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Abstract: Central nervous system (CNS) tumors involve a large and diverse group of ma-
lignancies that arise from various cell types within the brain tissue. Although there are 
advances in treatments, CNS tumors still remain challenging, due to their complex biol-
ogy and the delicate nature of the surrounding tissue. NAD(P)H O=oxidoreductase 1 
(NQO1) is an enzyme that plays a critical role in the detoxification of quinones, protecting 
cells from oxidative stress. In CNS tumors this enzyme is often overexpressed, which con-
tributes to the resistance of tumor cells to chemotherapy by enhancing their antioxidant 
defenses. NQO1 influences the progression of CNS tumors by affecting downstream sig-
naling pathways, such as those involving the transcription factor SNAIL, as well as others 
that are associated with tumor behavior. Plants represent a valuable source of numerous 
constituents with different chemical structures known to affect different molecular signal-
ing pathways associated with different pathologies. 

Keywords: brain tumors; NAD(P)H oxidoreductase; NQO1 protein; glioma;  
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1. Introduction 
Brain tumors are considered one of the deadliest forms of cancer, while glioblastoma 

stands out as the most aggressive type, with a median overall survival rate of 13.5 months 
following diagnosis [1]. In the pediatric population, brain tumors are the most common 
and lethal of all solid tumors, representing approximately 25% of all pediatric cancers. 
Survivors face the long-term consequences of treatment, including surgery and oncologi-
cal treatment, which can damage the developing brain. These tumors are extremely diffi-
cult to treat due to their biological characteristics, which often make them inaccessible to 
surgery [2]. In addition, the presence of the blood–brain barrier (BBB) makes it difficult to 
deliver drugs to tumors and reduces the effectiveness of chemotherapy. Also, the unique 
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properties of the brain, including genetic and epigenetic factors, often contribute to the 
resistance of these tumors to standard and new treatments [2,3]. 

2. Epidemiology 
Brain tumors are the eighth most common cancer in adults over the age of 40. The 

most common benign tumors in adults older than 20 years are meningiomas and pituitary 
tumors, while malignant tumors, such as gliomas, are less common [4]. About 5–10% of 
brain and central nervous system (CNS) tumors are associated with a family history of the 
disease, and certain syndromes can increase the risk of these tumors [5]. Given that there 
are no clear environmental risk factors, research is focused on genetic predispositions, 
especially in patients with gliomas, which cause the most deaths from malignant brain 
tumors [4]. Glioblastoma, a very aggressive primary malignant tumor with a low overall 
survival, accounts for 14.5% of all CNS tumors and 48.6% of malignant CNS tumors [6]. 
They originate from astrocytic glial cells and represent a grade IV tumor, while their fre-
quency varies depending on the source, ranging from 3.19 to 4.17 cases per 100,000 per-
sons per year. However, they account for 3–15% of primary brain tumors in the pediatric 
population, with a frequency from 0.85 per 100,000 [6,7]. 

3. General Taxonomy 
There have been changes in the diagnosis of CNS tumors, as advances in molecular 

genetics have revealed various features of these tumors. Some molecular changes were 
introduced into the diagnostic process of certain tumors, including histopathological and 
molecular data [8]. The 2021 World Health Organization (WHO) Classification of Tumors 
of the CNS largely follows the 2016 classification, with a chapter on gliomas and neuronal-
glial tumors undergoing significant changes. In addition, tumor types common to other 
organ systems are grouped together, such as mesenchymal (non-meningothelial) tumors, 
melanocytic tumors, and those that are similar. A chapter on genetic tumors and syn-
dromes has been added [8–10]. Thus, the WHO CNS 2021 classification includes molecu-
lar genetics with clinical relevance to a greater extent, and the latest edition includes ele-
ments of both histopathology and molecular genetics, thus creating a somewhat mixed 
taxonomy. This fifth edition builds on the previous edition and uses the recommendations 
to advance molecular diagnostics, but the combination of histology and molecular infor-
mation remains at the heart of the CNS tumor classification [8,9] (Table 1). 

Table 1. 2021 WHO Classification of Tumors of the Central Nervous System: groups of tumors [10]. 

Gliomas, Glioneuronal and Neuronal Tumors 
Choroid plexus tumors 

Embryonal tumors 
Pineal tumors 

Cranial and paraspinal nerve tumors 
Meningiomas 

Mesenchymal, non-meningothelial tumors involving the CNS 
Melanocytic tumors 

Haematolymphoid tumors involving the CNS 
Germ cell tumors 

Tumors of the sellar region 
Metastases to the CNS 

Genetic tumor syndromes involving the CNS 

4. Gliomas 
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Gliomas represent approximately 80% of primary malignant tumors in the CNS. The 
WHO employs a grading system for gliomas from grades 1 to 4, with grades based on 
histological features, such as cellular atypia, proliferation patterns, and the presence of 
necrosis. Diffuse astrocytomas, pilomyxoid astrocytomas, and pleomorphic xanthoastro-
cytomas (grade 2), as well as pilocytic astrocytomas and subependymal giant cell astrocy-
toma (grade 1), are considered low-grade gliomas, while oligodendrogliomas and oligo-
astrocytomas belong to the low-grade oligodendroglial tumors (grade 2). The revised clas-
sification of diffuse gliomas now considers the IDH 1/2 mutation status and 1p/19q codele-
tions, which is expected to abolish the oligoastrocytoma category and redefine gliomatosis 
cerebri as a growth pattern [10]. Diffuse gliomas are the most common tumors of the cen-
tral nervous system in adults, and patient survival depends on the specific subtype and 
histological grade of the tumor [11]. The development of an integrated classification that 
takes into account morphological and molecular features, such as IDH gene mutations 
and chromosome 1p/19q codeletions, allows for a more accurate diagnosis and a better 
assessment of the prognosis. According to the 2021 WHO classification, diffuse gliomas 
in adults are now divided into three main types: astrocytoma with IDH mutations, oli-
godendroglioma with IDH mutations and 1p/19q codeletions, and glioblastoma without 
IDH mutations (Table 2) [12]. 

Table 2. 2021 WHO Ccassification of gliomas, glioneuronal, and neuronal tumors [10]. 

Tumor Group Tumor Types 

Adult-type diffuse glio-
mas 

Astrocytoma, IDH-mutant 
Oligodendroglioma, IDH-mutant, and 1p/19q-codeleted 

Glioblastoma, IDH-wild-type 

Pediatric-type diffuse 
low-grade gliomas 

Diffuse astrocytoma, MYB- or MYBL1-altered 
Angiocentric glioma 

Polymorphous low-grade neuroepithelial tumor of the young 
Diffuse low-grade glioma, MAPK pathway-altered 

Pediatric-type diffuse 
high-grade gliomas 

Diffuse midline glioma, H3 K27-altered 
Diffuse hemispheric glioma, H3 G34-mutant 

Diffuse pediatric-type high-grade glioma, H3-wild-type and IDH-wild-type 
Infant-type hemispheric glioma 

Circumscribed astrocytic 
gliomas 

Pilocytic astrocytoma 
High-grade astrocytoma with piloid features 

Pleomorphic xanthoastrocytoma 
Subependymal giant cell astrocytoma 

Chordoid glioma 
Astroblastoma, MN1-altered 

Glioneuronal and neu-
ronal tumors 

Ganglioglioma 
Desmoplastic infantile ganglioglioma / desmoplastic infantile astrocytoma 

Dysembryoplastic neuroepithelial tumor 
Diffuse glioneuronal tumor with oligodendroglioma-like features and nuclear clusters 

Papillary glioneuronal tumor 
Rosette-forming glioneuronal tumor 

Myxoid glioneuronal tumor 
Diffuse leptomeningeal glioneuronal tumor 

Gangliocytoma 
Multinodular and vacuolating neuronal tumor 

Dysplastic cerebellar gangliocytoma (Lhermitte-Duclos disease) 
Central neurocytoma 

