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Abstract: Glioblastomas (GBMs) are tumors that have a high ability to migrate, invade and proliferate
in the healthy tissue, what greatly impairs their treatment. These characteristics are associated with
the complex microenvironment, formed by the perivascular niche, which is also composed of several
stromal cells including astrocytes, microglia, fibroblasts, pericytes and endothelial cells, supporting
tumor progression. Further microglia and macrophages associated with GBMs infiltrate the tumor.
These innate immune cells are meant to participate in tumor surveillance and eradication, but they
become compromised by GBM cells and exploited in the process. In this review we discuss the
context of the GBM microenvironment together with the actions of flavonoids, which have attracted
scientific attention due to their pharmacological properties as possible anti-tumor agents. Flavonoids
act on a variety of signaling pathways, counteracting the invasion process. Luteolin and rutin inhibit
NFkB activation, reducing IL-6 production. Fisetin promotes tumor apoptosis, while inhibiting
ADAM expression, reducing invasion. Naringenin reduces tumor invasion by down-regulating
metalloproteinases expression. Apigenin and rutin induce apoptosis in C6 cells increasing TNFa,
while decreasing IL-10 production, denoting a shift from the immunosuppressive Th2 to the Thl
profile. Overall, flavonoids should be further exploited for glioma therapy.

Keywords: glioblastomas; tumor microenvironment; microglia; flavonoids; cytokines; miRNAs

1. Introduction

Glioblastomas (GBMs) are high-grade malignant brain tumors classified as grade IV
by the World Health Organization (WHO). They are the most common and devastating
primary malignant brain tumor of the central nervous system (CNS) in adults. GBMs are
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highly infiltrative and morphologically very heterogeneous, characterized by anaplasia, in-
tense mitotic activity, as well as the presence of necrosis and microvascular proliferation [1].
Currently, the protocol adopted for the GBM treatment is based on surgery followed by
radiation therapy and chemotherapy. However, despite recent advances in therapy, the
average survival time for patients is still around 14 months [2].

In the physiopathology of GBMs and other diffuse tumors at present is the complexity
of the cell population in the tumor parenchyma and its microenvironmental interactions
needs to be better understood. Its interaction with healthy cells, as microglia, involves
regulation of immunologic responsiveness, which is related to tumoral aggressiveness and
invasion. M2-polarization of microglia involve immunosuppressive and tumor-supportive
properties, exhibiting reduced phagocytic activity [3]. Therefore, exogenous compounds
that demonstrated antitumor activity and that influenced the immunomodulatory profile in
the tumor niche may be key allies to improve the conventional treatment for solid tumors,
such as GBMs. The search for alternative drugs for therapeutic interventions against brain
tumors has shed light on phytochemicals, including plant-based drugs [4], and flavonoids,
a group of molecules that have raised interest in this regard. Flavonoids are products of
the secondary metabolism of plants, present in almost all fruits and vegetables [5]. Studies
conducted over the last two decades, and especially in the last years, have demonstrated the
antitumor potential of the flavonoids both in in vitro and in in vivo models of GBMs [5-8].
Moreover, these compounds also showed the potential to modulate the inflammatory
response of microglia/macrophages associated with tumorigenesis inhibition [9-11]. The
present review discusses the main aspects of GBM physiopathology and advances in
the interaction between tumor and microenvironment. The anti-glioma effects of differ-
ent flavonoids and their derivatives are updated in our manuscript. Further flavonoid-
promoted anti-inflammatory effects on CNS-resident and invading immune cells are also
discussed as a new concept for GBM-adjuvant treatment based on immunomodulation.

2. Glioblastoma: Origin, Histology and Classification

Glioblastoma is the most common and aggressive CNS tumor, which usually appears
in the cerebral hemispheres of adults [1,12]. Despite advances in neurosurgery, radiotherapy,
and chemotherapy, it is one of the most difficult neoplasms to treat, with an average
overall survival of 12 to 15 months [13,14]. This short survival rate is attributed to clinical
limitations, such as advanced tumor progressionat the time of diagnosis, and molecular
characteristics as the heterogeneous and invasive nature of GBM cells (Figure 1), resulting
in high recurrence rates [1,14,15].

Over the past decade, progress in genomic cancer studies has provided relevant in-
formation regarding the mechanisms of tumorigenesis and genetic mutations in primary
and secondary GBMs [16,17]. Due to its remarkable histological variability, an important
update of the WHO classification for CNS tumors in 2016 highlighted molecular changes
and differences in patterns of gene expression with diverse mutations that serve as deter-
minants in different types of cancer [1,18]. Evidence obtained from genetic and molecular
analysis indicates that primary and secondary GBMs are distinct entities of the disease that
develop through different molecular pathways, exhibit different transcriptional patterns
and recurrent gene mutations [13]. Typical genetic changes in primary GBMs include
overexpression of the epidermal growth factor receptor (EGFR), mutations in the tumor
suppressor protein phosphatase and tensin homolog (PTEN) and the telomerase reverse
transcriptase (TERT) promoter, as well as the loss of chromosome 10q. On the other hand,
secondary GBMs often show mutations of isocitrate dehydrogenase 1 and 2 (IDH1/2), the
pro-apoptotic 53 kDa tumor protein (p53 or TP53), and the Thalassemia Alpha/Mental
Retardation X-linked gene (ATRX), as well as the loss of chromosome 19q [2,13,16,18].
In addition, these two types of GBMs are notably different from each other in terms of
methylation patterns, cell signaling pathways and patterns of matrix metalloproteinases
(MMPs) activation 19q [16,19,20].
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Figure 1. Glioblastoma with a poor prognosis based on its immunohistochemistry panel. Paraffin sec-
tions show fragments of a densely hypercellular glial tumor. The tumor is composed predominantly
of moderately pleomorphic fibrillary astrocytes arranged in diffuse sheets. A small component of
gemistocytic cells is noted (black arrows). There are moderate numbers of mitotic figures (red arrows).
Foci of microvascular proliferation with multilayering of atypical cells around vessel lumena are
also noted. Prominent pallisading and confluent necrosis is noted (blue arrows). Several of the latter
areas incorporate thin-walled necrotic blood vessels (green arrows). The features are of glioblastoma
multiforme (WHO Grade IV). GFAP: positive; Nestin; positive (high); IDH-1; R132H: negative (not
mutated); ATRX: positive (not mutated); MGMT: negative (likely methylated); p53: positive p16;
CDKN2A: negative; Topoisomerase labeling index: Approximately 35%. Case courtesy of RMH
Neuropathology, Radiopaedia.org, rID 41309, modified.

According to the Atlas of the Cancer Genome (TCGA), the GBM subtypes are: proneu-
ral, neural, mesenchymal and classic. Proneural GBMs have the lowest occurrence rate,
develop mainly in younger patients with secondary GBM and are characterized by changes
in platelet-derived growth factor receptor A (PDGFRA) and mutations in IDH1 and
TP53 [21,22]. The neural subtypes are characterized by the expression of neural mark-
ers and high EGFR expression, which is similar to those of normal brain tissues. The high
frequency of neurofibromatosis 1 (NF1) mutations and the overexpression of chitinase-3-
like protein 1 (CHI3L1) are predominant characteristics of the mesenchymal subtype. In
addition, mutations in genes involved in the k3 nuclear factor pathways (NF-kf3), overex-
pression of the vascular endothelial growth factor (VEGF) and the platelet and endothelial
cell adhesion molecule 1 (PECAM]1) are identified. Moreover, in the classic GBM, the pre-
dominance of EGFR mutations, cyclin-dependent kinase inhibitor 2A (CDKN2A) deletion,
and the lack of TP53 mutations are observed. It is suggested that a better prognosis is
associated with the proneural GBM in comparison to the other subtypes 19q [16,22,23].

Although there are great advances in the identification of genetic and molecular
markers, the mechanisms underlying the origin of GBMs are not fully understood [24].
There are many theories about their origin. The two most discussed and dominant are
the dedifferentiation theory and the stem cell theory. The stem cell theory suggests that
the neural stem cells (NSC), or oligodendrocyte progenitor cells, are the cells of origin.
Meanwhile, the dedifferentiation theory suggests that differentiated mature astrocytes,
ependymal cells and oligodendrocytes could be the precursors of GBM [17,25,26].
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Due to their self-renewable and multipotent potential, the NSCs, which give rise to
neuronal and glial progenitor cells, undergo combinations of specific genetic alterations, as
in tumor suppressor genes (PTEN, Ink4a/Arf, Nfl, p53 and Rb1) and oncogenes (EGFR,
kRas, Akt, PDGF and IDH1 ligands R132H), showing signs of neoplasia [24,27]. Thus,
because they exhibit similar characteristics to those of GBMs, such as the activation of devel-
opmental signaling pathways, motility and the association with the basement membranes
of blood vessels, NSC are strong candidates as cells of origin of GBMs [17,24,28].

Once GBMs are characterized as heterogeneous tumors due to the presence of differ-
ent subpopulations in the tumor mass, the bulk could have neoplastic cells of different
origins [29]. Different mature CNS cell types have specific mutations that lead to specific
subtypes of the tumor [21]. Different subpopulations of astrocytes submitted to the same
oncogenic mutation can rise to different types of gliomas [30]. The combined activation of
Ras and AKT or deletions in PTEN, TP, P53, NF-1 and RB -1 demonstrated gliomagenesis
failures [24]. In contrast, transient receptor potential (TRP) induced mutations in astrocyte
glial fibrillary acidic protein (GFAP) and glutamate aspartate transporter (GLAST) showed
significant low-grade astrocytoma formation with differences in growth and progression
kinetics. Due to the tumor heterogeneity, CNS cell types of variable origins is responsible
for the variety of molecular subtypes of GBMs [30].

