi.org/10.1158/2159-8290.CD-19-0270.

11

http://refhub.elsevier.com/S0197-0186(21)00164-9/sref98
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref98
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref98
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref99
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref99
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref99
https://doi.org/10.1155/2020/4356386
https://doi.org/10.1155/2020/4356386
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref101
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref101
https://doi.org/10.1038/nrc3053
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref103
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref103
http://refhub.elsevier.com/S0197-0186(21)00164-9/sref103
https://doi.org/10.1038/s41598-019-55985-z
https://doi.org/10.3892/ol.2019.10574
https://doi.org/10.3892/ol.2019.10574
https://doi.org/10.1002/1097-0142(19831215)52:12%3C2349::AID-CNCR2820521231%3E3.0.CO;2-B
https://doi.org/10.1002/1097-0142(19831215)52:12%3C2349::AID-CNCR2820521231%3E3.0.CO;2-B
https://doi.org/10.1002/1097-0142(19831215)52:12%3C2349::AID-CNCR2820521231%3E3.0.CO;2-B
https://doi.org/10.1074/jbc.M311184200
https://doi.org/10.1074/jbc.M607305200
https://doi.org/10.1074/jbc.M607305200
https://doi.org/10.1016/j.cell.2014.01.040
https://doi.org/10.1016/j.cell.2014.01.040
https://doi.org/10.1002/glia.23120
https://doi.org/10.1002/glia.23120
https://doi.org/10.1007/s00401-003-0812-0
https://doi.org/10.1007/s00401-003-0812-0
https://doi.org/10.1002/jnr.21224
https://doi.org/10.1016/j.mam.2012.02.003
https://doi.org/10.1007/s11060-006-9202-5
https://doi.org/10.1007/s11060-006-9202-5
https://doi.org/10.1016/j.tranon.2020.100748
https://doi.org/10.1016/j.tranon.2020.100748
https://doi.org/10.1096/fj.1530-6860
https://doi.org/10.1080/00207450600553141
https://doi.org/10.1080/00207450600553141
https://doi.org/10.1007/s11060-007-9367-6
https://doi.org/10.1016/s0098-2997(03)00024-4
https://doi.org/10.1016/j.freeradbiomed.2016.12.009
https://doi.org/10.1002/biof.5520240104
https://doi.org/10.1016/j.redox.2014.12.008
https://doi.org/10.1080/10715760500370048
https://doi.org/10.1016/s0098-2997(03)00023-2
https://doi.org/10.1016/s0098-2997(03)00023-2
https://doi.org/10.1016/j.jprot.2013.02.004
https://doi.org/10.1016/j.jprot.2013.02.004
https://doi.org/10.1016/S0024-3205(99)00444-0
https://doi.org/10.1016/j.clineuro.2008.11.008
https://doi.org/10.1016/j.clineuro.2008.11.008
https://doi.org/10.1093/carcin/23.1.207
https://doi.org/10.1016/j.apsb.2017.07.002
https://doi.org/10.1016/j.freeradbiomed.2016.10.494
https://doi.org/10.1016/j.freeradbiomed.2016.10.494
https://doi.org/10.1002/biof.5520240136
https://doi.org/10.1016/j.canlet.2006.02.002
https://doi.org/10.1158/2159-8290.CD-19-0270

	Lipid peroxidation in brain tumors

	fld55: 
	fld56: 
	fld133: 
	fld174: 
	fld314: 