Extraventricular neurocytoma 
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Cerebellar liponeurocytoma 

Currently, the recommended treatment for gliomas involves maximum safe tumor 
resection, radiotherapy, and the administration of temozolomide [13]. However, due to 
the invasive nature of glioma, tumor recurrence is almost inevitable as it is impossible to 
completely remove all tumor cells. Accuracy in determining tumor boundaries during 
surgery can improve treatment outcomes and preserve quality of life, but resection is dif-
ficult due to the complex composition of tumor boundaries that include tumor cells, reac-
tive glial, and immune cells, as well as healthy brain cells [14,15]. Modern intraoperative 
optical techniques, such as fluorescence-guided surgery, enable more precise labeling of 
tumor cells and a clearer definition of the border between the tumor and healthy tissue, 
which can contribute to safer tumor removal [13]. Awake surgery is the gold standard for 
brain mapping, as it is the only technique that allows for the direct location of neural net-
works. Recent studies show that the combination of awake mapping with real-time neuro-
psychological testing enables a higher resection rate and the preservation of quality of life 
in patients with gliomas affecting language and eloquent functional networks, while mod-
ern imaging techniques and advanced surgical tools further increase the possibilities for re-
sections in the eloquent zones [16]. Awake resection management allows neurosurgeons to 
check the patient’s functional abilities during surgery and use electrical stimulation to tem-
porarily disrupt or activate key areas, thereby reducing the risk of damage and increasing 
the chance of a better outcome [13,16]. Advanced imaging techniques, such as intraoperative 
MR, ultrasonography, and neurostimulation during awake craniotomy, have become essen-
tial to increase the precision of glioma resection while preserving neurological functions 
[17,18]. 

5. Brain Metastases 
Brain metastases (BMs) are often a sign of poor prognosis in patients with systemic 

cancer, and overall survival is usually circa 6 months [19]. The exact frequency of BMs 
may vary, and most often, they are caused by lung cancers (30–60%), breast cancers (15–
20%), and skin (5–10%) and gastrointestinal tract cancers (4–6%) [20,21]. The treatment of 
BMs aims to control the disease in the CNS, prevent neurological complications, and pro-
long life, but the optimal treatment is determined individually, taking into account vari-
ous factors, such as the tumor histology, the number of lesions, and the general condition 
of the patient, such as the Karnofsky Performance Scale and Neurological Assessment of 
Neuro-Oncology Scale [19,20,22]. Techniques that help the neurosurgeon in precise tumor 
removal, preserving the function of eloquent zones and reducing postoperative compli-
cations, are neuronavigation, the applications of diffusion tensor imaging and tractog-
raphy, subcortical stimulation, and fluorescence-guided resection. The application of 
these methods improves local disease control, but individualization of the approach is still 
critical [20,23,24]. 

6. Brain Tumor Histopathology 
Today, the pathohistological approach is based on the analysis of histological fea-

tures, such as the cell morphology and mitotic activity, of complex tumors. Besides that, 
the immunological profiling of tumor cells helps in determining the cellular differentia-
tion/tumor origin. The aggressive potential of brain tumors, especially glioblastomas 
(GBMs) often results from their intratumor heterogeneity owing to various differentiated 
tumor cell populations. This cell heterogeneity is also the result of interactions among tu-
mor, endothelial, glial, and inflammatory cells and pericytes, which are an essential part 
of the tumor microenvironment. The malignant potential of CNS tumors is based on their 
histomorphological features/pleomorphism, mitotic activity, vascular proliferation, and 
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necrosis [25]. Besides histopathological tumor profiling, the molecular approach is in-
creasingly prevalent for the identification the molecular/genetic sites disrupted in brain 
tumors. Leading molecular markers, such as IDH1 and IDH2 mutations and codeletions 
in 1p and 19q chromosomes [26], divide gliomas into three molecular different subtypes: 
IDH-mutant (1p19q codeleted), IDH-mutant (1p19q intact) and IDH-wild-type gliomas 
[27]. Point mutations in IDH1/IDH2 are mostly present in diffuse astrocytoma WHO 
grade II and III and non-diffuse gliomas. On the other hand, glioblastomas with 
IDH1/IDH2 mutations are defined as “secondary“ glioblastomas, which arise from low-
grade diffuse gliomas, while IDH-wild-type is considered “primary“ or “de novo“ glio-
blastoma [27]. Furthermore, IDH-mutant glioblastomas show longer overall survival com-
pared to IDH-wild-type tumors [27,28]. 

Gliomas, according to their histomorphological features, are divided into two major 
groups: diffuse and non-diffuse gliomas. Diffuse glioma cells tend to migrate through the 
brain parenchyma, which can make them inaccessible for surgical manipulation/treat-
ment. Therefore, diffuse astrocytoma has the potential to progress into high-grade glio-
mas during 5–6 years [29]. According to the tumor cell origin, diffuse gliomas include 
astrocytoma with clumped chromatin and ungulated nuclei, oligodendrogliomas—with 
round, uniform nuclei, and oligoastrocytomas, originating both from astrocytes and oli-
godendroglia cells with an intermediate cellular morphology [30]. Compared to the dif-
fuse group, non-diffuse gliomas are more clearly demarcated from the environment as in 
the case with pilocytic astrocytoma and different types of ependymoma grouped in this 
tumor category [25]. IDH-mutant astrocytomas are the most frequent in clinical practice. 
Histomorphologically, astrocytoma graded as CNS WHO grade 2 shows variable cellular 
atypia and irregular nuclei, somewhere, and glial processes, but without necrosis and mi-
crovascular proliferation. CNS WHO grade 3 astrocytomas are characterized by various 
cellular morphologies, as elongated or eccentric astrocytic nuclei, a glassy eosinophilic 
cytoplasm (gemistocytes), large pleomorphic cells or small cells with scant cytoplasm, and 
fibrillar glial processes. Mitotic figures are also present, while necrosis and vascular pro-
liferation are absent. On the other hand, emphasized cellular atypia/pleomorphism (hy-
percellular pattern), an increased number of mitotic figures, necrosis, and vascular prolif-
eration are major criteria (Saint Anne—Mayohistological criteria) for diagnosing astrocy-
toma CNS WHO grade 4 [27,30,31]. 

Brain tissue is consisting of a milieu of cells, such as neurons, astrocytes, glial cells, 
and oligodendrocytes, including populations present in all human tissue, such as macro-
phages (microglia in CNS) and endothelial and inflammatory cells. The behavior of these 
cell populations, including blood–brain barrier (BBB) permeability, represents part of the 
tumor microenvironment which is very important for tumor progression, proliferation, 
and metastasis. Furthermore, tumor-infiltrating neutrophils can stimulate tumor-initiat-
ing cell (TIC) proliferation through the production of S100-protein, which is important for 
the pathogenesis of glioblastoma. According to that, IDH-mutant gliomas have a lower 
level of neutrophils compared to low-grade gliomas. Interestingly, in mesenchymal tu-
mors, an increased number of macrophages was found to be associated with worse prog-
nosis. Low-grade gliomas have a lower density of inflammatory cells and reduced secre-
tion of cytokines. Also, the extracellular matrix in brain tumors shows high cellular den-
sity, which causes/contributes to tissue hypoxia and aggressive tumor behavior [28]. Most 
brain tumor cells create strong malignant synaptic contacts (malignant synaptogenesis) 
through which they send signals important for proliferation and further brain/tumor in-
vasion [32]. 