3. Glioblastoma Microenvironment

Interactions between astrocytes, neurons, microglia, oligodendrocytes, mesenchymal
stem cells (MSCs), neural stem cells (NSCs), lymphocytes and ependymal cells maintain
cerebral homeostasis. The communication between healthy cells and tumoral cells is
important for establishing the tumor microenvironment [31]. The cellular complexity of
high-grade glial tumors is the result of the non-glial cell type recruitment into the tumor,
contributing to the complexity of the oncological target structure [32] (Figure 2).

3.1. Glioblastoma Interactions with Glial Cells and Neurons

GBMs directly interact with their microenvironment in the CNS, especially with a
perivascular niche, also composed of several stromal cells including astrocytes, microglia,
fibroblasts, pericytes and endothelial cells, supporting tumor progression [33]. Astrocytes
have different roles in the CNS. They are responsible for the regular homeostasis of the CNS,
supporting neurons through neurotransmitter precursor release. Besides, they regulate
metabolism, release diverse chemical substances, contribute to functional hyperemia and
regulate blood-brain [31,34]. Surrounding GBM cells, astrocytes respond with a reactive
phenotype characterized by GFAP overexpression, and the crosstalk to other components
of the environment is poorly understood [35]. Reactive astrocytes aid the parenchymal infil-
trative capacity of glioma cells and stimulate their uncontrolled proliferation by expressing
matrix metalloproteinase-2 (MMP2) and secreting stromal cell-derived factor-1 (SDF1) [36].
In this context, reactive astrocytes secreted factors that regulate glioma cell invasion as the
receptor activator of NF«B ligand (RANKL) [37].

Other important aspects of GBM/astrocyte communication, are direct cell-cell con-
tacts through communicating junctions, ion channels, microtubules and tunneling nan-
otubes [36,38] and indirect interactions through the secretion of molecules, the release
of gliotransmitters and extracellular vesicles (EVs), which stimulate healthy astrocytes
to internalize them and to acquire a tumor support phenotype via p53 and MYC signal-
ing pathways [39]. EVs are responsible to manipulate the GBM microenvironment, also
exporting microRNAs (miR), like miR-21 and miR-451, which are uptaken by microglia
and monocytes/macrophages promoting their proliferation [40]. MicroRNAs or exosomal
microRNAs (exomiRs) are the class of wide-spread short non-coding RNAs that inhibit
translation via binding to the mRNA of target genes, and are responsible to regulate the
proliferation, migration and invasion of glioma cells [41]. Also, miRs are involved in the
progress and development of gliomas and are overexpressed like miR-96 and miR 1290
associated with the metastasis of glioma [42].
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Figure 2. Glioma microenvironment. Interactions between healthy CNS cells and the perivascular
system within the glioma. The tumor microenvironment is rich in tumor stem cells responsible for
maintaining tumor progression and transformed glial cells (such as astrocytes and microglia), as well
as other cells responsible for maintaining tumor angiogenesis (such as mesenchymal and perivascular
cells). Tumor cells physically and chemically interact with other cells, such as neurons that impact
the activity and functions of these cells. In the perivascular system, mesenchymal cells (MSCs)
are recruited and release the content of pro-tumorigenic or antitumorigenic exosomes. In addition,
pericytes are recruited for neovascularization in favor of the tumor. The macrophages residing in the
CNS, the microglia, undergo chemoattraction and start to release pro-tumorigenic factors that help in
the maintenance of the tumor. In addition, at the edge of the mass, GBM cells use oligodendrocyte
progenitor cells (OPCs) and microglia to acquire characteristics such as stem cells, favoring tumor
invasion. Chemo attraction factors: Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF),
Fractalkine or chemokine (C-X3-C motif) Ligand 1 (CX3CL-1), Glial Cell Line-Derived Neurotrophic
Factor (GDNF), Colony-Stimulating Factor 1 (CSF-1), Monocyte Chemoattractant Protein-1 (MCP-1)
and (MCP-3).

Microglia cells are the mononuclear macrophages resident in the CNS and comprise
5 to 20% of all glial cells in the CNS [43]. As the brain parenchyma’s resident immune
cells, microglia act as central communicators between the nervous system and the im-
mune system, as they are the first sentinels to protect against invading pathogens and
tissue damage [44]. Microglia and macrophages associated with GBMs infiltrate the tu-
mor center by chemoattraction. These innate immune cells are meant to participate in
tumor surveillance and eradication, but they become compromised by GBM cells and
exploited in the process [45]. In brain cancers, these macrophage populations infiltrate
the tumor area and contribute up to 50% of the total non-neoplastic cells [46]. This has
implications for therapy, since drugs that penetrate the CNS to reach microglia, as well
as drugs with peripheral action affecting monocytes are needed, for combatting GBMs.
Microglia/macrophages, and their pro- and anti-inflammatory subgroups, may have differ-
ent functions in the biology of GBMs at specific stages of tumor evolution [45]. It seems
that modulation of the inflammatory response via microglia affects both the maintenance
of tumors and their depletion. Microglial cells and macrophages demonstrated influence
in the effectiveness (positively or negatively) of many treatments for GBMs, including
chemotherapy, radiotherapy, virotherapy and immunotherapy [46]. Activation of microglia
and the subsequent neuroinflammation modulated by interleukin-6 seem to be involved
in blood-brain barrier (BBB) dysfunction, commonly observed in several CNS diseases,
including brain tumors [47].

Oligodendrocytes are considered as stroma cells for diffuse glioma, especially GBM.
There is an up-regulation of the invasive activity of GBM cells via the Angiopoietin-2
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(Ang-2) signaling pathway [34]. Also, oligodendrocyte progenitor cells (OPCs) “in the
border niche” may induce stemness and chemo-radioresistance in GBM cells, providing a
supportive function for promoting GBM aggressiveness. In this context, neuronal activity
induces proliferation of both OPCs and GBM cells. GBM cells prefer to migrate within the
fasciculus of axons where abundant oligodendroglial-like cells (OLCs) are found, including
OPCs, particularly at the border [48].

There are significant interactions between GBMs and neurons, which are responsible
for symptoms in patients. Clinical observations of patients with GBM having epileptic
episodes with impaired memory were reported, among other effects associated with neu-
ron dysfunction. The effect of the tumor on neural networks has been proposed due to
mechanical pressure imposed by the tumor mass. However, considering the variety of
factors released by the glioma and the complexity of the intercellular signaling mechanisms,
the effects are probably much more complex [48]. In a study developed by Portela and
colleagues [49], GBM activates the WNT pathway in neurons by displaying a network of
tumoral microtubes involving neurons and causing Wg Frizzled1 (Fz1) receptor accumu-
lation. Thus, the results are Wg depletion and neurodegeneration of neurons, favoring
proliferation and infiltration of GBM cells due to the extinction of the Wg signaling.

There are also neurotoxic effects in the tumor environment due to the exacerbated
release of the neurotransmitter glutamate by neurons. GBMs release extracellular glutamate
promoting tumor growth and tissue invasion, due to the activation of glutamate receptors
in the glioma cell itself and the activation of glutamate receptors in neighboring healthy
neurons [50]. Both metabotropic and ionotropic glutamate might act as a growth factor and
as a signal mediator in both autocrine and paracrine signaling [51,52]. Glutamate promotes
tumor cell invasion, inducing intracellular Ca?* oscillations through the activation of
Ca?* permeable AMPA receptors [53]. This mechanism is remarkably similar to that used
by migratory neurons during the development of the cerebellum, during which Ca?*
oscillations mediated by NMDA receptors guide the migration of granular cells [54]. The
tumoral microenvironment shows an extraordinarily complex interaction with different
mature neural cells. On the other hand, the intratumor heterogeneity depends on the
presence of stem cells (SC) [55].

Flavonoids seem to modulate the interaction between glioma and glial cells, contribut-
ing to the non-maintenance of the tumor without damaging healthy nervous cells. A study
developed by Das et al. [56], demonstrated that flavonoids activated caspases for apop-
tosis induction in human glioblastoma T98G and U87MG cells but not in human normal
astrocytes. Further, Santos et al. [5] investigated the effects of several polyhydroxylated
flavonoids namely, rutin, quercetin (F7), apigenin (F32), chrysin (F11), kaempferol (F12)
and 3’ 4'-dihydroxyflavone (F2) in human GL-15 glioblastoma cells. They observed that
all flavonoids decreased the number of viable cells and the mitochondrial metabolism.
In vivo studies, with different flavonoids, have already demonstrated the ability of these
compounds to suppress growth of the glioma cell population, without compromising the
healthy cells around the tumor. For example, Guo et al. [57] demonstrated that Ampelopsin
inhibited tumor growth and progression in mouse xenograft models, and induced apop-
totic response via both intrinsic and extrinsic signaling pathways. Aroui et al. [58] showed
that narigenin inhibited invasion and angiogenesis in an in vivo model of subcutaneous
glioma. Further, in a prospective study of dietary flavonoid intake and risk of glioma in
US citizens, Bever et al. [59] concluded that increased dietary intakes of flavan-3-ol and
polymeric flavonoids were associated with decreased risks of developing this brain tumor,
without compromising the functions of other CNS cells.

3.2. Properties of Cancer Stem Cells, MSCs and Further Stem Cells in Glioma Heterogeneity

Considering the two hypotheses about the origin of GBM heterogeneity, cancer stem
cells (CSCs) self-renew and initiate the formation of tumors. CSCs give rise to phenotypi-
cally diverse cancer cells and reside in specialized niches, where the interaction with the
microenvironment regulates cellular behavior [60]. According to Pavon et al. [61], CD133+
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GBM cells express molecular signatures of MSCs, NSCs and pluripotent SCs, thus possibly
enabling differentiation into both neural and mesodermal cell types.

