
Vol.:(0123456789)1 3

Medical Oncology (2021) 38:31 
https://doi.org/10.1007/s12032-021-01476-z

ORIGINAL PAPER

Bexarotene inhibits cell proliferation by inducing oxidative stress, 
DNA damage and apoptosis via PPARγ/ NF‑κB signaling pathway in C6 
glioma cells

Ceyhan Hacioglu1   · Fatih Kar2 · Sedat Kacar3 · Varol Sahinturk3 · Gungor Kanbak4

Received: 29 December 2020 / Accepted: 29 January 2021 / Published online: 18 February 2021 
© Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
Gliomas are one of the most aggressive brain tumors with a poor prognosis in the central nervous system. Bexarotene is a 
third-generation retinoid X receptor agonist that is promising in the treatment of both cancer and neurodegenerative diseases. 
In this study, we aimed to investigate the cytotoxic and anti-proliferative effects of bexarotene in C6 glioma cells through the 
PPARγ/NF-κB pathway. In the study, first cytotoxic bexarotene concentrations for C6 cells were detected, and then apop-
tosis profile, reactive oxygen species (ROS), total antioxidant (TAS), 8-hydroxy-2′-deoxyguanosine (8-OHdG) and nuclear 
factor-κB (NF-κB) levels in the cells were determined. In addition, peroxisome proliferator-activated receptor γ (PPARγ) 
mRNA expression analysis was carried out. As a result, we detected concentration- and time-dependent antiproliferative 
effects of bexarotene on C6 cells. We found that bexarotene treatment decreased NF-κB and TAS levels and increased PPARγ 
and 8-OHdG levels in C6 cells. Bexarotene enhanced PPARγ expression in a dose-dependent manner when compared to 
the control group (P < 0.01). Furthermore, we determined that bexarotene-induced apoptotic C6 cells enhanced through 
Annexin V-FITC/PI staining and caspase-3/-7 activation analyses since phosphatidylserine level on the outer surface of the 
cell membrane and caspase-3/-7 activities were increased in the cells treated with bexarotene. In conclusion, bexarotene 
treatment in C6 glioma cells could modulate apoptosis profile, DNA damage, ROS production, and reduction of TAS levels 
through inhibition of NF-κB by enhancing PPARγ expression.
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Introduction

Glioblastoma is a primary malignant brain tumor that can 
occur in the brain or spinal cord originating from glial cells 
[1]. Gliomas are the most common tumors of the central 
nervous system (CNS) with their high proliferation and 
vascularization abilities [2]. Although revealing the current 
molecular mechanisms of gliomas led to the proposal of 
various innovative treatment strategies, there has not been 
discovered any successful clinical methodology [3]. How-
ever, thanks to molecular and genetic technological advances 
and understanding of the physiological and biochemical 
pathways of the disease, patient survival and quality of life 
can be maintained high with a more effective treatment. In 
particular, rat glioma cell lines provide an experimental 
model system for examining gliomas by simulating the basic 
cellular properties of human neoplastic gliomas. Rat C6 cell 
lines widely used in neuro-oncology exhibit the same histo-
logical characteristics as spindle-like cells simulating human 
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glioblastoma with a high mitotic index and up-regulation of 
oncogenes [4].

Bexarotene [Targretin; (4- {1- (3,5,5,8,8-pentamethyl-
5,6,7,8-tetrahydro-2-naphthyl) ethenyl} benzoic acid] is a 
synthetic compound that slightly resembles natural retinoids 
except for its isoprene backbone. Bexarotene has a lipophilic 
character with a molecular weight of 348.48 kD. Bexarotene 
is a synthetic retinoid analog and anti-neoplastic agent that 
acts through retinoid receptors (as RXR agonist) to regu-
late genes involved in cellular differentiation and growth 
[5]. Bexarotene was approved for use in cutaneous T-cell 
lymphoma (CTCL) by the Food and Drug Administration 
(FDA) and continues to be the second-line treatment for the 
cutaneous symptoms of CTCL. In addition to stopping the 
cell cycle in CTCL cell lines, bexarotene also inhibits cell 
proliferation through the induction of apoptosis accompa-
nied by caspase activation [6].

