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Abstract: Background: Glioblastoma (GBM) is a highly aggressive brain tumor char-
acterized by rapid cell proliferation, invasive behavior, and chemoresistance. The aryl
hydrocarbon receptor (AhR) is implicated in chemoresistance and immune evasion, making
it a promising therapeutic target. Natural compounds such as flavonoids have gained
attention for their anti-inflammatory, antioxidant, and anticancer properties. Among them,
naringenin, a citrus-derived flavonoid, exerts antiproliferative, pro-apoptotic, and im-
munomodulatory effects. Objectives: This study investigated the antiglioma effects of
the flavonoid naringenin on the viability, growth, and migration of glioma cells and its
potential role as an AhR modulator. Methods: Human (U87) and rat (C6) glioma cell lines
were exposed to naringenin (10–300 µM) alone or in combination with the AhR agonist
indole-3-carbinol (50 µM) for 24 to 48 h. Cell viability, scratch wound, and cell migration
assays were performed. The expression of inflammatory markers was also analyzed by
RT-qPCR. Results: Naringenin exerted dose- and time-dependent inhibition of cell viability
and migration. The treatment decreased the gene expression of interleukin-6 (IL-6) and
chemokine (CCL2), alongside increased tumor necrosis factor-alpha (TNF-α) expression,
an effect reversed by the AhR agonist. Conclusions: These findings highlight naringenin’s
potential as an antiglioma agent and its role in AhR signaling.

Keywords: glioblastoma; AhR; flavonoid

1. Introduction
Glioblastoma (GBM) is one of the most aggressive and malignant primary brain tu-

mors [1,2]. It is characterized by high cellular proliferation and infiltrative, invasive proper-
ties, resulting in a high recurrence rate despite standard treatment, which involves maximal
safe resection followed by radiation therapy and temozolomide (TMZ) chemotherapy [3–5].
The median survival for GBM patients is approximately 14 months, with treatment proto-
cols remaining largely unchanged over the past two decades [6]. Given these challenges,
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there is a pressing need to identify novel therapeutic targets and develop more effective
treatment strategies for GBM [7].

Many mechanisms contribute to tumor progression and immunosuppression in GBM,
including metabolic remodeling in glioma and immune cells [8]. The aryl hydrocarbon
receptor (AhR) is a transcription factor that regulates genes involved in diverse physiologi-
cal processes, such as development, immune responses, and metabolism [9]. Its activity
has been strongly correlated with poor cancer outcomes. The AhR plays a pivotal role
in driving metabolic reprogramming in tumor cells by modulating genes associated with
proliferation, migration, invasion, immunosuppression, and resistance to chemotherapy
and immunotherapy [10–12]. Growing evidence suggests that AhR activation promotes
tumor cell migration and contributes to drug resistance in breast and pancreatic cancer and
GBM [11,13,14]. The receptor is overexpressed and constitutively active in glioblastoma. A
study by Opitz, in 2011 [15], detected that the constitutive activation of the AhR, driven
by increased kynurenine (Kyn) production, has been shown to contribute to glioma malig-
nancy and progression. There is strong evidence that dysregulated tryptophan metabolism
in GBM promotes glioma progression via AhR activation and downstream signaling [16].
Studies demonstrated that AhR activation, induced by tryptophan metabolism and Kyn
accumulation, enhances tumor cell proliferation and invasion in patient-derived glioma
samples [17] and human GBM cell lines [18], findings that highlight the AhR as a promising
therapeutic target for glioblastoma treatment.