Glioma stem cells (GSCsor CSCs) could differentiate to endothelial cells inducing new
vessels via a phenomenon known as vascular mimicry. However, that ability does not
lead to the form of mature and proper blood vessels which would counteract hypoxia [62].
GSCs occur in perivascular and perinecrotic niches expressing stemness biomarkers. The
perivascular niches are represented by endothelial cells associated with Nestin+ and CD133+
cells, which condition angiogenesis and tumor growth [63]. Blood vessels support GSCs;
these tumor cells in turn may regulate and contribute to the tumor vasculature, by directly
transdifferentiating into endothelial cells or through the secretion of regulatory growth
factors such as VEGF and hepatoma-derived growth factor (HDGF) [64].

MSCs are stromal cells capable of self-renewal and differentiating into multiple phe-
notypes [65]. These cells can be isolated from a variety of tissues, such as, for example,
umbilical cord [65], bone marrow [66] and adipose tissue [67]. There is growing evidence
that MSCs may be located outside the vasculature and that perivascular cells, often called
“pericytes”, may include MSCs, suggesting that MSCs located around blood vessels may
migrate to injured tissue and that intravenous or intradermal administration of MSCs
improves healing and reduces inflammatory infiltrate [68]. In GBMs, these cells appear to
support cellular growth, as shown in vitro and in vivo [69]. MSCs also produce exosomes,
which can induce the activation of macrophages/microglia and polarize microglia towards
M2 phenotypes, inhibiting the release of pro-inflammatory cytokines and promoting tis-
sue repair and nerve regeneration in mechanical brain trauma and neurodegenerative
diseases [70,71]. Moreover, exosomes released by MSCs increase proliferation and clono-
genicity of tumor-initiating GSCs through micro RNAs, such as miR1587 [72].

There is experimental evidence that MSCs have a dubious role in modulating the
environment of malignant tumors. Tumor inhibition mediated by MSCs is induced by the
suppression of angiogenesis, regulation of signaling pathways and promotion of apoptosis
in tumor microenvironments [73], including GBMs [74,75]. On the other hand, MSCs
show tropism for tumor cells, which favors the tumor microenvironment, by releasing pro-
tumorigenic factors (secretome) [76], in addition to the crosstalk between tumor cells and
MSCs, which increases the metastatic potential and promotes epithelial-to-mesenchymal
transition [77]. Also, MSCs can be modified to produce miR involved in suppressing the
proliferation of gliomas, such as miR133b [78], stimulating the senescence of glioma cells
by miR34a [71], thus constituting a possible therapeutic tool against gliomas.

There are few studies demonstrating the effect of flavonoids on mesenchymal and
glioma cells simultaneously. In studies with other cancer cells, flavonoids like epigal-
locathechin gallate (EGCG), a flavan-3-ol, induced apoptosis significantly and inhibited
colony formation and cell migration in nasopharyngeal carcinoma (NPC) CSCs, including
the sphere-derived NPC TW01 and TW06 cell lines Amawi et al. [79]. In a study developed
by Nascimento et al. [80], agathisflavone induced dose-dependent toxicity in GL-15 and
U373 human GBM cells and was not toxic for human MSCs, but modified their pattern of
interactions with GBM cells in co-culture, promoting mechanisms that may contribute to
the death or maintenance of the tumor.

In this context, much needs to be understood about the mechanisms involved between
glioma cells and other CNS cells as well as the mechanisms involved in the maintenance
of the GBMs microenvironment. As stated by Broekman et al. [81], the understanding
of how GBMs recruits normal cells in its surroundings to promote growth, sustenance
and invasion of the tumor in the brain, as well as the various types of communication
and directives exchanged between the tumor surrounding cells, is still the source of many
studies In addition, understanding how new compounds, including those of secondary
plant metabolism, act to modulate this microenvironment and GBM cells may shed light
on new anti-glioma therapies as the ascendent phytotherapy.
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4. Anti-Glioma Effects of Flavonoids and Their Derivates

Flavonoids are a group of phenolic secondary metabolites present in several types of
plants; They consist of a three-ring structure: two benzene rings (A and B rings) intercon-
nected by a heterocyclic ring (C-ring) (Figure 3) [82]. Flavonoids can be subdivided into
several subgroups based on the modifications of their rings [83]. These natural compounds
are present in the food of human eating habits mainly in the form of glycosides, but they
can also be found in the form of aglycone [84,85]. The aglycone form can be absorbed more
easily in the intestine, but most flavonoids are naturally found in [86]. Therefore, some
studies suggest that their glycosidic form needs to be hydrolyzed to produce effects in
human body [87].

Figure 3. Three-ring structure of flavonoids. (A) The A ring is biosynthesized by the condensation of
three moles of malonyl-coenzyme A (CoA) derived from the metabolism of glucose. The C and B
rings were also derived from glucose metabolism via the shikimic acid pathway to yield cinnamic
acid and its reduced product, coumaric acid (adapted from Formica & Regelson, 1995), (PubChem).
An example of flavonoid is presented for each group.

According to structural arrangements of flavonoids, they are divided into seven
classes: flavans, isoflavones, flavonols, flavones, flavanones and chalcones [88]. Structural
variations that give rise to the diversity of classes result from changes in the hydroxylation
pattern and oxidation state of the heterocyclic chain of the pyran [88,89].

Flavonoids play a role in regulating gene expression and metabolism, normally pre-
senting low toxicity due to their low solubility in water and the rapid catabolism of the
pyrone nucleus in the liver [90]. Different biological activities have been attributed to
flavonoids such as antioxidant and anti-inflammatory, as demonstrated by the flavonols
fisetin, kaempferol, morin, myricetin, and quercetin [91], reduced susceptibility to cancer
by flavonoids and isoflavonoids ingestion [92], reduced risk of death from coronary and
cardiovascular disease attributed to the ingestion of flavanones and anthocyanidins [93].

Flavonoids cross the blood-brain barrier (BBB) [94] and have attracted scientific at-
tention due to their pharmacological properties of acting as anti-glioma agents. Studies
demonstrated that flavonoids act on glioma cells, including human GBM cells, affecting
countless signaling pathways, including suppressing the activity of phosphatidylinositol
3-kinase (PI3K) [95], inhibiting the expression of extracellular regulatory matrix proteins
and metalloproteinases [5], or activating Wnt/ 3-catenin signaling [96]. Studies describe the
antitumor properties of flavonoids, such as jaceosidine [97], hispidulin [98], luteolin [99]
and silibinin [100], with antiproliferative, cytotoxic, and cytostatic activities for the ethyl
acetate fraction obtained from Grazielia gaudichaudeana [101], as shown for in vitro and
in vivo models.

4.1. Flavans

The biological properties of flavonoids are very different between one flavonoid and
another. Flavans are the simplest member of the class. They are derived from benzopy-
rans with the 2-phenylchroman structural unit type C6-C3-C6. This chemical constituent
has varied biological activities and a high degree of structural diversity [102]. The study
developed by Maués et al. [103] investigated the properties of flavonoids from the flavan
and chalcone classes in C6 rat glioma cells. The prenylated flavan BAS-4, a brosimine B,
was extracted from the bark of the Brosimum acutifolium sub. acutifolium (H.) and showed
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evidence of induction of cell death by apoptosis in C6 cells, with loss of mitochondrial
integrity, morphological changes such as retraction of the cell body, reduced migration
and cell proliferation in a dose-dependent manner. BAS-4 additionally reduced the ex-
pression of the protein kinase B/ Akt signaling pathway, which is activated in glioma cells,
demonstrating its effectiveness with low cytotoxic activity in non-neoplastic cells and a low
hemolytic index in red blood cells.

4.2. Isoflavones

Isoflavones are analogous to phytoestrogens, with an oxygen atom in the C4 position
and the OH radical in the C7 position. These compounds are present mainly in leguminous
plants [104]. In this study, biochanin A is the compound that represents the class. According
to a study developed by K#izova et al. [105], isoflavones are considered as chemoprotective
and can be used as an alternative therapy for a wide range of hormonal disorders, including
several cancer types, namely breast cancer and prostate cancer, and other diseases.