The tumor microenvironment is conditional on hypoxia, neoangiogenesis, the BBB, 
and reactive oxygen species (ROS). Appropriate levels of ROS can initiate and stimulate 
the progression of brain tumors, partly affecting the immune cells from the environment 
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through the activation of growth signaling pathways. On the other hand, the accumula-
tion of ROS products often causes the death of glioma cells, as does the depletion of the 
“ROS function“ [33]. Glioma stem cells (GSCs), also known as tumor-initiating cells, rep-
resent very resistant immune system cells, which have a chance of further tumor devel-
opment and the potential for invasiveness and recurrence. GSCs interact with non-tumor 
cells from the tumor microenvironment using the immune cytokine receptors, such as in-
terleukin 6 (IL-6), vascular endothelial (VEGF), and epidermal growth factor (ERGF), 
notch signaling pathways, and platelet derived growth factor, through which tumor cells 
avoid the immune response [34]. According to that, tumor cells create a perivascular 
niche, with endothelial cells providing the conditions for neoangiogenesis and, therefore, 
tumor growth/development. ROS-sensitive signaling pathways have a critical role in cel-
lular metabolism, inflammatory processes, and angiogenesis, which suggests their role in 
tumor proliferation and growth [34,35]. 

7. NAD(P)H NQO1 in Brain Tumors 
NAD(P)H:quinone oxidoreductase 1 (NQO1) is an antioxidant flavoenzyme im-

portant for cell protection from a wide range of substrates, resulting from oxidative 
stresses [36]. This enzyme represents a homodimer with one FAD linked per monomer 
[37]. NQO1 inhibits redox cycling by minimizing the reaction between quinones and sem-
iquinone substrates, which disrupts the production of superoxide radicals and prevents 
carcinogenesis [38–40]. NQO1 is predominantly located in the cytosol (about 90%) but also 
exists in the nucleus, mitochondria, and endoplasmic reticulum [38,41,42]. This cytopro-
tective enzyme is mostly present in various epithelial cells, the endothelium, and adipo-
cytes. Interestingly, human liver tissue (hepatocytes) does not express NQO1, unlike the 
preneoplastic lesions seen in liver cancers and others, such as breast, pancreas, lung, and 
colon cancer [37,38,40]. On the other hand, the NQO1 concentrations present in normal, 
healthy cells often are not enough to initiate apoptosis [41]. The overexpression of NQO1 
provides cell protection by decreasing the levels of reactive quinones and quinone-imines 
and transforming the less detrimental and less reactive hydroquinone substrates [38]. This 
cytoprotective enzyme is responsible for catalyzing the reduction of two electrons from 
quinones to hydroquinones [36,39,43]. Furthermore, low cell expression of NQO1 can po-
tentially provoke the occurrence of cancer, especially when it is associated with smoking 
or exposure to benzene. Also, NQO1 interacts with and stabilizes tumor suppressor genes, 
p53 and p73, which means that NQO1 protects cells from carcinogenesis through the reg-
ulation of proteasomal degradation [40,44,45]. 

In addition to different pH values, the tumor microenvironment manifests different 
oxido-reductive potentials, which can cause the malignant transformation of/alterations 
to normal cells through the variable expression of enzyme activity. According to that, 
NQO1 may be crucial for the in situ activation of prodrugs that impact cancer cells with 
high levels of NQO1. Also, NQO1 can initiate mitochondria- and ER-mediated apoptosis 
through BAS-activated regulation [41]. 

In healthy/human brain tissue, NQO1 is mainly expressed in astrocytes, some oli-
godendrocytes, and rarely narrow neuronal subpopulations [39]. In rodents, the expres-
sion of NQO1 has been found in the mesencephalon in cells like substantia nigra neurons, 
dopaminergic neurons, and also in human substantia nigra neurons frequently exposed 
to oxidative stress [43,44]. Resistant GBM often has acquired mutations in NQO1without 
adequate bound FAD cofactors, which makes NQO1 catalytically inactive [37]. The impli-
cation of the transcription factor Nrf2 in neuronal NQO1 expression explains that low 
basal levels of Nfr2 are co-related to deficits of neuronal NQO1 in appropriate brain cells 
[39]. The activation of NQO1 can nullify the harmful effects of ROS on GBM cells, and 
thus, the overexpression of NQO1 significantly increases tumor growth. On the other 
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hand, the depletion of NQO1 significantly decreases cellular proliferation through an in-
crease in the ROS levels [46,47]. Some authors suppose that the NQO1-mediated necrosis 
triggered by quinones can induce NQO1-dependent programmed cell death caused by 
oxidative stress, which suggests that this mechanism can be implement as a potential ther-
apeutic treatment [48]. The term for cell death mediated by the NQO1 system is suggested 
to be noptosis [47]. Keeping in mind the presence of NQO1 in cancer cells, potential ther-
apeutic treatments, such as the inhibition of NQO1, could/should be considered [44]. 

8. Plant-Based Therapy Targeting CNS Tumors 
Bearing in mind the role of NQO1, there are two strategies that could be pursued 

with this enzyme being a central target of chemotherapeutics. One strategy is aiming to 
increase the expression of NQO1, while the other one is to inhibit this enzyme. Its inhibi-
tion could affect cell viability and functions, and this is especially true for the GBM cells 
expressing this enzyme in large amounts [46,47]. In a recent review paper, ROS-mediated 
strategies for treating GBM with plants and the compounds originating from them were 
discussed; however, there was no mention of the NQO1 system as a potential target [49]. 
Although ROS is one of the initiators of cell damage, further cascades of events lead to 
immunogenic cell death through the activation of dendritic cells and CD8+ T cells [50,51]. 

Medicinal plants have been utilized for centuries in traditional medicine systems 
worldwide for their therapeutic properties. The systematic collection of data on medicinal 
plants not only helps to preserve traditional knowledge but also supports the develop-
ment of new drugs and sustainable healthcare practices. In a recent review, the role of 
essential oil constituents in microglia functioning has been discussed, pointing to medici-
nal plant utility in the treatment of certain disorders [52]. Understanding their applicabil-
ity and true potential involves collecting and documenting knowledge from various 
sources, both in the field (data from indigenous practices, ethnobotanical studies) and in 
laboratory settings, through precisely guided scientific research. Also, through this pro-
cess, the identification of crucial active compounds is achieved, and further, their safety, 
effectiveness, and mechanisms of action could be validated. The search for potential plant-
originating molecules was performed using SCOPUS and ScienceDirect base with key 
words that included “NQO1”, “glioma”, “glioblastoma”, and “plant” “downregulated”, 
yielding roughly 200 publications. Each publication was analyzed, and the results describ-
ing the inhibitory potential of tested plant constituents are presented. 

Heme oxygenase-1 (HO-1), normal human bronchial epithelial cells (NHBEs), im-
mortalized human bronchial epithelial cells (HBECs), lung adenocarcinoma cells (A549), 
pancreatic cancer (PANC-1 cells), silent mating-type information regulation 2 homolog 3 
(Sirt3), Toll-like receptor 4 (TLR4), multidrug resistance protein 1 (MRP1). 

Out of the total number of analyzed publications, 18 were found to deal with the 
plant constituents causing the downregulation in NQO (Table 3). In total, 17 plant-derived 
chemicals belonging to different classes produced the desirable activity in different, 
mainly in vitro cell, models. This activity was dominantly shown in non-CNS cancer cells, 
such as prostate, breast, and melanoma (Table 3), which aberrantly express NQO. Thus, 
additional experiments confirming their impact on CNS cancer cells is needed, even 
though the present findings give a promising starting point for such studies. 
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Table 3. Phytochemicals decreasing NQO1. 