Peroxisome proliferator-activated receptors (PPARs) 
are ligand-activated transcription factors that play a role in 
various metabolic processes and regulate genes for cellu-
lar functions [7]. PPARs contain a DNA binding region at 
the N terminus, a flexible DNA binding region that specifi-
cally recognizes peroxisome proliferator response elements 
(PPRE), and a ligand-binding region at the C terminus. Fol-
lowing interaction with specific ligands, PPARs are trans-
ported to the nucleus where they change their structure and 
regulate gene transcription and heterodimerize with another 
nuclear receptor, the retinoid X receptor (RXR) [8]. PPARγ 
tightly regulates the expression of many genes, including 
G-protein coupled receptors, growth factors, antioxidant 
enzymes, stem cell genes, kinases, cytokines/chemokines, 
pro-inflammatory factors, ion channels, and transporters. 
The regulated genes can be divided into 3 main categories: 
(1) fatty acid/glucose metabolism, (2) inflammation/oxida-
tive stress/apoptosis, and (3) cancer [9]. PPARγ protects 
neurons and glial cells against oxidative damage, mitochon-
drial dysfunction, and apoptosis. PPARγ activates both the 
antioxidant response element (ARE) and antioxidant genes 
that are critical for the maintenance of redox homeostasis 
with PPRE regions [10].

Cumulative changes in cancer cells induce genetic 
changes that result in proto-oncogene activation and loss 
of tumor suppressors through the production of proinflam-
matory cytokines, chemokines, and reactive oxygen species 
(ROS). PPARγ, which is expressed in various cell types and 
can manipulate cell growth and apoptosis, is important in 
the regulation of nuclear factor -κB (NF-κB) activation [11]. 
NF-κB activation is a key regulator of signaling pathways 
that can stimulate cell proliferation, growth, and migration 
[12]. A previous study reported that PPAR overexpression 
in cancer cells induced apoptosis significantly by inhibit-
ing the expression of anti-apoptotic proteins by suppress-
ing the activity of NF-κB [13]. NF-κB promotes cancer 

cell proliferation and survival by inducing the production 
of ROS that causes DNA chain damage, oncogenic muta-
tions, and disruption of cell cycle control mechanisms [14]. 
Also, NF-κB can trigger epigenetic changes as well as chro-
mosomal abnormalities, leading to nuclear DNA double-
strand breaks [15]. It was reported that ROS production or 
a decrease in antioxidant defense mechanisms caused DNA 
damage-stimulated NF-κB upregulation [16].

Clinical trials of bexarotene are currently ongoing; 
however, its therapeutic responses have not been entirely 
unfolded. Additionally, although therapeutic approaches 
have been suggested for various molecular signaling path-
ways in gliomas, there is no successful treatment method in 
clinical studies yet. Therefore, in our study, we chose the 
C6 cell line as it would provide a basis for in vivo models 
that are more suitable and predictive for new therapeutic 
agents and treatment strategies in the treatment of glioma 
tumors. This study aims at investigating the effects of bex-
arotene treatment on cell proliferation via the PPARγ/NF-κB 
signaling pathway in C6 glioma cells. We hypothesize that 
bexarotene inhibits the viability of C6 cells by increasing 
ROS production, caspase activity, and PPARγ expression via 
regulating the activation of NF‑κB and antioxidant mecha-
nisms. In the current study, PPARγ levels, NF‑κB levels, 
ROS levels, caspase 3/7 levels, total antioxidant levels 
(TAS), and 8-hydroxy-2′-deoxyguanosine (8-OHdG) levels 
were measured to determine the effects of bexarotene on 
these signaling pathways. Our results could provide new 
insights into new cancer therapeutic strategies by indicating 
the anti-proliferative and anti-cancer effects of bexarotene 
on gliomas.

Materials and methods

Cell culture and bexarotene treatment

Rat C6 glioma cell line from the American Type Culture 
Collection (ATCC, Rockville, MD, USA) was incubated 
in Dulbecco’s Modified Eagle Medium (DMEM) (Sigma-
Aldrich, St. Louis, MO, USA) containing 10% (v/v) fetal 
bovine serum (FBS; Gibco, Grand Island, NY) plus 1% 
(v/v) penicillin–streptomycin (100 U/ml–100 µg/ml respec-
tively) (Sigma-Aldrich) at 37 °C in a humidified atmosphere 
containing 95% air and 5% CO2. The cells grew at 80–90% 
confluency in 75 cm2 cell culture flasks and separated 
with 0.25% trypsin-1 mM ethylenediaminetetraacetic acid 
(EDTA) solution (Thermo Fisher Scientific, Waltham, MA, 
USA).