Flavonoids have been extensively studied for their anticancer potential [19]. These
polyphenolic compounds, abundant in fruits and vegetables, exert antitumor effects
through antioxidant activity and the modulation of key signaling pathways involved
in tumor progression [20]. Naringenin, a flavanone primarily found in citrus fruits [21], has
demonstrated regulatory effects on molecular pathways associated with various cancers,
including lung [22], breast [23,24], and skin [25] cancers and GBM [26]. Stompor et al.
(2017) [27] investigated the antiglioma properties of naringenin after a 24 h treatment using
a glioma cancer cell line (U118MG). In this study, naringenin demonstrated six-fold higher
selectivity for GBM cells than normal fibroblasts. Naringenin has also been shown to
inhibit glioblastoma cell migration and invasion by downregulating MMPs (2 and 9) and
suppressing the activity of ERK1/2 and p38 [28]. More recently, it was suggested that
naringenin modulates proliferation, metastasis, and glioma cell migration by regulating the
Hedgehog (Hh) signaling pathway [29]. Recently, we characterized the antagonism of the
AhR by naringenin in cancer cells and also the amino acid residues of the binding domain
in silico [30]. A recent study by Yan et al. (2023) [31] showed that naringenin inhibits the
activation of the NLRP3 inflammasome, promoting AhR nuclear translocation and increas-
ing its expression in vivo. On the other hand, studies have demonstrated that IL-6 and
TNF-α contribute to glioma cell proliferation, invasion, and migration [32,33]. Additionally,
CCL2 overexpression enhances cancer cell migration and recruits immunosuppressive cells
to the tumor microenvironment, creating conditions that support tumor progression, and
its elevated expression is associated with a poor prognosis in GBM patients [34]. Despite
these findings, the antiglioma effects and regulatory mechanisms of naringenin via the
AhR and the modulation of inflammatory factors related to immunoresistance remain
largely unexplored, highlighting the need for further investigation to better understand its
potential therapeutic role.

This study evaluated naringenin’s impact on glioma cells, with a focus on its potential
to modulate AhR activity and the regulation of key inflammatory mediators involved in
tumor proliferation, migration, and chemoresistance.
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2. Materials and Methods
2.1. Tumor Cell Cultures

U87 human GBM and C6 rat glioma cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM; Island Biological Company-GIBCO®, Grand Island, NY, USA), containing
7 mmol/L glucose, 2 mmol/L L-glutamine, and 0.011 g/L pyruvic acid supplemented
with 10% fetal bovine serum (FBS) and antibiotics (100 U/mL penicillin and 100 µg/mL
streptomycin; Gibco®, Grand Island, NY, USA), and maintained in an incubator under
standardized conditions in a humidified atmosphere with 5% CO2 at 37 ◦C, as described
previously [35]. Cells were cultured in 100 mm polystyrene plates (TPP, Trasadingen,
Switzerland). Upon reaching confluence, the medium was removed. Adherent cells were
detached by using a trypsin solution (0.05% trypsin and 0.02% EDTA in PBS) and seeded
into 6- or 96-well polystyrene plates (Kasvi, São José dos Pinhais, Brazil), according to the
experiment, at a density of 8 × 104 cells/cm2.

2.2. Spheroid Formation

To prepare agarose casts, a 2% agarose solution (1 g of agarose in 50 mL of 0.9% NaCl
solution) was autoclaved along with rubber molds. After autoclaving, the molten agarose
was cooled, under aseptic conditions in a cell culture hood, and 500 µL of agarose was
pipetted into an 81-microwell rubber mold. Once the agarose had solidified, the rubber
molds were flexed carefully to release the agarose casts directly into the wells of a 12-well
plate. Agarose casts were equilibrated by adding cell culture medium (2.5 mL/well) and
incubated at 37 ◦C with 5% CO2 for one hour. For cell seeding, the appropriate number
of cells per agarose cast was prepared, with 275,000 cells for an 81-microwell cast, with
an average of 1000 cells per spheroid. The culture medium surrounding the agarose casts
was removed with a P1000 pipette, and the cell suspension was seeded dropwise into the
agarose microwells. After seeding, the well plate was returned to the incubator for 15 min
to allow the cells to settle into the microwells. Additional culture medium (2.5 mL/well for
12-well plates) was added, and the plates were incubated for 48 h. Spheroids were allowed
to form and stabilize over this period, and if necessary, the culture medium was carefully
replaced by tilting the plate and using a pipette to remove the surrounding medium.