4.3. Flavonols

Flavonols are the flavonoids most found in food. T heir structure contains a double
bond between the C2 and C3 atoms, in addition to the OH radical at the C3 position. As
examples, galangin, myricetin, fisetin, icariside II, kaempferol, rutin, 3-O-metil-quercetin
and quercetin can be cited, the latter being the compound that leads this class in terms of
representation [86]. Galangin, a flavonol of the plant known as Galanga (Alpinia officinarum),
has shown inhibitory on A-172 human GBM cell proliferation and cell migration in non-
toxic concentrations [104]. In addition, the compound induced apoptosis, pyroptosis
and autophagy processes in U-251 and U-87 GBM cells [106]. Myricetin also promoted
apoptosis in GBM cells, mediated by TNF-related apoptosis-inducing ligand (TRAIL)
through the ectopic overexpression of the short cellular FLICE-inhibitory protein (c-FLIP)
isoform, in a post-transcriptional and B-cell lymphoma protein 2 (BCL-2) mannercompared
tumor but not in healthy human astrocyte cells [107]. Studies show that the regulation of
autophagic processes can optimize the cytotoxic effects of antitumor drugs [108]. Other
investigations suggest that aberrant changes in the Ras/Raf/MEK/ERK signaling cascade
induce and maintain the formation of malignant gliomas [109,110] and may be considered
as target signaling pathways of flavonols. The flavonol quercetin promoted cell death
through the activation of the mitochondrial pathway in U-373MG cells, with increased
expression of p53, which translocated to the mitochondria and simultaneously led to the
release of cytochrome ¢ from mitochondria to the cytosol [111]. Bi and collaborators [112]
proved the involvement of quercetin in autophagic processes in U-87MG and U-251MG
GBM cells. The authors knocked down Beclin 1 gene expression in both strains and used
3-methyladenine (3-MA) and chloroquine (CQ) to inhibit the initial and final stages of
autophagy, respectively. They concluded that the inhibitors promoted a dose-dependent
increase in the cytotoxicity of quercetin inducing autophagy and apoptosis of glioma cells at
a late stage. Quercetin in a dose-dependent manner reduced the levels of proteins p-AKT, p-
ERK, BCL-2, MMP-9 and fibronectin (FN), suppressing the pathways of RAS/MAPK/ERK
and PI3K/AKT signaling [113] and the expression of phospholipase D1 (PLD1) induced by
NF-kB, inhibiting the activation and invasion of MMP-2 [114]. In addition, quercetin also
sensitized U-87MG, U-251MG and A-172 glioma cells to the apoptosis mediated by TRAIL,
but not in U-373GM cells, by survivin suppression [107] and anti-apoptotic protein [115].
Treatment with the flavonol kaempferol promoted TRAIL-mediated apoptosis in U-251MG
and U-87MG cells by proteasomal degradation of survivin; however this effect was not
observed in U-373 cells [107]. Some flavonols, such as fisetin (3,3',4’ ,7-tetrahydroxyflavone),
act by phosphorylating extracellular signal-regulated kinases (ERK1/2), also promoting
the inhibition of a disintegrin and the metalloproteinase 9 (ADAM9) [5,115], a protein
associated with the GBM invasion and the degree of malignance, acting as a factor of
prognosis in gliomas [116]. Fisetin also evoked the reduction of migration of human
GL-15 cells associated with the decreased 8401 GBM cell proliferation and invasion at
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non-toxic concentrations [117]. Rutin (quercetin-3-O-rutinoside), abundant in beans of
the Brazilian plant Dimorhandra mollis Bent., presented antiproliferative, proapoptotic and
morphogenic effects on GL-15 human GBM cells, associated with decreased levels of
ERK1/2 phosphorylation (P-ERK1/2) and accumulation of cells in the G2 phase of the
cell cycle [118]. Rutin also promoted reduction of GBM cell viability by inhibiting cell
metabolism and migration, related to a reduction in filopodia-like structures on the cell
surface, reduction of metalloproteinase (MMP-2) expression and activity, as well as an
increase in intra- and extracellular expression of fibronectin, and intracellular expression
of laminin, both matrix proteins [5]. Antitumor properties of the flavonols rutin and
quercetin were also investigated in C6 GBM cell monoculture and co-culture of C6 cells.
It was observed that both flavonoids induced inhibition of tumor cell proliferation and
migration [10]. These same authors followed the formation of tumors in the brain of Wistar
rats, after 30 days of U-251 GBM cell xenotransplantation, under control conditions or
pretreated for 24 h, with rutin or quercetin, and thus observed a reduction of tumorigenesis
in the microenvironment of implantation of tumor cells for those xenotransplanted animals
with cells treated by flavonoids [10].

Icariside II (ICA II) is a bioactive flavonol derived from Epimedium koreanum that is used
in Traditional Chinese Medicine. The study by Quan and collaborators [119] investigated
the mechanisms through which this flavonoid induces apoptosis and cell cycle arrest in U-87
and A-172 GBM cells. They found that the effects depended on inhibiting phosphorylation
and activating Akt signaling pathway, inducing the expression of apoptosis-related proteins
such as cleaved caspase-3, cytochrome ¢, poly ADP ribose polymerase (PARP) and p53, in
addition to promoting Forkhead Box O3A (FOXO3) to be transported from the cytosol to
the nucleus leading to the transition of p21 and p27 proteins.

The class of flavanols, also called monomeric catechins (flavan-3-ols), has several
substituents. The hydroxyl group is always linked to position 3 of ring C and there is no
double bond between positions 2 and 3 [83]. They are abundant in their polymerized forms
such as oligomers in natural food products, in juices of fruit [120], cocoa and tea [121].
Green tea has phenolic compounds like epigallocatechin-3-gallate (EGCG) [122]. This
flavonoid induced rapid apoptosis in glioma cells resistant to TRAIL, in addition to the
downregulation of phosphoprotein enriched in astrocytes 15 (PEA15), as key regulators of
cell death [108].

Flavonolignans are composed of a flavonoid unit (taxifoline) and a phenylpropanoid
unit (a portion of coniferyl alcohol), linked by an oxeran ring [123]. Milk thistle (Sylibum
marianum) and its seeds contain the entire family of natural flavonolignan compounds.
Silibinin is a flavonolignan found in S. marianum [124]. This flavonoid upregulated the
death receptor 5 (DR5) related to TRAIL inducing C/EBP Homologous Protein (CHOP)
transcription factor-dependent apoptosis in U-251MG; U-87MG, A-172, and U251N GBM
cells, but not in healthy human astrocyte cells, in addition to reducing the expression of the
proteasome-degraded anti-apoptotic FLICE-inhibitory protein long-form (FLIPL), FLICE-
inhibitory protein short form (FLIPS) and survivin proteins [125]. Another mechanism
of action of silibinin is the induction of caspase-dependent cell death via Ca?* signaling
mediated by ROS/mitogen-activated protein kinase (MAPK), as demonstrated in vitro. In
this study, the induction of cell death by silibin was effectively prevented by the calpain
inhibitor [126]. Recently, the induction of U-87MG GBM cell death was shown to depend on
calpain activation, activating the mitochondrial apoptotic pathway, nuclear translocation
of the apoptosis-inducing factor (AIF), which mediated by the activation of PKC and the
generation of ROS, as well as by PI3K and Fox M1 inactivation [127,128].

4.4. Flavones

Flavones are the most common flavonoids present in effective concentrations in foods.
Flavones present a double bond between C2 and C3 atoms, in addition to a carbonyl
group present in the C4 position. This class consists of jaceosidine, hispidulin, linarin,
nobiletin, wogonin, oroxylin A, wogonoside, hydroxygenkwanin and lycoflavone C, as
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well as apigenin and luteolin, which the most studied compounds of this class [86,88]. The
methoxylated flavones casticin (5,3’ -dihydroxy-3,6,7 4'-tetramethoxyflavone) and pend-
uletin (5,4’-dihydroxy-3,6,7-trimethoxyflavone), isolated from Croton betulaster Miill Arg.,
a plant utilized in popular medicine in Brazil, inhibited the metabolic activity and, in a
dose-dependent manner, the proliferation of GL-15 GBM cells, driving cells to apoptosis [6].
Moreover, linarin (acacetin-7-O-rutinoside), isolated from Buddleja officinalis, suppressed
cell proliferation and migration of A-172, U-251 and H4 GBM cells. Linarin promoted
tumor reduction by r p65 and p53 expression regulation and inducing apoptosis in a dose-
dependent action. Further, treatment with linarin resulted in TRAIL-induced apoptosis
in vitro, regulated by the generation of reactive oxygen species (ROS) [70,129]. Nobiletin
@4 ,5,6,7,8-Hexamethoxyflavone), also a polymethoxylated flavone, is present in the hu-
man diet, such as citrus fruits [130]. It exerts several pharmacological activities, including
action in brain tissue [131,132]. Aoki et al. [133] demonstrated that nobiletin promoted
inhibitory effects on Ras activation, suppression of cell proliferation, reduction of MEK, Akt
and ERK phosphorylation levels, through Ca?* influx and Ca?* sensitive protein kinase
C (PKC) activation. Thus, modulation of the Ras/Raf/MEK/ERK signaling cascade by
flavonoids may be a strategy in the control of proliferation of gliomas, [133] considering
that flavone wogonin reduced cell viability and facilitated cell death in two strains of
GBM (U-251 and U-87), but not in primary human astrocytes, inducing the activation of
pro-caspase-9, caspase-3 and PARP mediated by ROS generation. Moreover, it was also
demonstrated that wogonin induced a reduction of cell proliferation of F-98 GBM cells,
associated with the inhibition of the AKT pathway [134]. Its glycosides such as flavone
wogonoside induced death in SHG-44, A-172, U-87 MG and U-251 MG GBM cells, the
last being more sensitive to treatment, cells presenting features of autophagy followed
by mitochondrial apoptosis associated with the activation of the p38 MAPK and inhi-
bition of PI3K/Akt/mTOR/p70S6K pathways [134]. The flavone oroxylin A inhibited
the growth of U-251, U-118, U-87 GBM cells and promoted cell death by autophagy in-
volving Beclin 1, and by blocking AKT and ERK activation and phosphorylation of the
mTOR-STAT3-Notch-1 pathway [135].

Apigenin (5,7 4’ -trihydroxyflavone), extracted from Croton betulaster Mull, was found
to have the ability to reduce the viability and proliferation of C6 glioma cells in a time-
and dose-dependent manner, inducing cell accumulation in the G0/G1 phase of the cell
cycle and inhibiting glioma cell migration efficiently [136]. During a study developed
by Coelho et al. [6], it was possible to verify the antiproliferative effect of the flavone
apigenin on C6 cells and the anti-migratory effect through a conditioned medium of
microglia cells treated with apigenin. The anti-glioma effect of apigenin can be enhanced
by making concomitant use of another flavonoid. The study developed by Wang et al. [137]
investigated the antitumor effect of the flavone hydroxygenkwanin (HGK) isolated and
administered together with apigenin. HGK shows the antiproliferative activity of C6 cells
through activations induced by the tumor necrosis factor-alpha (TNF-w) of caspase 3/8,
which results in apoptosis. However, when apigenin was administered simultaneously
with HGK there was a synergistic effect with a decrease in cell viability in a dose-dependent
manner, loss of mitochondrial membrane potential, stopping the S phase of the cell cycle
and inducing positive regulation of the level of TNF-«, activation of caspase 3/8 and
negative expression of the BCL-XL protein.