100 mM stock of bexarotene (Sigma-Aldrich) was pre-
pared and used by diluting the experiment day freshly 
and filtering with 0.21 μm filters. For 3-(4,5-dimethyl-
thiazol-2-Yl)-2,5-diphenyltetrazolium bromide (MTT, 
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Sigma-Aldrich M5655) analysis, C6 cells were cultured in 
96-well plates (at a density of 15 × 103 cells per well) and the 
adhered cells were treated with 12.5, 25, 50, 100, 200, 400 
and 800 µM bexarotene for 24, 48 and 72 h. Following the 
bexarotene incubation, cells were incubated with 100 µL of 
0.5 mg/mL freshly prepared MTT solution for 3 h at 37 °C 
in the dark. After the incubation, the supernatant was dis-
carded and the formazan crystals formed were dissolved in 
100 µL 100% DMSO. Finally, the absorbance values of each 
well were measured at 570 nm using a microplate reader 
(800TS, BioTek Instruments, Winooski, Vermont, USA). 
To calculate cell viability, cells not treated with bexarotene 
were considered as the control group and these cells were 
assumed to be 100% viable. The following formula was used 
to calculate the percent viability of C6 cells untreated and 
treated with bexarotene:

The 25% (IC25), 50% (IC50), and 75% (IC75) concentra-
tions of bexarotene were determined by the respective plot 
according to the MTT results. The 25, 50, and 75 µM bex-
arotene concentrations were used for biochemical analysis.

Cell lysate preparation and biochemical analysis

For biochemical analyses, C6 cells (5 × 103) were grown in 
a 96-well plate and the cohesive cells were treated with 25, 
50, and 75 µM bexarotene concentrations for 24 h. Follow-
ing treatment, the cells were washed with phosphate buffer 
(PBS; pH 7.4), and adhered cells were separated from the 
plate with the aid of trypsin and then the pellets were col-
lected in an Eppendorf tube by centrifugation at 1000xg for 
5 min at 4 °C. The pellets were washed 2 times in PBS, and 
then the pellets resuspended in 500 mL of radioimmunopre-
cipitation assay (RIPA, Santa Cruz Biotechnology, USA) in 
lysis buffer were incubated with RIPA for 20 min at 4 °C in 
an orbital shaker (Isolab). Consequently, the pellets were 
centrifuged to obtain cell debris at 10000xg for 20 min at 
4 °C.

PPARγ, NF-κB, 8-OHdG, and TAS levels in the cell 
lysates treated with IC25, IC50, and IC75 concentrations 
of bexarotene were measured according to the manufac-
turer’s instructions using commercially available ELISA 
kits (SEA886Ra, SEB824Ra, CSB-E10526r, and Rel Assay 
Diagnostics TAS, respectively).

Analysis of ROS production

A commercially available kit (MCH100111, Merck Milli-
pore) based on the reaction of dihydroethidium (DHE) with 
superoxide anions was used to detect ROS formation in C6 

(Absorbance of the bexarotene treated cells − Absorbance of blank)

∕ (Absorbance of the untreated cells −Absorbance of the blank) × 100

cells incubated with IC25, IC50, and IC75 bexarotene con-
centrations for 24 h. Briefly, first of all, all chemicals were 
brought to room temperature. Following, 10 μL of the treated 
and untreated cell suspension (2 × 106) was taken and 190 μL 
of Muse® Oxidative Stress Reagent working solution was 
added and mixed thoroughly by pipetting. The mixture was 
incubated at 37 °C for 30 min and then measured in a Muse® 
Cell Analyzer.