Compound (Reference) Class Model Effects 
Berberine 

[51] Alkaloid 
B16F10 and A375 melanoma 

cells Inhibits NQO1 activity 

Beta-lapachone 
[53] 

Quinone Radiosensitized lung cancer 
A549 cells 

Inhibits NF-kB activation mediated by NQO1 

Brusatol 
[54] 

Quassinoid 
Myeloid leukemia, MCF-7 

and MDA-MB-231, PANC-1 
cells 

Inhibits the expression of Nrf2-downstream 
genes—HO-1, NQO1, VEGF, and AKR1C 

Caryophyllene oxide [55] 
Sesquiterpenoid 

epoxide 
HCCLM3 and HUH7 liver 

cancer cells 
Downregulation of NRF2, FTH1, HO-1, NQO1, 

and GPX4 
Chrysin 

[56] 
Flavonoid Breast MCF-7 cancer cells 

Decreased Nrf2, NQO1, multidrug resistance-
associated protein 1 (MRP1), and HO-1 mRNA 

Gallic acid [57] Phenolic acid Cal33 and FaDu—head and 
neck carcinoma cells 

Induction of apoptosis through upregulation of 
Bax and caspase-3 and downregulation of Bcl-2, 

NRF2, NQO1, and GCLC 

Luteolin 
[56] Flavonoid NSCLC A549 cells 

Decreases heme oxygenase 1 (HO-1), aldo-keto 
reductase 1C (AKR1C), and glutathione S-

transferase Mu 1 (GSTm1) and glutathione levels 

Neferine 
[58] 

Bisbenzylisoqui-noline 
alkaloids 

Human thyroid cancer cell 
lines IHH-4(JCRB1079) and 

CAL-62 (CL-0618) 

Decreased relative protein expression of SLC7A11, 
GPX4, Nrf2, HO-1,and NQO1 

Quercetin 
[59] Glycoside MCF-7 breast cancer cells Decreases NQO1 and MRP1 

Quercetin and vitamin C 
[56] 

Glycoside, hydro 
soluble vitamin 

Prostate PC3 cancer cells mRNA and proteins of Nrf2, HO-1, and NQO1 

Plumbagin 
[60] 

Naphthoquinone 

In vitro—human glioma cell 
lines (U251 and U87), rat 

glioma cell line (C6), mouse 
glioma cell line (GL261) 
In vivo—rat and mouse 

implantation model 

Downregulates protein and mRNA levels of xCT 
and GPX4, interacts with NQO1 

Sanguinarine 
[61] 

Benzophenanthridine 
alkaloid 

Zebra fish embryotoxicity 
Oxidative stress and apoptosis-related genes with 

a decrease in genes of nrf2 and NQO1 
Tannic acid 

[62] Polyphenol 
Mouse liver 
and kidneys Decrease enzyme activity 

Trilobatin [63] Aryl beta-D-glucoside 

In vitro: isolated rat 
astrocytes and cortical 

neurons,  
in vivo: focal cerebral 

ischemia 

Decreases expression of TLR4, Nrf2, NQO1, and 
Sirt3 

Trigonelline [64] Alkaloid 
In vitro model of oxaliplatin-

induced colon cancer cell 
apoptosis 

Enhances suppression of Nrf2 and major 
downstream target genes HO-1, NQO1, and 

MRP1 
3′,4’,5’,5,7-

Pentamethoxyflavone 
[65] 

Flavonoid Lung cancer A549 cells 
Decreased Nrf2 expression and the translation of 

HO1 and NQO1 

Some plants with a rich history of traditional usage in Chinese medicine were proven 
to be rich in constituents affecting the CNS response to damage, and the experiments con-
ducted using the extracts of pure compounds further strengthened the connection be-
tween the origin of active molecules and tumors as targets. One such constituent, trilo-
batin, proved to be effective in silencing the Nrf2 and NQO1 pathways both in vitro, in a 
model of isolated rat astrocytes or cortical neurons, and in an in vivo model of focal cere-
bral ischemia [63]. The effects were found to be associated, in part, with ROS and the dif-
ferent systems associated with it [63]. These findings suggest that there are some relatively 
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rare plant constituents that might carry significant potential for targeting NQO1. Further-
more, these results suggest that there is a need for further constant research in this field, 
aiming to find such molecules. 

One of the compounds for which activity has been shown in various cancer cell mod-
els is plumbagin, a naphthoquinone found dominantly in plants belonging to Plumbago 
species (P. indica and P. zeylanica) and in Diospyros kaki but also in those of the Ancestro-
cladaceae, Dioncophyllaceae, Droseraceae, and Ebenceae families [66]. Plumbagin’s 
unique anticancer mechanisms include the modulation of signaling pathways, such as 
NF-κB, STAT3, MMP-9, VEGF, and Akt, as well as the induction of apoptosis, autophagy, 
and regulation of the cell cycle. Additionally, it promotes ROS generation, leading to oxi-
dative DNA damage. Notably, it has the ability to sensitize cancer cells that are resistant 
to chemotherapy and radiotherapy [66]. For the scope of this review, the focus of plum-
bagin’s activity is on its action in different GBM cells lines and in an in vivo model of 
implanted GBM in rats and mice [60]. The activity of plumbagin in glioma cell lines (U251, 
U87, C6, and GL261) is mediated by the alteration of various signaling pathways, with 
predominance of the ferroptosis pathway. Also, pathways associated with cystine-gluta-
mate antiporter (xCT) and glutathione peroxidase 4 (GPx4) were affected in cells exposed 
to plumbagin [60]. The interaction of plumbagin with NQO1 is rather specific, proven 
both using docking and in vitro interactions, acting as a bioactivatable drug [60]. Despite 
its strong anticancer potential, plumbagin has not yet been applied clinically due to chal-
lenges like its high lipophilicity, poor water solubility, short half-life, and low melting 
point [66]. 

The interplay between NQO1 inhibitors and chemotherapeutic-drug-resistant can-
cers has been revealed as well. In the case of NQO1 inhibition in cisplatin-resistant head 
and neck tumor cells, their sensitivity towards artesunate increases [67]. The specific re-
sults of the inhibition of NQO1 in cancer cells has been shown in the case of berberine, 
where this compound promoted immunogenic cell death after causing the increased pro-
duction of ROS and cell oxidative damage [51]. The activation of cell interplay after ROS 
production involves the elevation of the levels of damage-associated molecular patterns 
(DAMPs) and subsequently the activation of dendritic and CD8 + T cells in vitro and in 
vivo. These results pinpointed that berberine is molecule with potential for the develop-
ment of tumor vaccines and to serve as a novel therapeutic approach in the future [51]. Sim-
ilar potential to increase sensitivity towards doxorubicin in breast MCF-7 cancer cells was 
observed for chrysin and chrysin-loaded nanostructured lipid carriers [56]. This study, apart 
from addressing the problem of the NQO1 system as a cancer target, aimed to improve the 
availability of chrysin, which might be a challenge in designing and implementing new 
treatments. 

Modern approaches in treating cancers involve applying combination of chemother-
apeutics and radiotherapy in order to achieve adequate results in suppressing tumor 
growth, preventing metastases, etc. An important quinone compound, β-lapachone, 
proved to be useful in abolishing radiation-induced increases in NF-κB activation and 
thus decreasing genes, such as bcl2, gadd45β ,and cyclinD1. This activity of β-lapachone 
was mediated by the interaction between NQO1, which is known to activate NF-κB; there-
fore, this quinone inhibits the transcription of the survival signals needed for irradiated 
cells to survive [53]. 

There are some compounds present in all plants, such as quercetin, which deserve a 
deeper analysis and interpretation in the light of the NQO1 system. Namely, quercetin, 
alone [59] or in combination with vitamin C [56], downregulated NQO1 in MCF-7 breast 
cancer and PC3 prostate cancer cells, respectively. These findings suggest the usefulness 
of widely present polyphenols in decreasing this enzyme activity and its usage in GBM. 
On the other hand, this enzyme was found to be upregulated in some other types of cancers, 
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CWR22Rv1 cells, exposed to quercetin [68]. The potential of quercetin should be checked in 
a model of GBM with aberrant NQO1 expression in order to further corroborate the poten-
tial of this naturally occurring compound. The discrepancy of the impact on the NQO1 sys-
tem has also been reported previously for various Glycyrrhiza species (G. glabra L., G. ura-
lensis Fisch. ex DC., and G. inflata Batalin) extracts in hepatoma and breast cancer cells [69]. 