2.3. Drugs and Treatments

The flavonoid naringenin (NAR) was obtained from the hydrolysis of naringin ex-
tracted from the peel of Citrus paradisi (Grapefruit) [36] and from (S)-naringenin obtained
based on tests carried out by Apigenin. 4′, 5,7-Trihydroxy flavone was prepared from
the extracted naringin [37]. The compound indole-3-carbinol (I3C), an AhR agonist, was
purchased from Sigma (I3C; I7256—Sigma, Saint Louis, MO, USA). The structure of these
molecules is shown in Table 1. The molecules were dissolved in dimethyl sulfoxide (DMSO;
Sigma, Tokyo, Japan) to form a 100 mM stock solution, which was stored and protected
from light at −4 ◦C. When applied to cells, flavonoid naringenin and agonists were diluted
directly in a culture medium (DMEM) without fetal bovine serum (FBS). Treatment of
cells with the vehicle DMSO was adopted as control, which did not show a significant
effect on the analyzed parameters when compared with cultures that were not exposed to
this solvent.
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Table 1. Structural models of tested molecules. Models generated by Molview v2.4.

Molecule Structure

Naringenin
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2.4. Cell Viability Assays 

Metabolic activity as a measure of the viability of U87 and C6 cell lines was assessed 
by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test 
and the sulforhodamine B (SRB) assay for cell density measurements as described previ-
ously [38–40]. 

2.4.1. MTT Assay 

For the MTT assay, cell viability was determined by the conversion of the yellow salt 
(MTT) into formazan crystals (purple) by the dehydrogenases of live cells. Glioma cells 
(U87 and C6) were seeded in 96-well plates (Kasvi®, Pinhais, Brazil) at a density of 2.2 × 
104 cells/cm2 (8000 cells/well) in DMEM supplemented with FBS at 37 °C for 24 h. The cells 
were treated under the control condition or with previously defined concentrations of 
naringenin diluted in DMEM without SFB and incubated for 24 h. After treatments, cells 
were incubated with an MTT solution (Thermo Fisher, Waltham, MA, USA; 0.5 mg of 
MTT per 1 mL) at 37 °C and 5% (v/v) CO2 for 2 h. Next, 100 µL of a lysis buffer containing 
20% (w/v) sodium dodecyl sulfate (SDS), 50% (v/v) acetic acid, and 2.5% (v/v) 1 mol/L HCl 
was added. The plates were incubated overnight, and absorbance at 570 nm was deter-
mined by using a microplate reader (Varioskan™ LUX multimode microplate reader). 
Three separate experiments were performed, each with eight replicates per variable. The 
results were presented as the percentage of viability of the treated groups compared with 
the control, which was considered 100%. 

2.4.2. Sulforhodamine B (SRB) Assay 

Cell viability by the SRB assay was determined by the uptake and binding of a bright 
pink dye by basic amino acids, which dissociate under basic conditions, under acidic con-
ditions. After treatment, cells were fixed by adding 100 µL of 10% trichloroacetic acid 
(TCA) per well and stored at 4 °C for a minimum of 1 h. TCA was rinsed four times with 
deionized water (100 µL/well), and 100 µL of SRB (S1307, Invitrogen, Waltham, MA, USA) 
solution was added into each well of the culture plate for 30 min. After incubation, cells 
were rinsed four times with 100 µL of 1% glacial acetic acid to remove the unbound dye, 
and the plates were allowed to dry at room temperature. The solubilization of the protein-
bound dye was realized through the pipetting of 200 µL of 10 mM Tris-base at pH 10.5 
(T6791, Sigma) per well. Absorbance was measured at 690 nm by using the microplate 
reader (Varioskan™ LUX multimode microplate reader, Thermofisher Scientifics, Wal-
tham, MA, USA). Three independent experiments were performed, and the relative via-
bility rate was determined based on the absorbance under each condition, considering 
control to be 100%. 
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2.4. Cell Viability Assays

Metabolic activity as a measure of the viability of U87 and C6 cell lines was assessed
by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test
and the sulforhodamine B (SRB) assay for cell density measurements as described
previously [38–40].