Quantitative real‑time reverse 
transcription‑polymerase chain reaction for PPARγ

The PPARγ/β-actin mRNA ratio was determined by quanti-
tative real-time reverse transcription-polymerase chain reac-
tion (RT-PCR) analysis of PPARγ mRNA expressions in C6 
cells (2 × 106) untreated and treated with bexarotene for 24 h. 
To briefly explain, the RT-PCR procedure, total RNA was 
extracted using an RNA isolation kit (BS88133/BS88136, 
Bio Basic, Canada) according to the manufacturer’s instruc-
tions. After the purified RNA was washed in RNase-free 
water, measurements were made by NanoDrop™ 2000/2000c 
(Thermo Fisher Scientific, USA) using the OD260/OD280 
ratio to determine its quality and concentration. Synthesis of 
cDNA from total RNA was performed according to the manu-
facturer’s instructions using the SuperScript™ IV One-Step 
RT-PCR System (12,594,100, Thermo Fisher Scientific).

The PPARγ and β-actin primers were as follows: PPARγ 
forward primer 5′-CCC TTT ACC ACG GTT GAT TTC 
TC-3′, and the reverse primer 5′-GCA GGC TCT ACT TTG 
ATC GCA CT-3′; β-actin forward primer 5′-GTG GGG CGC 
CCC AGG CAC CA-3′ and the reverse primer 5′-CTT CCT 
TAA TGT CAC GCA CGA TTT C-3’.

SYBR Green Master Mix (Applied Biosystems, USA) 
was used to amplify cDNA according to the manufacturer’s 
instructions in the StepOnePlus™ Real-Time PCR System 
(ThermoFisher Scientific) and its software program. The ther-
mal cycling profile was as follows: a pre-incubation step for 
10 min at 95 °C, followed by 45 cycles of denaturation step at 
95 °C for 10 s, annealing step at 55 °C for 1 min, and exten-
sion step at 72 °C for 10 s. PPARγ and β-actin transcription 
levels were determined according to the post-amplification Ct 
values. β-actin mRNA levels were used as an internal standard, 
and the relative expression was determined using the formula 
2¯ΔΔCT.

Annexin V‑FITC/PI staining and caspase 3/7 
for apoptosis profile

Annexin V-fluorescein isothiocyanate (FITC) staining/PI 
(propidium iodide) cross staining kit (Merck Millipore, Ger-
many) was used to evaluate bexarotene-induced apoptosis in 
C6 cells. Shortly, C6 cells (2 × 106) were grown in six-well 
plates and adherent cells were incubated with 25, 50, and 
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75 µM bexarotene concentrations for 24 h. Subsequently, the 
cells were detached with trypsin and washed with PBS. Fol-
lowing, the cells were incubated with 5 μL Annexin V-FITC 
and 1 μL propidium iodide at 25 °C for 15 min in the dark. 
After incubation, cells were analyzed for apoptotic cell death 
by flow cytometry (Muse® Cell Analyzer, Merck Millipore, 
Germany).

The apoptotic status in the bexarotene-treated groups 
and control group cells was determined by measuring the 
activation of caspase-3/7. Quantitative measurement of via-
ble, early and late apoptotic and dead cells was performed 
using the Muse® Caspase-3/7 kit (MCH100108, Merck 
Millipore). To summarize, early apoptotic, late apoptotic 
and dead cells were determined with the aid of a dead cell 
marker (7-AAD) based on cellular plasma membrane perme-
ability. The cells (2 × 106) were incubated with 25, 50, and 
75 µM bexarotene concentrations for 24 h. Following, the 
trypsinized cells were washed with PBS and 5 μL of Muse® 
Caspase-3/7 working solution was added to 50 μL of cells. 
After 30 min of incubation at 37 °C, 150 μL of 7-AAD was 
added to the cell medium, and then mixed thoroughly and 
measured on Muse® Cell Analyzer.

Statistical analysis

All experiments were performed as a triple repetition of 
three independent experiments and results are expressed as 
mean ± standard deviation (SD). The results were analyzed 
statistically using GraphPad Prism software 7 (GraphPad 
Software, San Diego, CA, USA). One-Way Analysis of Vari-
ance (ANOVA) was used to identify differences between 
experimental groups followed by Tukey Post hoc analysis. 
P < 0.05 was considered to indicate statistical significance.