One of the main issues with drugs aiming to treat all CNS tumors is the BBB, which 
is known to pose a great issue in chemotherapeutic approaches [2,3]. This is a highly se-
lective, semi-permeable structure composed of tightly joined endothelial cells lining the 
brain’s capillaries, maintaining CNS homeostasis by regulating the passage of ions, nutri-
ents, and waste products, while restricting toxins and pathogens [70]. Interestingly, the 
potential of a drug to pass the BBB in cases of targeting tumors, e.g., GBM, might not be 
the issue, since the tumor process is known to affect the membrane function. In the case 
of GBM, the tumor tissue increases BBB fluidity by decreasing the expression of claudin-
5 and occludin [71]. In this way, the drugs with lesser penetrant potential might go across 
the BBB and target the tumor tissue. On the other hand, the potential molecules presented 
here are highly lipophilic, e.g., plumbagin, which can easily cross the BBB. 

Also, it should be highlighted that potentially by decreasing NQO1 expression, there 
is a risk of subsequent damage to healthy tissue due to more ROS generation. This point of 
view is applied in the design of many drugs that are able to induce NQO1 and thus decrease 
ROS and prevent carcinogenesis and aid the organism fight against cancer. Many of these 
molecules can be found in natural sources, e.g., broccoli [72]. Thus, when designing and 
potentially applying the drugs targeting NQO1, these facts should be taken into account. 

9. Conclusions 
The NAD(P)H oxidoreductase 1 (NQO1) enzyme plays a crucial role in protecting 

cells from oxidative damage but is also involved in the resistance mechanisms of CNS 
tumors. The overexpression of NQO1 in these tumors supports cancer cell survival by 
reducing oxidative stress, enabling drug resistance, and facilitating tumor progression. 
Due to these effects, NQO1 has emerged as a promising target for novel CNS tumor ther-
apies. Naturally occurring compounds, including those from traditional plant medicines, 
show potential in modulating NQO1 activity. Some research studies have focused on 
identifying both inhibitors and activators of NQO1 from natural sources, with inhibitors 
showing particular promise in increasing cancer cell susceptibility to treatment. The ther-
apeutic applications of such molecules could potentially complement existing treatments, 
targeting NQO1’s unique role in CNS tumor resistance to therapy and enhancing treat-
ment efficacy. One of the molecules pin-pointed in the up-to-date conducted studies is 
plumbagin, which has been studied both in vitro and in vivo, proving its potential against 
CNS tumors. However, further studies, both preclinical and clinical, are needed in order 
to adequately investigate the potency of some molecules targeting the NQO1 system. 

Author Contributions: Conceptualization, N.M.S. and M.M.; methodology, J.I. and M.R. (Milica 
Radić ); software, M.B. and M.K.; validation, N.M.S., M.M. and J.I.; formal analysis, M.R. (Milica 
Radić), M.R. (Miša Radisavljević), M.B., and M.K.; investigation, N.M.S. and M.M.; resources, J.I. 
and M.R. (Milica Radić); data curation, M.B. and M.K.; writing—original draft preparation, N.M.S., 
M.M., and J.I; writing—review and editing, M.R. (Milica Radić), M.R. (Miša Radisavljević), M.B., 
and M.K.; visualization, N.M.S.; supervision, M.R. (Miša Radisavljević) and M.K.; project admin-
istration, M.B. All authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 



Brain Sci. 2025, 15, 132 11 of 14 
 

Data Availability Statement: The original contributions presented in this study are included in the 
article. Further inquiries can be directed to the corresponding author. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 
1. S Marenco-Hillembrand, L.; Wijesekera, O.; Suarez-Meade, P.; Mampre, D.; Jackson, C.; Peterson, J.; Trifiletti, D.; Hammack, J.; 

Ortiz, K.; Lesser, E.; et al. Trends in glioblastoma: Outcomes over time and type of intervention: A systematic evidence based 
analysis. J. Neuro-Oncol. 2020, 147, 297–307. https://doi.org/10.1007/s11060-020-03451-6.  

2. Thorbinson, C.; Kilday, J.P. Childhood Malignant Brain Tumors: Balancing the Bench and Bedside. Cancers 2021, 13, 6099. 
https://doi.org/10.3390/cancers13236099. 

3. Aldape, K.; Brindle, K.M.; Chesler, L.; Chopra, R.; Gajjar, A.; Gilbert, M.R.; Gottardo, N.; Gutmann, D.H.; Hargrave, D.; Holland, 
E.C.; et al. Challenges to curing primary brain tumours. Nat. Rev. Clin. Onco. 2019, 16, 509–520. https://doi.org/10.1038/s41571-
019-0177-5. 

4. Ostrom, Q.T.; Francis, S.S.; Barnholtz-Sloan, J.S. Epidemiology of Brain and Other CNS Tumors. Curr. Neurol. Neurosci. Rep. 
2021, 21, 68. https://doi.org/10.1007/s11910-021-01152-9. 

5. Ostrom, Q.T.; Adel Fahmideh, M.; Cote, D.J.; Muskens, I.S.; Schraw, J.M.; Scheurer, M.E.; Bondy, M.L. Risk factors for childhood 
and adult primary brain tumors. Neuro. Oncol. 2019, 21, 1357–1375. https://doi.org/10.1093/neuonc/noz123. 

6. Grochans, S.; Cybulska, A.M.; Simińska, D.; Korbecki, J.; Kojder, K.; Chlubek, D.; Baranowska-Bosiacka, I. Epidemiology of 
Glioblastoma Multiforme–Literature Review. Cancers 2022, 14, 2412. https://doi.org/10.3390/cancers14102412. 

7. Fabbro-Peray, P.; Zouaoui, S.; Darlix, A.; Fabbro, M.; Pallud, J.; Rigau, V.; Mathieu-Daude, H.; Bessaoud, F.; Bauchet, F.; Riondel, 
A.; et al. Association of patterns of care, prognostic factors, and use of radiotherapy–temozolomide therapy with survival in 
patients with newly diagnosed glioblastoma: A French national population-based study. J. Neurooncol. 2019, 142, 91–101. 
https://doi.org/10.1007/s11060-018-03065-z. 

8. Komori, T. The 2021 WHO classification of tumors, 5th edition, central nervous system tumors: The 10 basic principles. Brain. 
Tumor. Pathol. 2022, 39, 47–50. https://doi.org/10.1007/s10014-022-00428-3. 

9. Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Pfister, S.M.; Reifenberger, G.; 
Soffietti, R.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Am. J. Neuroradiol. 2021, 
23, 1231–1251. https://doi.org/10.3174/ajnr.A7462. 

10. WHO Classification of Tumours Editorial Board. Central Nervous System Tumours [Internet], 5th ed.; WHO Classification of Tu-
mours Series; International Agency for Research on Cancer: Lyon, France, 2021; Volume 6. Available online: https://tumour-
classification.iarc.who.int/chapters/45 (accessed on 1 September 2024). 

11. Toader, C.; Eva, L.; Costea, D.; Corlatescu, A.D.; Covache-Busuioc, R.-A.; Bratu, B.-G.; Glavan, L.A.; Costin, H.P.; Popa, A.A.; 
Ciurea, A.V. Low-Grade Gliomas: Histological Subtypes, Molecular Mechanisms, and Treatment Strategies. Brain Sci. 2023, 13, 
1700. https://doi.org/10.3390/brainsci13121700. 