2.4.1. MTT Assay

For the MTT assay, cell viability was determined by the conversion of the yellow salt
(MTT) into formazan crystals (purple) by the dehydrogenases of live cells. Glioma cells
(U87 and C6) were seeded in 96-well plates (Kasvi®, Pinhais, Brazil) at a density of 2.2 ×
104 cells/cm2 (8000 cells/well) in DMEM supplemented with FBS at 37 ◦C for 24 h. The
cells were treated under the control condition or with previously defined concentrations of
naringenin diluted in DMEM without SFB and incubated for 24 h. After treatments, cells
were incubated with an MTT solution (Thermo Fisher, Waltham, MA, USA; 0.5 mg of MTT
per 1 mL) at 37 ◦C and 5% (v/v) CO2 for 2 h. Next, 100 µL of a lysis buffer containing 20%
(w/v) sodium dodecyl sulfate (SDS), 50% (v/v) acetic acid, and 2.5% (v/v) 1 mol/L HCl was
added. The plates were incubated overnight, and absorbance at 570 nm was determined by
using a microplate reader (Varioskan™ LUX multimode microplate reader). Three separate
experiments were performed, each with eight replicates per variable. The results were
presented as the percentage of viability of the treated groups compared with the control,
which was considered 100%.

2.4.2. Sulforhodamine B (SRB) Assay

Cell viability by the SRB assay was determined by the uptake and binding of a bright
pink dye by basic amino acids, which dissociate under basic conditions, under acidic
conditions. After treatment, cells were fixed by adding 100 µL of 10% trichloroacetic acid
(TCA) per well and stored at 4 ◦C for a minimum of 1 h. TCA was rinsed four times
with deionized water (100 µL/well), and 100 µL of SRB (S1307, Invitrogen, Waltham, MA,
USA) solution was added into each well of the culture plate for 30 min. After incubation,
cells were rinsed four times with 100 µL of 1% glacial acetic acid to remove the unbound
dye, and the plates were allowed to dry at room temperature. The solubilization of the
protein-bound dye was realized through the pipetting of 200 µL of 10 mM Tris-base at pH
10.5 (T6791, Sigma) per well. Absorbance was measured at 690 nm by using the microplate
reader (Varioskan™ LUX multimode microplate reader, Thermofisher Scientifics, Waltham,
MA, USA). Three independent experiments were performed, and the relative viability rate
was determined based on the absorbance under each condition, considering control to
be 100%.
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2.5. Migration Assays
2.5.1. Monolayer Scratch Assay

The potential of the flavonoid naringenin for inhibiting cell migration was investigated
in a single monolayer lesion test or scratch assay [41]. U87 cells were seeded into 6-well
plates (Kasvi®, Weissópolis, Pinhais, Brazil) at a density of 5 × 105 cells per well and
cultured for 24 h to form a confluent monolayer. A scratch was introduced through
the cell monolayer by using a 200 µL pipette tip, forming a gap as a straight line in one
direction. The cell debris was removed by washing the wells twice with phosphate-buffered
saline (PBS). The cultures were then incubated with serum-free medium containing either
naringenin (30 µM), indole-3-carbinol (I3C; 50 µM), a combination of both, or a control
condition (0.1% DMSO). Migration into the scratched area was assessed after 24 and 48 h,
and images of each sample were captured from the same location, at the center of the
well, under identical lighting and magnification conditions. Images were captured by
an optical phase microscope (Nikon TS-100, Nikon, Melville, NY, USA) equipped with
a digital camera (Nikon E4300, Nikon). The migration rate was assessed by the number
of cells that migrated into the area of the scratch, which was precisely defined at the 0 h
time point. Migration was quantified by counting the cells inside defined gaps over time
by using ImageJ software v 1.53t (2024) (Wayne Rasband, National Institutes of Health,
Bethesda, MD, USA). All experiments were performed in triplicate.