Results

Inhibitory effects of bexarotene on C6 cell viability

The effects of bexarotene on cell viability are shown in 
Fig. 1. Bexarotene between 0 and 800 µM concentrations 
was applied to C6 cells for 24, 48, and 72 h. The cells 
showed a concentration- and time-dependent decrease fol-
lowing bexarotene treatment. Notably, we could not detect 
any cell at the bexarotene concentrations of 100 µM and 
above. Notwithstanding, no significant decrease in cell via-
bility was found in the treatment of 12.5 µM bexarotene con-
centration for 24 h and 48 h (a decrease by 3.7% and 5.2%, 
respectively; P > 0.05 vs control) as well as in the treatment 
of 25 µM bexarotene concentration for 24 h (a decrease by 
4.1%; P > 0.05 vs control).

The cells incubated with 12.5 µM bexarotene for 72 h 
resulted in a 28.6% reduction compared to the control group 

(P < 0.05). Besides, 25 µM bexarotene treatment for 48 and 
72 h showed a 35.2% and 41.8% reduction in C6 cells com-
pared to the control group, respectively (P < 0.01). The C6 
cells treated with 50 µM bexarotene for 24 and 48 h caused 
a decrease of 48.3% and 97.1%, respectively, compared 
to the control group, while the 72 h treatment completely 
suppressed the cell viability. According to MTT analysis 
results, IC25, IC50, and IC75 concentrations of bexarotene 
were found to be 25, 50, and 75 µM, respectively. In further 
analysis, C6 cells were incubated with IC25, IC50, and IC75 
concentrations of bexarotene for 24 h.

Bexarotene regulated PPARγ, NF‑κB, 8‑OHdG, 
and TAS levels in C6 cells

PPARγ, NF-κB, 8-OHdG, and TAS levels in C6 cells incu-
bated with IC25, IC50, and IC75 concentrations of bexar-
otene are presented in Fig. 2. Generally, PPARγ, NF-κB, 
8-OHdG, and TAS levels exhibited a concentration-depend-
ent increase in the bexarotene-treated cells. The cells incu-
bated with 25, 50, and 75 µM bexarotene concentrations 
for 24 h demonstrated a statistically significant increase of 
47.2%, 94.8%, and 141.6% in PPARγ levels compared to the 
control group, respectively (Fig. 2a).

C6 cells treated with 25 µM bexarotene concentration 
showed a moderate decrease in NF-κB levels (Fig.  2b, 
P > 0.05). However, the treatment of 50 and 75 µM bex-
arotene concentrations caused a decrease in NF-κB levels 
of 23.6% and 27.1%, respectively (P < 0.01). Thus, NF-κB 

Fig. 1   Cell viability percentages of C6 cells untreated and treated 
with bexarotene (0–800  µM) according to MTT results. *: P < 0.05 
compared to the control. **: P < 0.01 compared to the control
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production in C6 cells was suppressed due to the increase in 
bexarotene concentration.

Bexarotene treatment upregulated 8-OHdG levels in C6 
cells (Fig. 2C). The cells treated with bexarotene concentra-
tions (25, 50, and 75 μM) for 24 h increased 8-OHdG levels 
(P < 0.01 vs control). The maximum increase in 8-OHdG 
levels was observed in cells treated with 75 µM bexarotene 
(an increase by 91.5%, P < 0.01 vs control).

The decrease in TAS levels is closely related to the 
increase in oxidative burden in the bexarotene-treated cells. 
C6 cells treated with bexarotene concentrations (25, 50, and 
75 µM) for 24 h decreased TAS levels (Fig. 2d). The maxi-
mum decrease in TAS levels was observed in cells treated 
with 75 µM bexarotene; this value is 40.6% lower than 
that detected in the control group (P < 0.01). Furthermore, 
12.5% (P < 0.05 vs control) and 37.2% (P < 0.01 vs control) 
decreases in TAS levels were observed in C6 glioma cells 

treated with 25 and 50 µM bexarotene concentrations for 
24 h, respectively.

Oxidative stress stimulated by bexarotene

Excessive ROS accumulation in cancer cells can trigger 
oxidative mechanisms that induce cell damage and death 
pathways. ROS generation levels were measured to evaluate 
oxidative stress in C6 cells treated with bexarotene. ROS 
levels in the groups treated with bexarotene for 24 h and 
control cells are shown in Fig. 3. Figure 3 shows the image 
providing data on living cells (M1) and ROS-producing 
cells (M2). It is noteworthy that ROS accumulation in the 
bexarotene-treated cells showed a concentration-dependent 
increase. C6 cells after 24 h treatment with IC75 bexarotene 
concentration were determined to have higher ROS levels 
(a rate of 72.59%) than the other groups (Fig. 3d, P < 0.01).