12. Belykh, E.; Shaffer, K.V.; Lin, C.; Byvaltsev, V.A.; Preul, M.C.; Chen, L. Blood-Brain Barrier, Blood-Brain Tumor Barrier, and 
Fluorescence-Guided Neurosurgical Oncology: Delivering Optical Labels to Brain Tumors. Front. Oncol. 2020, 10, 739. 
https://doi.org/10.3389/fonc.2020.00739. 

13. Antonelli, M.; Poliani, P.L. Adult type diffuse gliomas in the new 2021 WHO Classification. Pathologica 2022, 114, 397–409. 
https://doi.org/10.32074/1591-951X-823. 

14. Hervey-Jumper, S.L.; Berger, M.S. Evidence for improving outcome through extent of resection. Neurosurg. Clin. N. Am. 2019, 
30, 85–93. https://doi.org/10.1016/j.nec.2018.08.005. 

15. Lu, V.M.; Goyal, A.; Graffeo, C.S.; Perry, A.; Burns, T.C.; Parney, I.F.; Quinones-Hinojosa, A.; Chaichana, K.L. Survival benefit 
of maximal resection for glioblastoma reoperation in the temozolomide era: A meta-analysis. World Neurosurg. 2019, 127, 31–37. 
https://doi.org/10.1016/j.wneu.2019.03.250. 

16. Ius, T.; Mazzucchi, E.; Tomasino, B.; Pauletto, G.; Sabatino, G.; Della Pepa, G.M.; La Rocca, G.; Battistella, C.; Olivi, A.; Skrap, 
M. Multimodal integrated approaches in low grade glioma surgery. Sci. Rep. 2021, 11, 9964. https://doi.org/10.1038/s41598-021-
87924-2. 

17. Mazzucchi, E.; La Rocca, G.; Ius, T.; Sabatino, G.; Della Pepa, G.M. Multimodality imaging techniques to assist surgery in low-
grade gliomas. World Neurosurg. 2020, 133, 423–425. https://doi.org/10.1016/j.wneu.2019.10.120. 

18. Duffau, H. Awake mapping is not an additional surgical technique but an alternative philosophy in the management of low-
grade glioma patients. Neurosurg. Rev. 2018, 41, 689–691. https://doi.org/10.1007/s10143-10017-10937-10146. 

19. Yoo, J.; Park, H.H.; Kang, S.G.; Chang, J.H. Recent Update on Neurosurgical Management of Brain Metastasis. Brain. Tumor. 
Res. Treat. 2022, 10, 164–171. https://doi.org/10.14791/btrt.2022.0023. 

20. Hatiboglu, M.A.; Akdur, K.; Sawaya, R. Neurosurgical management of patients with brain metastasis. Neurosurg. Rev. 2020, 43, 
483–495. https://doi.org/10.1007/s10143-018-1013-6. 

21. Cardinal, T.; Pangal, D.; Strickland, B.A.; Newton, P.; Mahmoodifar, S.; Mason, J.; Craig, D.; Simon, T.; Yi Tew, B.; Yu, M.; et al. 
Anatomical and topographical variations in the distribution of brain metastases based on primary cancer origin and molecular 
subtypes: A systematic review. Neuro-Oncol. Adv. 2022, 4, vdab170. https://doi.org/10.1093/noajnl/vdab170. 



Brain Sci. 2025, 15, 132 12 of 14 
 

22. Freeman, M.; Ennis, M.; Jerzak, K.J. Karnofsky Performance Status (KPS)≤ 60 is strongly Associated with shorter brain-specific 
progression-free survival among patients with metastatic Breast Cancer with Brain metastases. Front. Oncol. 2022, 12, 867462. 
https://doi.org/10.3389/fonc.2022.867462. 

23. Carapella, C.M.; Gorgoglione, N.; Oppido, P.A. The role of surgical resection in patients with brain metastases. Curr. Opin. 
Oncol. 2018, 30, 390–395 https://doi.org/10.1097/CCO.0000000000000484. 

24. Costabile, J.D.; Alaswad, E.; D’Souza, S.; Thompson, J.A.; Ormond, D.R. Current Applications of Diffusion Tensor Imaging and 
Tractography in Intracranial Tumor Resection. Front. Oncol. 2019, 9, 426. https://doi.org/10.3389/fonc.2019.00426. 

25. Kristensen, B.W.; Priesterbach-Ackley, L.P.; Petersen, J.K.; Wesseling, P. Molecular pathology of tumors of the central nervous 
system. Ann. Oncol. 2019, 30, 1265–1278. https://doi.org/10.1093/annonc/mdz164. 

26. Satgunaseelan, L.; Sy, J.; Shivalingam, B.; Sim, H.W.; Alexander, K.L.; Buckland, M.E. Prognostic and predictive biomarkers in 
central nervous system tumours: The molecular state of play. Pathology 2023, 56, 158–169. 
https://doi.org/10.1016/j.pathol.2023.11.003. 

27. Becker, A.P.; Sells, B.E.; Haque, S.J.; Chakravarti, A. Tumor Heterogeneity in Glioblastomas: From Light Microscopy to Molec-
ular Pathology. Cancers 2021, 13, 761. https://doi.org/10.3390/cancers13040761. 

28. Perus, L.J.M.; Walsh, L.A. Microenviroment Heterogeneity in Brain Malignancies. Front. Immunol. 2019, 10, 2294. 
https://doi.org/10.3389/fimmu.2019.02294. 

29. Bienkowski, M.; Furtner, J.; Hainfellner, J.A. Clinical neuropathology of brain tumors. Hand Clin. Neurol. 2017, 145, 477–534. 
https://doi.org/10.1016/B978-0-12-802395-2.00032-8. 

30. Smith, H.L.; Wadhwani, N.; Horbinski, C. Major Features of the 2021 WHO Classification of CNS tumors. Neurotherapeutics 
2022, 19, 1691–1704. https://doi.org/10.1007/s13311-022-01249-0. 

31. DeWitt, J. Astrocytoma, IDH mutant. Available online: https://www.pathologyoutlines.com/topic/CNStumorgliomasastrocyto-
masIDHmutant.html (accessed on 4 August 2022). 

32. Winkler, F.; Venkatesh, H.S.; Amit, M.; Batchelor, T.; Demir, I.E.; Deneen, B.; Gutmann, D.H.; Hervey-Jumper, S.; Kuner, T.; 
Mabbott, D.; et al. Cancer neuroscience: State of the field, emerging directions. Cell 2023, 186, 1689–1707. 
https://doi.org/10.1016/j.cell.2023.02.002. 

33. Yang, Y.C.; Zhu, Y.; Sun, S.J.; Zhao, C.J.; Bai, Y.; Wang, J.; Ma, L.T. ROS regulation in gliomas: Implications for treatment strat-
egies. Front. Immunol. 2023, 7, 1259797. https://doi.org/10.3389/fimmu.2023.1259797. 

34. Barthel, L.; Hadamitzky, M.; Dammann, P.; Schedlowski, M.; Sure, U.; Thakur, B.K.; Hetze, S. Glioma: Molecular signature and 
crossroads with tumor microenvironment. Cancer Metastasis Rev. 2022, 41, 53–75. https://doi.org/10.1007/s10555-021-09997-9. 

35. Erices, J.I.; Bizama, C.; Niechi, I.; Uribe, D.; Rosales, A.; Fabres, K.; Navarro-Martínez, G.; Torres, Á.; San Martín, R.; Roa, J.C.; 
Quezada-Monrás. C. Glioblastoma Microenvironment and Invasiveness: New Insights and Therapeutic Targets. Int. J. Mol. Sci. 
2023, 24, 7047. https://doi.org/doi:10.3390/ijms24087047. 

36. Preethi, S.; Arthiga, K.; Patil, A.B.; Spandana, A.; Jain, V. Review on NAD(P)H dehydrogenase quinone 1 (NQO1) pathway. 
Mol. Biol. Rep. 2022, 49, 8907–8924. https://doi.org/10.1007/s11033-022-07369-2. 