When compared to apigenin with prenylated flavonoids such as licoflavone C (8-
prenylapigenin) and isobavachin (8-prenylliquiritigenin), a flavone and a flavanone, re-
spectively, in C6 cells, one can observe that the prenylated flavonoid shows a significant
reduction in cell viability and cytotoxicity mediated by the induction of apoptotic cell death,
increasing the activity of caspase 3/7. These effects appear to be derived from C8 prenyla-
tion, which increases the hydrophobicity and consequently the toxicity of flavonoids such
as apigenin and liquiritigenin [138]. A synthesis of studies that demonstrated effects of
flavonoids in glioma models can be seen in Table 1.
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Quercetin, rutin, luteolin and apigenin, two flavonols and two flavones respectively,
are abundant flavonoids in the human diet [139] and can be present in food sources such
as the leaves of parsley, chamomile, green tea, black tea, citrus fruits, red and white wine,
different types of rice, in wheat used to make various dishes and several other common
everyday foods [140-146]. These flavonoids are involved in inhibition of mechanisms of
tumor cell survival, proliferation, and death [147], growth inhibition, regulation of pro-
angiogenic factors, such as VEGF, and transforming growth factor 3 (TGF-f3) in GBM [148]
and not altering the viability of normal glial cells [6,149].

4.5. Flavanones

Flavanones have characteristics that make them different from flavonols and flavones,
such as the lack of a double bond between the C2 and C3 atoms, lack of substituents in
the C3 position, in addition to the presence of a chiral carbon in the C2 position [150].
This class includes the compounds naringenin ((2S)-4',5,7-trihydroxyflavan-4-one), 8-
prenylnaringenin and 8-prenylliquiritigenin. Naringenin and its prenylated derivative
8-prenylnaringenin demonstrated important activity on brain tumors. However, the deriva-
tive had greater inhibitory effects on U-118 GBM cells than did the flavonoid itself [151].
The 8-prenylnaringenin derivative also had a 37% higher accumulation in GBM than in
normal cells. This potentiation of the antiglioma effect may be related to the prenyl group
of the compound that leads to an increase in hydrophobicity, retaining the compound in
the intracellular compartment for a longer time and thus increasing its activity. In another
study, Aroui and collaborators [152] demonstrated that naringenin inhibited the invasion
and migration of U-251 GBM cells through the negative regulation of MMP-2 and matrix
metalloproteinase-9 (MMP-9) expression and inactivation of p38 signaling pathway, in-
volved in the regulation of many cellular processes, including differentiation, growth and
cell death [153].

4.6. Chalcones

Chalcones, precursors of flavonoids, are «, p-unsaturated ketones that have two
aromatic rings (A and B). These compounds are open-chain flavonoids and have a diversity
of substituents; therefore, they are the most diverse group of flavonoids [154,155]. As an
example, we presented in this study the chalcone isoliquiritigenin (ISL). ISL inhibited the
proliferation of U-87 GBM cells in a time- and dose-dependent manner, induced apoptosis,
blocked the progression of the cell cycle in phases S and G2/M [156]. ISL also induces a
reduction in diameter and number of tumorspheres formed from the GSCs, presenting a
differentiation-inducing effect in human GSCs, with high levels of protein expression of
differentiation markers and the Notch signaling pathway downregulation [157].

The mixture of different compounds can cause synergism, reduction or inhibitory
effects of the active substances [158]. Sideritis scardica (mountain tea) is an endemic plant in
southeastern Europe used both medicinally and as a beverage. A S. scardica crude ethanol
extract was partitioned, and the authors demonstrated that the cytotoxic effects against
C6 rat glioma cells attributed to luteolin, luteolin-7-O-glycoside and apigenin. The most
cytotoxic extracts against C6 GBM cells were diethyl ether and ethyl acetate, with the most
significant effect inducing ROS and autophagy and reducing the tumor cell viability [159].
Another extract, such as from the rice bran Njavara (Shastika Shali), rich in flavonoids,
showed an antiproliferative effect in the same GBM cells [160]. Flavonoids such as luteolin,
quercetin, 3-O-methyl-quercetin and achyrobichalcone can be found in the medicinal plant
Achyrocline satureioides. Both the isolated flavonoids, as well as a A. satureioides extract
containing flavonoids, reduced the proliferation of U-251IMG, U-87MG and C6 cells, altered
cell morphology and induced activation of the cell death pathway by apoptosis. This
extract was also able to reduce one of the main signal transduction pathways for cancer,
MYC and MAP kinases (ERK and Jun N-terminal kinases (JNK) [161].
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Table 1. A synthesis of studies that demonstrated effects of flavonoids in glioma models.

Molecular

Flavonoid Origin . Concentration Glioma Models Effects
Structure
. . Sigma-Aldrich (St. Louis, https:/ /pubchem.ncbi.nlm.nih. Biochanin A + TMZ . Reduction of cell viability
Biochanin A MO, USA) gov/compound/Biochanin%20A (70 uM + 70 uM) U-87MG (Desai et al., 2019)
Antiangiogenic, antiproliferative,
Sigma-Aldrich (St. Louis, B . . 10 and 20 mg/kg Cé6 induction of apoptosis, stimulation of
Isoliquiritigenin MO, USA)/ 2:}5’20/“1 Pssﬁge/rlrgﬂfb;ﬂ?zﬂ:n 0-80 umol /L U-87 cell differentiation synergistic activity
Glycyrrhiza spp. & P oHnquIntis 10 to 160 uM SHG-44 GSCs with TMZ (Zhou, Song & Yang, 2013;
Lin et al., 2018, Wang et al., 2019)
Sigma-Aldrich (St. Louis, https:/ /pubchem.ncbi.nlm.nih. 50 to 200 pmol /L . U-87 MG Induction of apoptosis
Kaempferol MO, USA) ov/compound /Kaempferol Kaempferol + Doxorubicin U-87 (Sharma et al., 2007;
’ & P aemp (50 umol /L + 1 pmol /L) U-251 Siegelin et al., 2008)
Apoptosis, reduction of the growth of
U-87 MG .
200 mg/kg/day T98-G tumor, downregulation of
. ) . . . . . 150 umol/L 3 antiapoptotic proteins
Silibinin Sigma ﬁg“&hsf)t Louis, httpb‘v/ // p erCh“r‘\‘C‘l“/CSkﬁ'ig}g}‘r?lh' 30 to 200 uM U 15}71\2“ (Son et al., 2007; Kim et al., 2009;
’ gov/compou Silibinin + ATO UosIN Jeong et al., 2011; Dizaji et al., 2012;
(75 uM + 1 or 2 uM) U-251 Zhang et al., 2015; Chakrabarti,
Mrinmay & Swapan, 2016)
3 Leaves of https:/ /pubchem.ncbi.nlm.nih. . Apoptosis
Jaceosidine Artemisia argyi gov/compound/Jaceosidine 100 wM/L U-87 (Khan et al., 2012)
o me . . . Antiproliferative activity, suppression
Hispidulin Tc()]c;;llztz ao%lle(n)c ¢ httss.//c/ofr): bgﬂi?/ﬁiu:ﬁlﬂih 60 and 40 uM ggllt/[/[ 338} of mTOR signaling, growth arrest
T 8 P P and apoptosis (Lin et al., 2010)
A172 Induction of apoptosis, pyroptosis
. Sigma-Aldrich (St. Louis, https:/ /pubchem.ncbi.nlm.nih. : and autophagy, inhibition of cell
Galangin MO, USA) gov/compound/Galangin > t0 300 uM U-251 migration (Lei et al., 2018;
i U-87 MG
Kong et al., 2019)
) Apoptosis, decrease in tumor growth,
A Chengdu MUST https:/ /pubchem.ncbi.nlm.nih. 5,80 and 100 uM A172 suppression of cell proliferation and
Linarin Biotechnology gov/compound/Linarin 12.5, 25 and 50 mg/kg/gavage U-251 migration (Zhen et al., 2017;
(Chengdu, China) > &/ X8/ 8aVag U-87 MG & v SO
Xu et al., 2017)
— Sigma-Aldrich (St. Louis, https:/ /pubchem.ncbi.nlm.nih. U-251 Apoptosis mgdlated by TRAIL,
Myricetin MO, USA) ov,/compound /Myricetin 50 to 200 uM LN-229 suppression of c-FLIP
’ & P y (Siegelin et al., 2009)
Fisetin Sigma-Aldrich https:/ /pubchem.ncbi.nlm.nih. 10 to 40 uM GBM 8401 Reduction of cell migration and

(St. Louis, MO, USA)

gov/compound/Fisetin

invasion (Chen et al., 2015)
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https://pubchem.ncbi.nlm.nih.gov/compound/Galangin
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Table 1. Cont.