Fig. 2   PPARγ, NF-κB, 8-OHdG, and TAS levels in C6 glioma cells treated with 25, 50, and 75  µM bexarotene concentrations for 24  h. A: 
PPARγ levels, B: NF-κB levels, C: 8-OHdG levels, D: TAS levels. *: P < 0.05; **: P < 0.01



	 Medical Oncology (2021) 38:31

1 3

31  Page 6 of 11

Effect of bexarotene on PPARγ mRNA levels of C6 
cells

PPARγ mRNA levels in the C6 cells treated and untreated 
were measured. PPARγ mRNA levels in bexarotene-treated 
groups were significantly different from the controls (Fig. 4). 
Besides, the PPARγ mRNA expression depends on the bex-
arotene concentration. The PPAR-γ mRNA levels increased 
significantly in a concentration-dependent manner compared 
to the control. The PPAR-mRNA levels of cells treated with 
IC75 bexarotene concentration increased approximately two-
fold compared to the control group (P < 0.01).

Bexarotene triggered apoptotic cell death in C6 cells

Phosphatidylserine is used to evaluate apoptotic cell death 
by translocating to the outer surface of the cell membrane 
during apoptosis. Annexin V-FITC binds to phosphatidylser-
ine on the outer surface of apoptotic cells and provides data 
on the apoptotic status of the cells by flow cytometric anal-
ysis. A concentration-dependent increase in apoptotic cell 
death was detected after 24 h bexarotene treatment (Fig. 5). 
The treatments with IC25, IC 50 and IC75 bexarotene 

Fig. 3   ROS values in C6 glioma cells treated with bexarotene for 24 h. a Control group, b 25 µM bexarotene-treated group, c 50 µM bexarotene-
treated group, d 75 µM bexarotene-treated group. ROS: Reactive oxygen species

Fig. 4   PPARγ expression level in C6 glioma cells untreated and 
treated with bexarotene for 24 h. PPARγ mRNA expression was ana-
lyzed by real-time polymerase chain reaction and β-actin was used as 
the internal control. **: P < 0.01
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concentrations reduced viable cell ratio by 25.8%, 43.6% and 
64.3%, respectively (P < 0.01). Remarkably, the early apop-
totic cells ratio (31.85%) in the cells treated with 50 µM bex-
arotene was higher than the other treatment groups (Fig. 5c). 
As shown in Fig. 5d, the highest late apoptotic cell rate and 
death rate were found in cells treated with 75 µM bexarotene 
for 24 h (29.6% and 6.4%, respectively).

Caspase 3/7 activation is an important factor in initiat-
ing and promoting the apoptotic cell death. C6 glioma cells 

treated with 25, 50, and 75 µM bexarotene for 24 h were 
found to increase caspase-3/7 activation (Fig. 6). Expo-
sure to 25 and 50 µM bexarotene did not show a significant 
decrease in apoptosis when compared to control (Fig. 6b and 
Fig. 6c; 3.2% and 3.18%, respectively; P > 0.05), although 
the viability of C6 cells was notably reduced. Importantly, 
the caspase-3/7 activation was distinctly enhanced by a 
ratio of 55.04% in C6 cells treated with 75 µM bexarotene 
(Fig. 6d; P < 0.01 vs control).

Fig. 5   Apoptosis profiles of bexarotene-treated C6 cells by Annexin V-FITC/PI staining. a Control group, b 25 µM bexarotene-treated group, c 
50 µM bexarotene-treated group, d 75 µM bexarotene-treated group
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Discussion

The study aimed to explore whether bexarotene exposure 
at different durations (24, 48 and 72 h) and concentrations 
(0–800 µM) could cause anti-tumoral effects in C6 glioma 
cells by triggering various biochemical mechanisms. We 
determined three cytotoxic doses (IC25, IC50, and IC75) 
for C6 cells and analyzed oxidative, apoptotic and DNA 
damage mechanisms through the PPARγ/NF-κB signaling 
pathway. Interestingly, we found that bexarotene treatment 
upregulated PPARγ levels and lowered NF-κB in C6 cells, 

suggesting that PPARγ and NF-κB regulation induce DNA 
damage by inducing oxidative and apoptotic mechanisms.