37. Siegel, D.; Yan, C.; Ross, D. NAD(P)H: Quinone oxidoreductase 1 (NQO1) in the sensitivity and resistance to antitumor qui-
nones. Biochem. Pharmacol. 2012, 83, 1033–1040. https://doi.org/10.1016/j.bcp.2011.12.017. 

38. Atiaa, A.; Abdullah, A. NQO1 enzyme and its role in cellular protection; an insight. Iberoam. J. Med. 2020, 2, 306–313. 
https://doi.org/10.5281/zenodo.3877528. 

39. Jaber, S.; Polster, B.M. Idebenone and neuroprotection: Antioxidant, pro-oxidant, or electron carrier? J. Bioenerg. Biomembr. 2015, 
47, 111–118. https://doi.org/10.1007/s10863-014-9571-y. 

40. Oh, E.T.; Park, H.J. Implications of NQO1 in cancer therapy. BMB Rep. 2015, 48, 609–617. https://doi.org/10.5483/BMB-
Rep.2015.48.11.190. 

41. Shin, W.S.; Han, J.; Verwilst, P.; Kumar, R.; Kim, J.H.; Kim, J.S. Cancer Targeted Enzymatic Theranostic Prodrug: Precise Diag-
nosis and Chemotherapy. Bioconjug. Chem. 2016, 27, 1419–1426. https://doi.org/10.1021/acs.bioconjchem.6b00184. 

42. Ling, Y.; Yang, Q.X.; Teng, Y.N.; Chen, S.; Gao, W.J.; Guo, J.; Hsu, P.L.; Liu, Y.; Morris-Natschke, S.L.; Hung, C.C. et al. Devel-
opment of novel amino quinoline-5,8-dione derivates as NAD(P)H: Quinone oxidoreductase 1 (NQO1) inhibitors with potent 
antiproliferative activities. Eur. J. Med. Chem. 2018, 154, 199–209. https://doi.org/10.1016/j.ejmech.2018.05.025. 

43. Dinkova-Kostova, A.T.; Talalay, P. NAD(P)H: Quinone acceptor oxidoreductase 1 (NQO1), a multifunctional antioxidant en-
zyme and exceptionally versatile cytoprotector. Arch. Biochem. Biophys. 2010, 501, 116–123. 
https://doi.org/10.1016/j.abb.2010.03.019. 

44. Beaver, S.K.; Mesa-Torres, N.; Pey, A.L.; Timson, D.J. NQO1: A target for the treatment of cancer and neurologocal diseases and 
a model to understand loss of function disease mechanisms. Biochim. Biophys. Acta Proteins Proteom. 2019, 1867, 663–676. 
https://doi.org/10.1016/j.bbapap.2019.05.002. 

45. Zhang, K.; Chen, D.; Ma, K.; Wu, X.; Hao, H.; Jiang, S. NAD(P)H: Quinone Oxidoreductase 1 (NQO1) as a Therapeutic and 
Diagnostic Target in Cancer. J. Med. Chem. 2018, 61, 6983–7003. https://doi.org/10.1021/acs.jmedchem.8b00124. 

46. Yuhan, L.; Ghadiri, M.K.; Gorji, A. Impact of NQO1 dysregulation in CNS disorders. J. Transl. Med. 2024, 22, 4. 
https://doi.org/10.1186/s12967-023-04802-3. 

47. Lei, K.; Xia, Y.; Wang, X.C.; Ahn, E.H.; Jin, L.; Ye, K. C/EBPβ mediates NQO1 and GSTP1 anti-oxidative reductases expression 
in glioblastoma, promoting brain tumor proliferation. Redox Biol. 2020, 34, 101578. https://doi.org/10.1016/j.redox.2020.101578. 

48. Zhong, B.; Yu, J.; Hou, Y.; Ai, N.; Ge, W.; Lu, J.J.; Chen, X. A novel strategy for glioblastoma treatment by induction of noptosis 
an NQO1-dependent necrosis. Free Radic. Biol. Med. 2021, 166, 104–115. https://doi.org/10.1016/j.freeradbiomed.2021.02.014. 



Brain Sci. 2025, 15, 132 13 of 14 
 

49. Wang, Y.F.; Hu, J.Y. Natural and synthetic compounds for glioma treatment based on ROS-mediated strategy. Eur. J. Pharmacol. 
2023, 953, 175537. https://doi.org/10.1016/j.ejphar.2023.175537. 

50. Roussot, N.; Ghiringhelli, F.; Rébé, C. Tumor Immunogenic Cell Death as a Mediator of Intratumor CD8 T-Cell Recruitment. 
Cells 2022, 11, 3672. https://doi.org/10.3390/cells11223672. 

51. Luo, Z.; Li, Q.; He, S.; Liu, S.; Lei, R.; Kong, Q.; Wang, R.; Liu, X.; Wu, J. Berberine sensitizes immune checkpoint blockade 
therapy in melanoma by NQO1 inhibition and ROS activation. Int. Immunopharmacol. 2024, 142 Pt A, 113031. 
https://doi.org/10.1016/j.intimp.2024.113031. 

52. Stojanović, N.M.; Ranđelović, P.J.; Simonović, M.; Radić, M.; Todorović, S.; Corrigan, M.; Harkin, A.; Boylan, F. Essential Oil 
Constituents as Anti-Inflammatory and Neuroprotective Agents: An Insight through Microglia Modulation. Int. J. Mol. Sci. 2024, 
25, 5168. https://doi.org/10.3390/ijms25105168. 

53. Dong, G.Z.; Oh, E.T.; Lee, H.; Park, M.T.; Song, C.W.; Park, H.J. Beta-lapachone suppresses radiation-induced activation of 
nuclear factor-kappaB. Exp. Mol. Med. 2010, 42, 327–334. https://doi.org/10.3858/emm.2010.42.5.034. 

54. He, T.; Zhou, F.; Su, A.; Zhang, Y.; Xing, Z.; Mi, L.; Li, Z.; Wu, W. Brusatol: A potential sensitizing agent for cancer therapy from 
Brucea javanica. Biomed. Pharmacother. 2023, 158, 114134. https://doi.org/10.1016/j.biopha.2022.114134. 

55. Xiu, Z.; Zhu, Y.; Han, J.; Li, Y.; Yang, X.; Yang, G.; Song, G.; Li, S.; Li, Y.; Cheng, C.; et al. Caryophyllene oxide induces ferri-
tinophagy by regulating the ncoa4/fth1/lc3 pathway in hepatocellular carcinoma. Front. Pharmacol. 2022, 13, 930958. 
https://doi.org/10.3389/fphar.2022.930958. 

56. Samec, M.; Mazurakova, A.; Lucansky, V.; Koklesova, L.; Pecova, R.; Pec, M.; Golubnitschaja, O.; Al-Ishaq, R.K.; Caprnda, M.; 
Gaspar, L. et al. Flavonoids attenuate cancer metabolism by modulating Lipid metabolism, amino acids, ketone bodies and 
redox state mediated by Nrf2. Eur. J. Pharmacol. 2023, 949, 175655. https://doi.org/10.1016/j.ejphar.2023.175655. 

57. Patra, S.; Nayak, R.; Patro, S.; Pradhan, B.; Sahu, B.; Behera, C.; Bhutia, S.K.; Jena, M. Chemical diversity of dietary phytochem-
icals and their mode of chemoprevention. Biotechnol. Rep. 2021, 30, e00633. https://doi.org/10.1016/j.btre.2021.e00633. 

58. Li, S.; Zhang, Y.; Zhang, J.; Yu, B.; Wang, W.; Jia, B.; Chang, J.; Liu, J. Neferine Exerts Ferroptosis-Inducing Effect and Antitumor 
Effect on Thyroid Cancer through Nrf2/HO-1/NQO1 Inhibition. J. Oncol. 2022, 2022, 7933775. 
https://doi.org/10.1155/2022/7933775. 