Molecular

Flavonoid Origin Structure * Concentration Glioma Models Effects
. . . Reduction of proliferation and
Icariside II Epimedium koreanum httii;%(}:;bfiler?;;fc k:rilg_ﬁlh 20 or 40 pM 1:}-_18772 migration cell, apoptosis and cell
g P ¢ cycle arrest (Quan et al., 2017)
_ . https:/ /pubchem.ncbi.nlm.nih. . Suppression of RAS
Nobiletin Citrus depressa gov/compound/Nobiletin 10-100 uM 6 (Aoki et al., 2013)
Inhibition of tumor growth, cell
Scutellaria ocmulgee Cultured ) 100 mg/kg/gavage F98 proliferation and phosphorylation of
SocL (leaf extract) at Specialty Plants House 15.6 to 500 pg/mL AKT, GSK-3 and NK- kB
(Parajuli et al., 2011)
Reduction of cell viability; facilitation
_ _ ) _ _ U-251 c_>f cell. death,. ml.nl_:u.’non of cell
Wogonin Sigma-Aldrich https:/ /pubchem.ncbinlm.nih. 125 to 100 uM U-87 proliferation an inhibition of the AKT
080 (St. Louis, MO, USA) gov/compound /Wogonin ~ o H F93 pathway, activation of pro-caspase-9,
caspase-3 and PARP
Parajuli et al., 2011; Tsai et al., 2012
(Paraj
' ' ' https:/ /pubchem.ncbinlm nih. U-251 Inhibition of cell growth and AKT
Oroxylin A Radix Scutellariae ov/compound /Oroxylin- A 0 to 200 uM U-118 and ERK/mTOR-STAT3-Notch-1
& p y U-87 (Zou et al., 2015)
Shanghai Tauto https:/ /pubchem.ncbi.nlm.nih US_IZ-I5C1;-IA\L/£1G Cell death, autophagy
Wogonoside Biotech Co., Ltd. - ) ’ L 100 to 500 uM ¢
(Shanghai, China) gov/compound/Wogonoside A-172 (Zhang et al., 2014)
anghal, -ina U-87 MG
. . . B . . Inhibition of cell invasion and
Naringenin Slgma-ﬁc(:l)ni?sf)t - Louis, httop://cgiul;c:s;n/n]\]c:;:lr:n?;h 1 to 500 pM U-Iljl_gsl\l/[G migration (Aroui et al., 2016;
’ g p 8 Stompor, Uram & Podgoérski, 2017)
Demethvlation of https: Greater inhibitory effect than
8-Prenylnaringenin isi)x:nt}}ioluc;n(?l / /pubchem.ncbi.nlm.nih.gov/ 1 to 500 pM U-118 MG naringenin (Stompor, Uram &
compound/8-Prenylnaringenin Podgoérski, 2017)
(25)-7, 4'-dihydroxy-8-(3"3"- 5;‘1‘:};7;3; | OH Antiproliferative and inhibitory
dimethylallyl)-flavan P ©/ 25 to 150 uM Co6 effects on migration and apoptosis
sub. acutifolium HO O ) ) .
(BAS-4) induction (Maués et al., 2019)
(H.) bark
Mangiferin Sigma-Aldrich (St. Louis, https:/ /pubchem.ncbinlm.nih. 50-100 M U-87 Apoptosis and inhibition of MPP-9
& K expression(Xiao et al., 2015)

MO, USA)

gov/compound /Mangiferin
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Pharmaceutics 2022, 14, 116

15 of 31

Table 1. Cont.

Flavonoid Origin Moleculai Concentration Glioma Models Effects
Structure
Epigalocatechin-3-gallate Sigma-Aldrich (St. Louis, https:// pubchem.pchnlm.mh. U-87 Apoptosis (Siegelin, Habel
MO, USA) gov/compound/Epigallocatechin- 20 uM A-172 :
(EGCG) & Gaiser, 2008)
gallate U-251
. L . ) Cytotoxicity and autophagy
Extract (aerial parts) Sideritis scardica 50 and 100 pug/mL € (Jeremic et al., 2013)
Kerala Agricultural T .
Extract (Njavara rice bran) University - 1C50 1(7423h})xg/mL Coé An’zg);gléfte;fl tlgglt(e)f)fect
(Kerala India) v
Inhibition of migration,
. Cayman Chemical Company https:/ /pubchem.ncbinlm.nih. U-87 MG downregulation of Cdc42, expression
Luteolin (Ann Arbor, MI, USA) gov/compound/Luteolin 10,15, 20 and 30 uM T98-G and PI3K/AKT activity
(Cheng et al., 2013)
Inhibition of cell proliferation and
. _ . . . § . . : migration, increase in p53 expression,
Quercetin Sigma ﬁgnglsf)t - Louis, httyp:;ég;bcicﬁ'}]élﬁgigﬁlh' 25 to 100 uM U 37C36MG autophagy; cell death (mitochondrial
! 80V pe pathway) (Kim et al., 2013;
Da Silva et al., 2019)
Inflorescences of . ' 11010 uM U-251 Antlprohfera'tlveffand
Achyrocline satureioides 3-O-metil-quercetin (72 h) U-87 pro-apoptotic effect
Cé (de Souza et al., 2018)
Sigma-Aldrich (St. Louis, https:/ /pubchem.ncbi.nlm.nih Ij/ei:llgiiltilonccglrs)‘r ghgertacf;ci); aanr:id
Rutin MO, USA)/ ps:/ 7P e 50 to 100 uM GL-15 tyl. LoD O
Dimorphandra mollis Bent gov/compound/Rutin astroglial differentiation
(Santos et al., 2011)
Antiproliferative and antimigratory
effect, induction of cell differentiation,
Apigenin Leaves of Croton betulaster https:/ /pubchem.ncbinlm.nih. 50 and 100 uM Microglial cells/C6 restoration of the immune function of

Miill.

gov/compound/Apigenin

the microglia, modification of the
inflammatory profile
(Coelho et al., 2019)



https://pubchem.ncbi.nlm.nih.gov/compound/Epigallocatechin-gallate
https://pubchem.ncbi.nlm.nih.gov/compound/Epigallocatechin-gallate
https://pubchem.ncbi.nlm.nih.gov/compound/Epigallocatechin-gallate
https://pubchem.ncbi.nlm.nih.gov/compound/Luteolin
https://pubchem.ncbi.nlm.nih.gov/compound/Luteolin
https://pubchem.ncbi.nlm.nih.gov/compound/Quercetin
https://pubchem.ncbi.nlm.nih.gov/compound/Quercetin
https://pubchem.ncbi.nlm.nih.gov/compound/Rutin
https://pubchem.ncbi.nlm.nih.gov/compound/Rutin
https://pubchem.ncbi.nlm.nih.gov/compound/Apigenin
https://pubchem.ncbi.nlm.nih.gov/compound/Apigenin
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Table 1. Cont.

Flavonoid Origin Moleculai Concentration Glioma Models Effects
Structure
Licoflavone C Zhejiang University, https:/ /pubchem.ncbi.nlm.nih. 2 /L Reduction of cell v1a.b1.l1ty,' Ir71crease m
(8-prenylapigenin) (Hangzhou, China) gov/compound/Licoflavone-C 50t0 250 pmol/ co caspase activity 3/
! (Witjen et al., 2007)
Isobavachin (8- Zhejiang University, https:/ /pubchem.ncbi.nlm.nih. Reduction of cell V1a.b1.11ty,' Increase in
I . . 50 to 250 umol /L Co6 caspase activity 3/7
prenylliquiritigenin) (Hangzhou, China) gov/compound/Isobavachin (Wtjen et al., 2007)
Antiproliferative effect, reduction of
cell viability, loss of mitochondrial
Y-J biological https:/ /pubchem.ncbi.nlm.nih. membrane potential, activation of
Hydroxygenkwanin 0 08ica gov/compound /5318214#section= 6.25 to 50 uM €
(Shanghai, China)
2D-Structure

* Internet references accessed at 30 October 2021.

caspase 3/8, negative expression of
the BCL-XL, protein synergistic
anti-glioma effect with apigenin
(Wang et al., 2013)



https://pubchem.ncbi.nlm.nih.gov/compound/Licoflavone-C
https://pubchem.ncbi.nlm.nih.gov/compound/Licoflavone-C
https://pubchem.ncbi.nlm.nih.gov/compound/Isobavachin
https://pubchem.ncbi.nlm.nih.gov/compound/Isobavachin
https://pubchem.ncbi.nlm.nih.gov/compound/5318214#section=2D-Structure
https://pubchem.ncbi.nlm.nih.gov/compound/5318214#section=2D-Structure
https://pubchem.ncbi.nlm.nih.gov/compound/5318214#section=2D-Structure
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Dell’Albani et al. [162] proposed that brome and/or hydrophobic acyl groups in
specific positions of a flavonoid molecule with antiglioma effect could provide greater
anti-tumor capacity. The authors modified the structure of quercetin with the addition of
bromine, demonstrating that there were dose-dependent effects, such as reduced viabil-
ity and apoptosis, in addition to more significant morphological changes in cells when
compared to the effects of the original flavonoid. The derivatives 3-O-decanoylquercetin
and 6,8-dibromo-3-O-palmitoylquercetin with more significant activity also affected cell
survival, differentiation and migration signaling pathways, reducing ERK and AKT phos-
phorylation, in addition to the activation of caspase-3, indicating apoptosis.

Natural products that include flavonoids in their chemical composition are propolis
and bee honey. Pinocembrin, crisin, galangin, alpinetin, dillenetin and isorhamnetin
flavonoids were identified in a sample of propolis ethanolic extract (EEP) collected in
Mexico, while phytochemicals galangin, ferulic acid, syringic acid, caffeic acid had cytotoxic
action in several cancer lines. The results showed that EEP restricts the proliferation
of C6 glioma cells in vitro as efficiently as temozolomide does, revealing concentration-
dependent cytotoxicity [163]. Stingless bee honey, on the other hand, has its antitumor
activity attributed to the antioxidant capacity of the phenolic and flavonoid compounds
present. The data in this study reveal that honey has a cytotoxic and proliferation-inhibiting
effect on U-87 GMB cells in a time- and dose-dependent manner, in addition to apoptosis-
induction [164].