2.5.2. Spheroid-Based Migration Assay

U87 glioma spheroids were prepared by seeding cells into 96-well plates designed for
spheroid formation and incubated for 7 days to allow for spheroid stabilization. After this
period, the spheroids were transferred to a flat, adherent 96-well plate and exposed to either
naringenin (30 µM) or maintained under the control condition (0.1% DMSO). The migratory
capacity of the cells from the spheroids was assessed after 24 and 48 h by capturing phase-
contrast images. The quantification of migrating cells from the spheroid was performed.
The migration rate was quantified by using ImageJ software (Wayne Rasband, National
Institutes of Health, Bethesda, MA, USA). All experiments were performed in triplicate.

2.6. RT-qPCR for mRNA

C6 cells were cultured in 6-well plates (Kasvi, Pinhais, Brazil) at a cell density of
approximately 1 × 105 cells/cm2 and maintained under control conditions (0.03% DMSO)
or exposed to naringenin (30 µM) and/or I3C (30 µM) for 24 h. After 24 h of treatments,
total RNA was extracted by using Trizol® reagent (Thermo Fisher Scientific, Waltham,
MA, USA) following the manufacturer’s recommended protocol. RNA quantification was
performed by using NanoDrop Lite (Thermo Fisher Scientific). For the cDNA reaction,
5 µg of RNA was used with the GoScript high-capacity cDNA reverse transcription kit,
following the manufacturer’s instructions (Promega, Madison, WI, USA). The cDNA was
stored at −20 ◦C until use. Subsequently, quantitative real-time PCR (RT-qPCR) was
performed by using the QuantStudio 12k instrument (Applied Biosystems, Waltham,
MA, USA) under standard TaqMan thermal cycling conditions as per the manufacturer’s
instructions. mRNA expression was evaluated by using commercial TaqMan® probes: IL-6
(Rn01410330_m1), TNF (Rn99999017_m1), and CCL2 (Rn00580555_m1). The reference gene,
HPRT (Rn01527840_m1), was chosen as a normalizer due to its validation as a reliable
reference gene for mRNA expression in contexts where AhR pathway transcription is
altered in rats and mice [42,43]. mRNA expression levels were calculated by using the
2−∆∆CT method [44] and analyzed by using GraphPad Prism v 9.1.1 (2020) (La Jolla, CA,
USA) for Mac. The results represent at least three independent experiments performed.
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2.7. Statistical Analysis

Data were statistically analyzed by using GraphPad Prism v 9.1.1 2020 (La Jolla, CA,
USA). Results in each experimental group are presented as means ± standard errors (SEMs).
The results were analyzed by one-way analysis of variance (ANOVA), and experimental
groups were compared in pairs by using the Mann–Whitney post-test. Values of p < 0.05
were considered statistically significant. All experiments were repeated at least three times.

3. Results
3.1. Naringenin Alters the Viability of Glioma Cell Lines U87 and C6

The cytotoxic effects of naringenin on rat (C6) and human (U87) glioma cells were
assessed by using MTT and SRB assays. The 50% inhibitory concentration (IC50) was
determined from the viability assays, revealing IC50 values exceeding 100 µM. Both assays
demonstrated comparable cytotoxic effects of naringenin on U87 cells. As shown in
Figure 1A, naringenin significantly reduced cell viability (p < 0.05) 24 h after exposure
compared with the control group (3% DMSO), with IC50 values of 129.4 µM (MTT) and
132.3 µM (SRB). In C6 cells, naringenin also caused a significant, dose-dependent reduction
in viability (IC50 = 150.9 µM) and induced noticeable morphological changes, including
decreased cell adhesion (Figure 1B,C). Furthermore, the viability of C6 cells exposed to a
subtoxic concentration of naringenin (30 µM) in combination with the AhR agonist indole-
3-carbinol (I3C) (10–50 µM) was investigated by the SRB assay. The results showed a
significant cytotoxic effect of co-treatments at concentrations of I3C above 40 µM, while
I3C alone (50 µM) did not affect cell viability (Figure 2).
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Figure 1. Effects of naringenin (N) on viability of rat (C6) and human (U87) GBM cells. (A) MTT
and SRB assay analyses of U87 cell viability and density after 24 h. (B) MTT assay analysis of C6 cell
viability after 24 h. (C) Phase-contrast photomicrographs of C6 and U87 cell cultures exposed to
naringenin (N; 30–200 µM) and the control condition with DMSO (0.3%) after 24 h; scale bar = 100 µm.
Results are expressed as the average percentage of viable cells, considering the control condition to
be 100% ± SEM (n = 3). The asterisks (*) on the bars indicate a statistical difference relative to the
control, as determined by the Mann–Whitney post-test: **** p <0.0001; *** p <0.001.
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3.2. Naringenin Inhibits the Migration of Glioma Cells