59. Minaei, A.; Sabzichi, M.; Ramezani, F.; Hamishehkar, H.; Samadi, N. Co-delivery with nano-quercetin enhances doxorubicin-
mediated cytotoxicity against MCF-7 cells. Mol. Biol. Rep. 2016, 43, 99–105. https://doi.org/10.1007/s11033-016-3942-x. 

60. Zhan, S.; Lu, L.; Pan, S.S.; Wei, X.Q.; Miao, R.R.; Liu, X.H.; Xue, M.; Lin, X.K.; Xu, H.L. Targeting NQO1/GPX4-mediated ferrop-
tosis by plumbagin suppresses in vitro and in vivo glioma growth. Br. J. Cancer. 2022, 127, 364–376. 
https://doi.org/10.1038/s41416-022-01800-y. 

61. Yang, X.; Wang, X.; Gao, D.; Zhang, Y.; Chen, X.; Xia, Q.; Jin, M.; Sun, C.; He, Q.; Wang, R.; et al. Developmental toxicity caused 
by sanguinarine in zebrafish embryos via regulating oxidative stress, apoptosis and wnt pathways. Toxicol. Lett. 2021, 350, 71–
80. https://doi.org/10.1016/j.toxlet.2021.07.001. 

62. Krajka-Kuźniak, V.; Baer-Dubowska, W. The effects of tannic acid on cytochrome P450 and phase II enzymes in mouse liver 
and kidney. Toxicol. Lett. 2003, 143, 209–216. https://doi.org/10.1016/s0378-4274(03)00177-2. 

63. Gao, J.; Chen, N.; Li, N.; Xu, F.; Wang, W.; Lei, Y.; Shi, J.; Gong, Q. Neuroprotective Effects of Trilobatin, a Novel Naturally 
Occurring Sirt3 Agonist from Lithocarpus polystachyus Rehd., Mitigate Cerebral Ischemia/Reperfusion Injury: Involvement of 
TLR4/NF-κB and Nrf2/Keap-1 Signaling. Antioxid. Redox. Signal. 2020, 33, 117–143. https://doi.org/10.1089/ars.2019.7825. 

64. Pirpour Tazehkand, A.; Salehi, R.; Velaei, K.; Samadi, N. The potential impact of trigonelline loaded micelles on Nrf2 suppres-
sion to overcome oxaliplatin resistance in colon cancer cells. Mol. Biol. Rep. 2020, 47, 5817–5829. https://doi.org/10.1007/s11033-
020-05650-w. 

65. Hou, X.; Bai, X.; Gou, X.; Zeng, H.; Xia, C.; Zhuang, W.; Chen, X.; Zhao, Z.; Huang, M.; Jin, J. 3’,4’,5’,5,7-pentamethoxyflavone 
sensitizes Cisplatin-resistant A549 cells to Cisplatin by inhibition of Nrf2 pathway. Mol. Cells 2015, 38, 396–401. 
https://doi.org/10.14348/molcells.2015.2183. 

66. Ahmad, I.; Tabrez, S. Exploring natural resources: Plumbagin as a potent anticancer agent. S. Afr. J. Bot. 2024, 174, 167–179. 
https://doi.org/10.1016/j.sajb.2024.08.037. 

67. Wang, H.; Cheng, Y.; Mao, C.; Liu, S.; Xiao, D.; Huang, J.; Tao, Y. Emerging mechanisms and targeted therapy of ferroptosis in 
cancer. Mol. Ther. 2021, 29, 2185–2208. https://doi.org/10.1016/j.ymthe.2021.03.022. 

68. Homayoonfal, M.; Gilasi, H.; Asemi, Z.; Khaksary, M.M.; Asemi, R.; Yousefi, B. Quercetin modulates signal transductions and 
targets non-coding RNAs against cancer development. Cell Signal. 2023, 107, 110667. 
https://doi.org/10.1016/j.cellsig.2023.110667. 

69. Hajirahimkhan, A.; Simmler, C.; Dong, H.; Lantvit, D.D.; Li, G.; Chen, S.N.; Nikolić, D.; Pauli, G.F.; van Breemen, R.B.; Dietz, 
B.M.; et al. Induction of NAD(P)H:Quinone Oxidoreductase 1 (NQO1) by Glycyrrhiza Species Used for Women’s Health: Dif-
ferential Effects of the Michael Acceptors Isoliquiritigenin and Licochalcone A. Chem. Res. Toxicol. 2015, 28, 2130–2141. 
https://doi.org/10.1021/acs.chemrestox.5b00310. 

70. Kadry, H.; Noorani, B.; Cucullo, L. A blood-brain barrier overview on structure, function, impairment, and biomarkers of in-
tegrity. Fluids Barriers CNS. 2020, 17, 69. https://doi.org/10.1186/s12987-020-00230-3. 

  



Brain Sci. 2025, 15, 132 14 of 14 
 

71. Liebner, S.; Fischmann, A.; Rascher, G.; Duffner, F.; Grote, E.H.; Kalbacher, H.; Wolburg, H. Claudin-1 and claudin-5 expression 
and tight junction morphology are altered in blood vessels of human glioblastoma multiforme. Acta Neuropathol. 2000, 100, 323–
331. https://doi.org/10.1007/s004010000180. 

72. Dinkova-Kostova, A.T.; Fahey, J.W.; Talalay, P. Chemical structures of inducers of nicotinamide quinone oxidoreductase 1 
(NQO1). Methods Enzymol. 2004, 382, 423–448. https://doi.org/10.1016/S0076-6879(04)82023-8. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 

 


	1. Introduction
	2. Epidemiology
	3. General Taxonomy
	4. Gliomas
	Tumor Types
	Tumor Group
	Astrocytoma, IDH-mutant
	Adult-type diffuse gliomas
	Oligodendroglioma, IDH-mutant, and 1p/19q-codeleted
	Glioblastoma, IDH-wild-type
	Diffuse astrocytoma, MYB- or MYBL1-altered
	Angiocentric glioma
	Pediatric-type diffuse low-grade gliomas
	Polymorphous low-grade neuroepithelial tumor of the young
	Diffuse low-grade glioma, MAPK pathway-altered
	Diffuse midline glioma, H3 K27-altered
	Diffuse hemispheric glioma, H3 G34-mutant
	Pediatric-type diffuse high-grade gliomas
	Diffuse pediatric-type high-grade glioma, H3-wild-type and IDH-wild-type
	Infant-type hemispheric glioma
	Pilocytic astrocytoma
	High-grade astrocytoma with piloid features
	Pleomorphic xanthoastrocytoma
	Circumscribed astrocytic gliomas
	Subependymal giant cell astrocytoma
	Chordoid glioma
	Astroblastoma, MN1-altered
	Ganglioglioma
	Desmoplastic infantile ganglioglioma / desmoplastic infantile astrocytoma
	Dysembryoplastic neuroepithelial tumor
	Diffuse glioneuronal tumor with oligodendroglioma-like features and nuclear clusters
	Papillary glioneuronal tumor
	Rosette-forming glioneuronal tumor
	Glioneuronal and neuronal tumors
	Myxoid glioneuronal tumor
	Diffuse leptomeningeal glioneuronal tumor
	Gangliocytoma
	Multinodular and vacuolating neuronal tumor
	Dysplastic cerebellar gangliocytoma (Lhermitte-Duclos disease)
	Central neurocytoma
	Extraventricular neurocytoma
	Cerebellar liponeurocytoma
	5. Brain Metastases
	6. Brain Tumor Histopathology
	7. NAD(P)H NQO1 in Brain Tumors
	8. Plant-Based Therapy Targeting CNS Tumors
	9. Conclusions
	References