Bexarotene, an RXR agonist with high blood–brain bar-
rier permeability, is the third-generation retinoid used for the 
treatment of CTCL [17]. This synthetic retinoid shows its 
biological effect by forming heterodimers with many nuclear 
receptors, particularly PPARs, through RXR activation [18]. 
PPARs, which are nuclear receptor proteins, regulate cellu-
lar differentiation, proliferation, and metabolism as well as 
the expression of genes associated with the tumoral activity 
as transcription factors. Wang et al. [19] showed that bex-
arotene exposure hampered cell proliferation by reducing 

Fig. 6   Caspase-3/7 activation in C6 glioma cells treated with bexarotene for 24 h. a Control group, b 25 µM bexarotene-treated group, c 50 µM 
bexarotene-treated group, d 75 µM bexarotene-treated group
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adhesion in CTCL lineages (MJ, HuT78, HuT102, and 
SeAx). In another report, bexarotene treatment in malig-
nant breast cells was shown to inhibit cell proliferation 
and tumor formation by preventing the cell cycle from G1 
to S phase through G1 blockade [20]. Consistent with the 
aforementioned studies, we found a concentration- and time-
dependent decrease in the C6 glioma cells treated with bex-
arotene. However, we detect an insignificant reduction in cell 
proliferation at the bexarotene concentrations 12.5 µM for 
48 h as well as 25 µM for 24 h. A previous study reported 
the effect of bexarotene (0.1 µM and 10 µM) on MJ, Hut78, 
and HH cell lines for 24, 48, 72, and 96 h [21]. In this study, 
the cell viability in MJ, Hut78 and HH cell lines treated 
with 0.1, 1, and 10 µM bexarotene for 96 h was reduced 
by approximately 26.3%, 35.4%, and 40.8%, respectively, 
whereas the cell viability in C6 treated with 50 µM bexaro-
tene for 24 decreased by 48.3%. In contrast, bexarotene has 
been shown to significantly preserve the viability of neurons 
against glutamate excitotoxicity in mouse primary cortical 
neuron cultures containing 90% neurons and 10% glial cells 
[22]. Recently, it was reported that bexarotene inhibited the 
viability of cancer cells and prevented tumor formation [23], 
especially by restricting the proliferation of glioblastoma 
cells [24]. These data suggest that cancer cells, especially C6 
glioma cells, are more sensitive to bexarotene than normal 
neurons.

ROS causes oxidation of cellular macro-biomolecules 
(DNA, proteins, and lipids) [25]. High proliferation of can-
cer cells results in increased ROS production and abnormal 
redox homeostasis. [26] Cancer cells prevent oxidation of 
ROS-induced biomolecules and induction of apoptosis by 
upregulating antioxidant defense mechanisms to optimize 
oxidative burden [27]. This antioxidant capacity in tumor 
cells obstructs excessive ROS production, allowing resist-
ance to apoptosis [28]. However, excessive ROS accumu-
lation causing anti-tumorigenic effects in cancers induces 
increased oxidative stress and DNA damage along with 
genomic instability [29]. As a result, when cellular levels of 
antioxidants fail to combat oxidants, biological molecules 
and cells are damaged and thus excessive induction of ROS 
production causes death in cancers. In this study, we found 
that ROS production and DNA damage were increased in 
a dose-dependent manner in C6 cells treated with bexaro-
tene, while cell proliferation was suppressed. Additionally, 
bexarotene-induced ROS production in C6 cells was propor-
tional to the decreased TAS levels. Similarly, PPAR agonist 
treatment in C6 glioma cells failed to alter the expression 
and enzymatic activity of catalase, an important antioxidant 
enzyme [30]. 8-OHdG, which is formed as a result of the 
interaction of nucleobases in the DNA helix with ROS, is 
the most abundant DNA lesion and a potential biomarker 
[31]. Moreover, we showed that the increase in cellular ROS 
levels causes DNA damage, increasing 8-OHdG levels. 

Consistently, Bhuyan et al. [32] also reported that bexarotene 
treatment increases ROS production by inducing oxidative 
stress in erythrocytes.