Several flavonoids are found in the plant extracts of the genus Scutellaria. The bioactive
flavones in Radix Scutellariae, the dried root of S. baicalensis Georgi, are found in the form of
aglycone (baicalein, wogonin, oroxylin A) and glycoside (baicalin, wogonoside or oroxylin
A-7-glucuronide), wogonin being the main component, while the presence of apigenin
and luteolin has also been described [91,165-167]. Some studies have investigated the
activities of these aglycones and glisosides. The study by Parajuli et al. [167] demonstrated
the anti-glioma activity of a leaf extract from the S. ocmulgee (SocL). The extract promoted
the inhibition of tumor growth in vivo (F-98 cells injected by stereotaxis), in addition to
increasing the survival in rats. In vitro, the extract inhibited proliferation of F-98 GBM cells
in a dose-dependent manner, associated with the inhibition of AKT, glycogen synthase
kinase 3 (GSK-3) phosphorylation and NF-«B.

5. Current Treatment of GBMs and Association with Natural Products

At present, treatment of GBMs involves surgery, radiation and chemotherapy. Maxi-
mal resection of the tumor area ensures reduced intracranial pressure and longer patient
survival when compared to incomplete resection [168]. The surgery is followed by ra-
diotherapy using 2 Gy per fraction per day, for 5 days/week for 6 weeks, with a total
dose of 60 Gy together with chemotherapy, simultaneously [169,170]. The gold standard
treatment for GBM in newly diagnosed patients is the use of Temozolomide (TMZ), at a
dose of 75 mg/m?, based on the body surface, daily, for six weeks with focal radiotherapy,
as recommended by the Food and Drug Administration of the United States of America
(FDA). Adjuvant treatment consists of a 4-week rest period after simultaneous radiation
therapy, with an increase in dose to 150 mg/m? daily for five days in a 28-day cycle. After
this period, 150-200 mg/m? daily are administered for 5 days over 28 days, consisting of a
new cycle [169].

TMZ is a DNA alkylating agent with nonspecific actions on the cell cycle, which
was approved in 2000 as a therapeutic agent for the treatment of high-grade malignant
gliomas [171]. Due to its lipophilic nature [172], this drug has good oral bioavailability
and penetration into the BBB [173], but it causes adverse effects such as hematological
toxicity, gastrointestinal problems and nervous system disorders [170]. However, the poor
prognosis of GBM and resistance to treatment requires novel therapeutic strategies and
preventive targets, once that those are more effective and less toxic.

The association of TMZ with natural compounds, including flavonoids and their
derivatives, has been considered in several GBM cells models in vitro. Studies have shown
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that combinations can reduce the viability of TMZ-resistant cells, such as the co-treatment
of U-87 GBM cells with isoflavone biochanin A [172]. A study by Souza et al. [161] demon-
strated that the co-treatment with TMZ associated with the extract from Achyrocline
satureioides, and its main flavonoids luteolin, quercetin, 3-O-methyl-quercetin and achyro-
bichalcon, led to prolonged inhibition of GMB cell growth and an increase in the chemother-
apeutic effect, without affecting the viability of other cells of the CNS [161]. The study by
Wang and collaborators [174] revealed that the therapy with flavonoid ISL concomitant
with TMZ significantly increased the survival of rats when compared to monotherapy,
also increasing the concentration of TMZ in glioma tissues, inhibiting tumor growth and
inhibiting several mediators such as COX-2, mPGES-1 and CYP4A, which decreases the
production of FGF-2, TGF-f and VEGF via Akt signaling.

Like TMZ, flavonoids also have a synergistic activity with other chemotherapy drugs.
The flavonol kaempferol potentiated the toxic effect of doxorubicin, promoting apopto-
sis [175], and silybin when combined with arsenic trioxide (ATO), also promoting apoptosis,
decreasing the level of expression of MMP 2 and 9, survivin and BCL-2 [176]. These findings
put in evidence that flavonoids are promising for the treatment of GBMs and other glial
tumors, and more studies are necessary to explore the molecular mechanisms involved in
their antiproliferative effect in vitro as well as their efficacy in vivo in association with the
current therapy.

6. Neuroimmunomodulatory Action of Flavonoids and Derivatives

GBMs are tumors that have a high ability to migrate, invade and proliferate in the
healthy tissue, which greatly impairs their treatment [169,171]. These characteristics are
associated with the surrounding proinflammatory microenvironment, which contains
growth factors and pro-inflammatory mediators. These molecules are expressed and
released by tumor cells, but local immune cells can react and secrete mediators in the
tumor environment. Pro-inflammatory cytokines, growth factors, nitric oxide (NO), ROS,
hydrolytic enzymes and MMPs are examples of molecules synthesized and secreted by
defense cells and tumor cells, which contribute to the biochemical composition and in-
flammatory characteristic of the tumor microenvironment [177]. Gliomas release growth
factors and overexpress their receptors, generating paracrine and autocrine signaling [178].
Faced with tumor hypoxia, VEGF is released and mediates the growth of new vessels.
Studies have demonstrated that VEGF has a key role in the tumor growth process through
angiogenesis [179]. TGF-f3 is predominantly immunosuppressive, abundantly released by
glioma and surrounding-microglia. It regulates the undifferentiated state of glioma stem
cells, contributes to angiogenesis, tumor growth and invasion. The tumor cell mobility is
increased by the regulation of surface integrins that maintain contact with the extracellular
matrix (ECM) scaffold [180]. Studies conducted with in vitro and in vivo models of GBM
have also shown the antitumor potential and immunomodulatory activity of flavonoids
and their derivatives. Naringenin, for example, was able to inhibit the migration and
invasion of 8901GBM cells, reducing the expression of the metalloproteinases MMP-2
and MMP-9, as well as the activity of ERK and p38 [181]. Among nine substances that
reduced VEGEF secretion in U343 and U118 GBM cells, the flavonoids naringin and rutin
were more efficient, being effective in lower concentrations [182]. In U87 and Hs683 GBM
cells, nobiletin inhibited cell migration and proliferation, interrupting the cell cycle in the
GO0/G1 phase. It also prevented phosphorylation, that is, the activation of p38, ERK and
JNK, and reduced the expression of cyclin-dependent kinases 1, 2 and 4, as well as the E2
promoter binding factor (E2F1), which promotes cell proliferation [183].

Several non-neoplastic cell types also comprise the GMB microenvironment, e.g.,
fibroblasts, endothelial cells and immune cells. Microglia and macrophages account for
30-50% of glioma cells and, therefore, greatly determine tumor microenvironment and
development. This influence makes these cells important targets for the development of
therapeutic interventions in association with therapies directed to neoplastic cells [184].
Microglia are motile cells with a compact body and ramified projections, which actively
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monitor/survey the environment for cues regarding the health state/status of the CNS.
This surveillance is enabled /promoted/accomplished by a variety of surface receptors,
which integrate environmental cues on the health status of surrounding cells. In response
to signals that indicate homeostasis disturbance, microglia (as well as astrocytes) change
the morphology, physiology and gene expression defined as glial activation or reactivity.
These changes allow glial cells to perform functions (e.g., phagocytosis, the release of
cytokines and chemokines, antigen presentation to T cells) that aim to promote clearance of
injured cells and damage restraint [44]. Although microglial subpopulations in activated or
surveillance states differ according to brain regions or activation stimuli [185], they have pre-
dominantly pro- or anti-inflammatory properties, which are termed M1 and M2 microglia,
respectively [184]. However, this paradigm among these different phenotypes presented
has been of great interest in studies of neurodegenerative diseases [186]. It has already been
shown that GBMs can induce polarization of tumor-infiltrated microglia/macrophages
to the M2 profile in an in vivo model, what favors tumor growth [187]. Meanwhile, in
experiments performed with microglia from rats, it was found that these cells, when treated
with the conditioned medium that mimic an early stage of the disease, tended to polarize
to the M2 profile. However, when the microglia were treated with medium obtained after
the stimuli with LPS, they presented both M1 and M2 phenotypes [188]. These findings
put in perspective the modulation of inflammatory profile of microglia as another strategy
to control GBM.

In the tumor microenvironment, in addition to these factors, the interleukin 6 (IL-6)
is an important pro-inflammatory cytokine, involved in the response of T helper 2 (Th2)
cells. In healthy nervous tissue, it is involved in astrogliosis reactions, in the activation of
the inflammatory response to pathological damage [189]. Meanwhile, in CNS pathologies,
as in gliomas, this cytokine is positively regulated, contributing to the activation of the
signal transducer and activator of the transcription 3 (STAT3) signaling pathway. The
STAT3 cascade is associated with the escape of the tumor from immune surveillance, and
demonstrating an important role in inducing cell proliferation, migration and invasion
tumors, as well as promoting angiogenesis and resistance to apoptosis [91,190-194].

Jang et al. [195] showed that luteolin (3'4’,5',7'- tetrahydroxyflavone), a flavonoid
found in green pepper, parsley and chamomile tea inhibited the production of IL- 6 in
primary cultures of microglia from mice and cultures of human microglial cells BV-2, after
being stimulated with lipopolysaccharide (LPS). The authors observed that, in addition to
reducing cytokine levels, there was also a reduction in messenger RNA (mRNA) expression
for IL-6, by inhibiting the signaling mechanism of the JNK pathway and activating the
activator protein 1 (AP-1). In another study, it was shown that quercetin inhibited the
IL-6-induced STAT3 signaling pathway in T98G and U87 GBM cells, markedly reducing
proliferative and migratory properties of GBM cells [192].

Interleukin 1 Beta (IL-1$3), a pro-inflammatory cytokine, has an important role in
triggering several oncogenic processes in the tumor microenvironment, such as secretion
of cyclooxygenases (COXs) and increase in hypoxia-inducible factor 1o« (HIF-1c) activ-
ity [196,197]. This cytokine is important for the activation of some signaling pathways
such as NF-kB (which promotes the production and release of pro-inflammatory medi-
ators and, therefore, is intensely involved in tumor development and progression) and
MAPK (which collaborates for tumoral invasion [198-200]. Furthermore, IL-1 contributes
to the development of a microenvironment that is favorable to glioma migration and
invasion [201].