For assessing the anti-invasive potential of naringenin in GBM cells, the inhibition of
U87 cell migration was evaluated in monolayer migration assays. The results revealed that
naringenin at 30 µM caused a significant delay in U87 cell migration toward the monolayer
gap, particularly 48 h after exposure, compared with the control conditions (0.05% DMSO)
(Figure 3A,B).
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of U87 cell cultures exposed to 30 µM NAR and control condition (0.05% DMSO), representing the
scratch area 24 and 48 h after exposure; scale bar = 100 µm. (C) Enlarged phase-contrast photomicro-
graphs of the edges, 48 h after exposure to 30 µM NAR and control condition (0.05% DMSO); scale
bar = 100 µm. Yellow dashed lines indicate the initial scratch area. Migratory cells were quantified by
using ImageJ 24 and 48 h after exposure. Results are expressed as the average number of viable cells
within the lesion area 24 and 48 h after exposure and compared with the control. The asterisks (*) on
the bars indicate a statistical difference relative to the control, as determined by the Mann–Whitney
post-test: * p < 0.05; ** p < 0.01.

Naringenin (30 µM) significantly inhibited the migration of single cells from
U87 spheroids to a flat surface (adherent plate). Cell migration from the spheroids 24 and
48 h after naringenin exposure compared to the control (0.3% DMSO) was markedly re-
duced in number (Figure 4).
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Figure 4. Naringenin (N30) decreased flat surface cell migration from U87 spheroids. (A) Quan-
tification of viable cells migrated from spheroids to plate flat surface, 24 and 48 h after exposure.
(B). Representative phase-contrast photomicrographs of U87 spheroids exposed to naringenin at a
concentration of 30 µM and control condition (0.1% DMSO); scale bar = 200 µm. Migrating cells
were quantified by using ImageJ. Data are expressed as mean values ± SEMs (n = 3). Results are
expressed as the average number of viable cells migrated from the spheroid. The asterisk (*) on the
bars indicates a statistical difference relative to the control, as determined by the Mann–Whitney
post-test: * p < 0.05.

3.3. Antagonistic Potential of Naringenin in Regulating AhR Target Gene Expression in
Glioma Cells

We hypothesized that naringenin would affect the expression levels of inflammatory
markers. Under subtoxic conditions (30 µM), naringenin was efficient in reducing mRNA
expression of IL-6 and CCL2 compared with the control (Figure 5A,B) but increased TNF-α
expression levels (Figure 5C). To further investigate the role of naringenin in regulating
IL-6, CCL2, and TNF-α expression, with particular emphasis on its ability to modulate
the AhR, glioma cells were co-treated with the AhR agonist I3C (30 µM). Co-exposure to
naringenin and I3C (30 µM) restored IL-6, TNF-α, and CCL2 expression to levels similar to
the control, highlighting naringenin’s capacity to influence these cytokines through AhR
modulation.
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to the control, and the hash (#) indicates statistical differences between groups, as determined by the
Mann–Whitney post-test: * p < 0.05; ** p< 0.01; # p < 0.05.

4. Discussion
Naringenin, a flavonoid found in citrus fruits, demonstrates a variety of biological

and pharmacological activities, with a particular emphasis on its anticancer effects [45].
Although the antiglioma properties of naringenin are recognized [26,29], the detailed
molecular mechanisms remain unknown. In this study, naringenin effectively reduced the
viability of human glioma cells (U87) and rat glioma cells (C6). The findings of this study
align with previous research that showed a notable concentration-dependent decrease in
GBM 8401 and C6 cell viability at similar concentrations adopted in this study [29,46].