Caspases are a family of cysteine-dependent aspartate-
specific proteases that are critical in initiating programmed 
cell death through extrinsic and intrinsic pro-apoptotic 
signal mechanisms [33]. Some of these are called effec-
tor caspases (caspase-3, -6, and -7), which are activated by 
the initiator caspases (caspase-8, -9, and -10) to promote 
apoptotic processes and involved in the main demolition of 
the cell by proteolysis of structural proteins. The activation 
of caspase-3/7, which coordinates the destruction phase 
of apoptosis, is a characteristic feature of apoptosis [34]. 
PPARγ activation with PPARγ agonists can induce apoptosis 
in glioma cells through several signaling pathways, such as 
increasing the expression of pro-apoptotic proteins in cancer 
cell lines or causing the release of cytochrome c to the cyto-
sol by altering the mitochondrial membrane potential [35]. 
A previous study reported that PPARγ activation decreased 
the expression of the anti-apoptotic protein and increased the 
expression of the apoptotic protein in the A375 cell line [36]. 
In another study, Ai et al. [23] pointed out that the expres-
sion of anti-apoptotic proteins and tumor suppressor genes 
were decreased, while caspase-3/-7 activity was increased 
in bexarotene-treated A549 cells. Recently, bexarotene and 
its derivatives have been shown to induce apoptosis in C6 
and U-87 MG glioma cells via the caspase-3 and caspase 9 
activation pathways [23]. Similarly, we found as a result of 
caspase-3/-7 activity and Annexin V assays that bexarotene 
treatment in C6 glioma cells promoted apoptosis by enhanc-
ing the expression and activation of PPARγ. These results 
might be promising for anti-cancer drug resistance in the 
treatment of gliomas.

One of the remarkable results of this study was that bex-
arotene as a PPARγ agonist upregulated PPARγ expression 
and subsequently inhibited proliferation of C6 cells, which 
correlated with previous studies. In particular, bexarotene 
mediates the potential of PPARγ to inhibit inflammation, 
angiogenesis and metastasis [37]. NF-κB, the main regulator 
of adaptive immune reactions, induces migration and inva-
sion by inhibiting apoptosis and promoting cell prolifera-
tion. Especially, NF‑κB, structurally active in cancer cells, 
upregulates oxidative stress and DNA damage as well as 
necrotic cell death [12]. Physical interaction of PPARγ with 
NF-κB was reported to inhibit the NF-κB signaling path-
way by reducing the NF-κB binding affinity on inflammatory 
promoters [38]. In the study of Hwang et al. [39], doco-
sahexaenoic acid treatment in MCF‑7 breast cancer cells was 
demonstrated to cause NF-κB inhibition through the increase 
in PPARγ expression. They found that PPARγ-dependent 
NF-κB suppression inhibits the proliferation and invasion 
of cells. Also, previous studies reported that inactivation or 
inhibition of NF-κB in C6 glioma cells triggered apoptosis 
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by downregulating anti-apoptotic proteins as well as upreg-
ulating apoptotic protein proteins, thereby activating the 
caspase cascade [40, 41]. In the current study, consistently, 
PPARγ expression and activation levels increased, while 
NF-κB levels decreased in C6 cells treated with bexarotene. 
Moreover, the decrease in NF-κB levels was correlated with 
increased caspase-3/-7 activation. Therefore, in our study, 
inhibition of NF-κB by PPARγ may have suppressed the 
proliferation of C6 glioma cells and triggered apoptosis.

Conclusion

To summarize, bexarotene as a PPARγ agonist showed a 
concentration- and time-dependent anti-tumoral effect in C6 
glioma cells. The increase in cellular PPARγ levels induced 
DNA damage and apoptosis by causing NF-κB inhibition. 
Besides, an increase in oxidant levels and a decrease in anti-
oxidant levels were observed in bexarotene-treated cells. 
This study demonstrates the cytotoxic effects of bexarotene 
through the PPARγ/NF-κB signaling pathway in glioma 
cells. The important drawback of this study may be that our 
study design was not supported by an in vivo model. Bex-
arotene has a potency to be a promising therapeutic agent 
for the treatment of neuroblastomas. We think that our study 
will provide important data for future studies on enlighten-
ing the other action mechanisms of bexarotene.
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