TNF-« is a pro-inflammatory cytokine with diverse roles, e.g., it can favor tumor
development, angiogenesis, as well as apoptosis and recruitment of macrophages (resident
of the CNS or infiltrates). The variety of effects of TNF-« results from its ability to interact
with a number of receptors, leading to the activation of several intracellular pathways [202].
Some authors address the role of flavonoids as naringin, apigenin, fisentin and quercetin
in the regulation of IL-1f3 in the tumoral context [203,204]. In addition, it was shown
that luteolin can inhibit the IL-13-mediated phosphorylation of k{3 inhibitor in U-87 GBM



Pharmaceutics 2022, 14, 116

20 of 31

cells [205]. Besides that, rutin has stood out as a potent immunomodulatory agent. It was
demonstrated that rutin can reduce the mRNA levels of IL-1f3 in C6 lineage cells. This
same effect was shown about the IL-6 expression and TNF-« [10]. Inflammation-related
mediators released by tumor cells inhibit T helper 1 (Th1) cells, e.g., IL-2, Interferon-gamma
(INF-y) and TNF-«, and induce Th2 peripheral cytokines, e.g., IL-10, IL-6 and IL-4. In re-
sponse to acute inflammation, naive T cells differentiate into immunocompetent cells [206].
The expression of TNF-o and IL-6 is promoted by the activation (phosphorylation) of p38
MAPK, which is translocated to the nucleus and activates transcription factors, such as
NF-«p. Transcriptional changes resulting from the activation of MAP p38 result in the
expression of pro-inflammatory cytokines and in the synthesis of ECM components, such
as fibronectin, which was reduced by apigenin [207]. The treatment of cells of the C6
lineage with apigenin increased the production and release, by these cells, of TNF-« [137].
Apigenin treatment of microglia/C6 co-cultures also induced preferentially a reduction
in the viability of C6 cells and increased microglia-activated phenotype, associated with
a change in the balance of TNF/IL-10 levels, demonstrating that the flavonoid restores
the immune profile of microglia against glioma cells [6]. The TNF receptor can trigger
either the production of pro-inflammatory mediators, e.g., through the activation of NF-«B,
or the extrinsic pathway of apoptosis. Certain ligands of the TNF superfamily can lead
to the activation of the extrinsic pathway of apoptosis, such as TNF-«, Fas (CD95L), or
TRAIL [208].

Another important cytokine in this microenvironment is the IL-8 secreted by tumor
cells. It is also known as a chemokine involved in tumorigenic and pro-angiogenic pro-
cesses. Besides that, it is an important leukocyte chemotactic factor [209-211]. About IL-8
regulation, it was found that miRNA-93 plays a crucial role in the process of reducing
its release in human glioma cells of the U251 and T98G lineages [212]. However, some
researches report that flavonoids, such as luteolin, can be involved in this tumoral process,
regulating the IL-8 release as well [205]. It was possible to verify a decrease in the IL-8
levels in C6 cells culture when subject to the co-treatment with flavonoid quercetin and
AG490, a Janus kinase 2 protein (JAK2) specific inhibitor [137].

IL-10 is a cytokine with anti-inflammatory properties, which promotes cell repair after
a cytotoxic, pro-inflammatory response. Molecular mechanisms involving this cytokine
have been increasingly elucidated due to a great interest in understanding its involve-
ment with several events, to envision new immunological intervention strategies [213,214].
Among its many functions is the participation in activating the signaling pathway as STAT3,
resulting in negative regulation of macrophage activation [215]. A study conducted by
da Silva et al. [10] showed that flavonoid rutin induces a microglial polarization to the
M2 profile when these cells were stimulated with LPS. In addition, it reduces the levels
of secretion of IL-6, IL-13 and TNF (inflammatory cytokines) and is also capable of in-
creasing the production of the regulatory cytokine IL-10. Moreover, in a more recent study
developed by da Silva et al. [10], it was demonstrated that the treatment of rat C6 glioma
cells with rutin or with its aglycone quercetin induced the inhibition of proliferation and
migration, and also induced microglia chemotaxis that was associated to the upregula-
tion of TNF and the downregulation of IL-10, at protein and mRNA expression levels,
associated with the upregulation of mRNA expression for chemokines CCL2, CCL5 and
CX3CL1. The authors also demonstrated the immunomodulatory effects of the treatment
of human U251 and TG1 glioblastoma cells with both flavoinds, negatively modulating
the expression of mRNA for IL-6 and IL-10 and positively the expression of mRNA for
TNF. Treatment of microglia and C6 cells with rutin or quercetin either in co-cultures or
during indirect interactions via conditioned media, reduced proliferation and migration
of glioma cells, and directed microglia towards an inflammatory profile, characterized by
increased expression of mRNA for IL-14, IL-6, IL-18, and decreased expression of mRNA
for nitric oxide synthase 2 (NOS2) and prostaglandin-endoperoxide synthase 2 (PTGS2),
arginase and transforming growth factor beta (TGF-3). This study also demonstrated that
the treatment of U251 cells with flavonoids rutin or quercetin also reduced tumorigenesis
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when the cells were xenotransplanted in rat brains, also directing microglia and astrocytes
to an inflammatory profile in the microenvironment of tumor cell implantation as well as
in the brain parenchyma not favorable to the glioma growth.

These data suggest the immunomodulatory properties of several flavonoids on the
production and secretion of cytokines, summarized in Table 2. Flavonoids can make the
tumoral microenvironment less favorable to the expansion of GBM cells, also reducing
its ability to interact with cells present in its tumor niche. Future studies will further
elucidate the effects of flavonoids in the GBM context, in terms of their immunomodulatory
activity. However, the antitumoral and wide beneficial effects of flavonoids have long been
demonstrated in several biological experimental settings. It has been demonstrated that
flavonoids target multiple pathways, both to inhibit glioma development and survival, as
well as to revert immunosuppression in immune cells in the glioma microenvironment.
This poses flavonoids as strong candidates for the development of more efficient anticancer
drugs. A schematic overview of immunomodulatory actions of flavonoids on glioma cells
can be seen in Figure 4.

Table 2. Some flavonoids that act in different signaling pathways in glioma cells.

Flavonoids Effect in Models Origin Some Dietary Sources
I. Inhibits the production of IL-6 in
primary cultures of microglia from mice Green pepper, parsley,
and in cultures of human BV-2 microglial chamomile (Jang et al., 2008).
Luteolin cells, treated with 10, 25 and 50 uM and é;gfgilgzzif:én;ynorex Green pepper, olive oil,

3/,4',5,7'- tetrahydroxyflavone

stimulated with LPS (Jang et al., 2008);
II. Over 15 uM, inhibited IL-1f release
and downstream activation of NF«B in
U-87glioblastoma cells culture

(Lamy et al., 2014).

II. Purchased from

Extrasynthese (Lyon, France).

parsley, celery, thyme,
broccoli, cabbages and
chamomile tea

(Lamy et al., 2014).

Quercetin
2-(3,4-Dihydroxyphenyl)-3,5,7-
trihydroxy-4H-chromen-4-one

I Inhibits the IL-6 in T98G and U87
lineages treated with 25 uM
(Michaud-Levesque et al., 2012);

II. Decreased the IL-8 levels in C6 cells

I. Not informed in the paper.

II. Not informed in the paper.

Red onion, apple, tea plant
(Wang et al., 2013).

hydrate culture (200 uM) in co-treatment with
AG490, a JAK2 (Wang et al., 2013).
I. In C6 lineage cells treated with 50 uM
rutin, it reduced mRNA levels of L-13, Onions. apples. tea and red
Rutin IL-6 and TNF«, induced a microglial I. Extracted from » App €S,

Quercetin-3-Rutinoside

polarization to M2 profile and increased
IL-10 production after LPS stimulation
(Silva et al., 2017).

Dimorphandra mollis seeds.

wine (Hosseinzadeh and
Nassiri-Asl, 2014).

Apigenin
5,7-Dihydroxy-2-(4-

hydroxyphenyl)-4H-chromen-4-

one

I. Increases production and release of
TNFo in C6 cell culture treated with 25.5,
25 and 50 uM apigenin (Wang et al., 2013).

L. Y-J biological (Shanghai,
China).

Onions, celery, pistachio and
burr parsley (Hollie, 2015).

Fisetin
3,7,3' 4'-tetrahydroxyflavone

I. Reduces ADAMY expression in
GBM8401 cells and inhibits the invasion of
glioma after treatment with 20 and 40 pM
(Chen et al., 2014).

I. Purchased from Sigma (St.
Louis, MO, USA).

Strawberries, apples, onions,
persimmons, grapes, wines,
teas (Chen et al., 2014).

Naringenin
4/ 5,7-Trihydroxyflavanone

I. Reduces COX2 activity in C6 glioma
cells in a dose-dependent manner,
impacting on tumor progression at 20 and
30 ug concentrations (Sabarinathan and
Vanisree, 2011).

I. Purchased from Sigma.

Grapefruit and oranges
(Sabarinathan and Vanisree,
2011).
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Figure 4. A schematic representation of the possible mechanisms of action of selected flavonoids.
Note that these flavonoids act in different signaling pathways, reducing inflammation, migration,
proliferation, invasion, angiogenesis and inducing apoptosis in tumor cells.

7. Conclusions

Current findings show that flavonoids present potential therapeutic aplications as
antigliomatic drugs. The cytotoxicity for glioblastoma cells has been pointed as a strat-
egy for bioprospection. Recent studies, as discussed here, evidenced the modulation of
microglia response as a toll to provide an antitumor reprogramming microenvironment,
which in association with current therapy can be a promising strategy against drug re-
sistance. However, the biology of microglia interaction with GBM, and involving other
cell population in the tumor microenvironment, must be considered for the research on
flavonoid application as adjuvant therapy.
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