The AhR signaling pathway has been implicated in a variety of cellular processes that
play a significant role in tumor pathogenesis, including the regulation of cell proliferation,
cell cycle control, the modulation of adhesion, and the regulation of cell migration [47,48].
Studies highlight the role of the AhR in regulating cell mobility and demonstrate that
inhibiting the AhR in glioma blocks the invasive activity of these cells [11,49]. Among the
characteristics of malignant gliomas that are associated with the challenges to effective
treatment, the high migratory activity of these cells stands out, contributing to rapid
dissemination and infiltrative growth [50,51]. Thus, targeting and reducing migratory
behavior may enhance therapeutic outcomes. As observed in previous studies, naringenin
has the potential to inhibit the migratory activity of C6 cells [26,29]. Furthermore, we have
previously demonstrated that the non-toxic concentration of naringenin (30 µM) effectively
modulates AhR activity in vitro [30]. Hence, we investigated whether naringenin could
affect the migration activity of human glioma U87 cells. We observed that naringenin
significantly reduced the migration ability of cells as evidenced in both 2D and 3D models,
highlighting its potential as a modulator of tumor cell movement.

We also investigated the effects of naringenin on modulating the inflammatory
molecules IL-6, CCL2, and TNF-α associated with immunosuppression in glioma cells. We
observed that naringenin at 30 µM significantly reduced IL-6 mRNA expression compared
with the control. Notably, previous studies have demonstrated that inhibiting IL-6 signal-
ing directly affects glioma cell proliferation in U87 cells and GBM explant cultures [52].
Given the critical role of inflammatory cytokines in the glioblastoma tumor microenviron-
ment (TME), we examined CCL2, another key mediator of tumor progression. Elevated
CCL2 levels correlate with a poor prognosis in GBM patients [53]. Notably, our find-
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ings reveal that naringenin treatment reduced CCL2 mRNA transcription, suggesting its
potential to restrain glioma development and progression. Consistently, studies have
shown that suppressing CCL2 expression in vitro and in vivo effectively inhibited GBM
cell growth [54]. On the other hand, we observed an increase in mRNA transcript for
TNF-α. This chemokine plays a key role in regulating inflammation within the TME and
facilitating the recruitment of peripheral immune cells by GBM cells, potentially contribut-
ing to tumor progression [55]. Zhu et al. (2022) [33] demonstrated that low concentrations
of TNF-α stimulated cell proliferation, whereas higher concentrations of TNF-α slowed
down cell proliferation and potentially induced apoptosis. Moreover, exploring the mecha-
nisms underlying naringenin’s antiglioma effects, we co-treated N30 and the AhR agonist
indole-3-carbinol at non-toxic concentrations, and the mRNA expression of IL-6, CCL2, and
TNF-α was also analyzed. We observed that IL-6, CCL2, and TNF-α expression levels were
restored to those observed under control conditions, reinforcing that naringenin may exert
its modulatory effects through interaction with the AhR, thereby influencing the expression
of these genes. These findings highlight the complexity of naringenin’s antitumor effects
and underscore the need to consider multiple regulatory mechanisms in future studies.
While we did not assess AhR expression modulation in this study, future research should
investigate how additional factors may impact AhR expression and signaling pathways in
glioma cells.

5. Conclusions
The results of the present study, along with previous research, confirm the antiglioma

potential of the flavonoid naringenin, showing its ability to inhibit migratory and invasive
activities in glioma cell cultures and spheroids. Furthermore, it supports the hypothesis
that naringenin may have a therapeutic role by interacting with the AhR and modulating
the expression levels of its target genes. Although these findings support the role of
naringenin in modulating AhR activity, further comprehensive investigations are required
to fully elucidate its mechanisms. These findings underscore the complexity of naringenin’s
molecular mechanisms and highlight AhR signaling as a potential underlying mechanism
for naringenin’s anticancer effects in malignant glioma cells.
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