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Abstract

Glioblastoma, a highly aggressive and lethal brain cancer, lacks effective treatment options and has a poor prognosis. In our
study, we explored the potential anti-cancer effects of sodium butyrate (SB) and celastrol (CEL) in two glioblastoma cell lines.
SB, a histone deacetylase inhibitor, and CEL, derived from the tripterygium wilfordii plant, act as mTOR and proteasome
inhibitors. Both can cross the blood—brain barrier, and they exhibit chemo- and radiosensitive properties in various cancer
models. GB cell lines LN-405 and T98G were treated with SB and CEL. Cell viability was assessed by MTT assay and IC50
values were obtained. Gene expression of DNA repair, apoptosis, and autophagy-related genes was analyzed by RT-PCR.
Cell cycle distribution was determined using flow cytometry. Viability assays using MTT assay revealed IC50 values of
26 mM and 22.7 mM for SB and 6.77 pM, and 9.11 pM for CEL in LN-405 and T98G cells, respectively. Furthermore, we
examined the expression levels of DNA repair genes (MGMT, MLH-1, MSH-2, MSH-6), apoptosis genes (caspase-3, cas-
pase-8, caspase-9), and an autophagy gene (ATG-6) using real-time polymerase chain reaction. Additionally, flow cytometry
analysis revealed alterations in cell cycle distribution following treatment with SB, CEL and their combination. These findings
indicate that SB and CEL may act through multiple mechanisms, including DNA repair inhibition, apoptosis induction, and
autophagy modulation, to exert their anti-cancer effects in glioblastoma cells. This is the first study providing novel insights
into the potential therapeutic effects of SB and CEL in glioblastoma.
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HDAC inhibitors (HDACi) [5]. Chemo- and radiosensi-
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treatments for GB. Sodium butyrate (SB), an HDACi derived
from a fatty acid, has gained attention due to its ability to
inhibit class I and Ila HDACs [6, 7]. Preclinical investiga-
tions have established the anti-neoplastic effects of sodium
butyrate, both as a monotherapy and in combination with
other chemotherapeutic agents, across various cancer types
[8—12]. While the blood-brain barrier (BBB) represents a
critical impediment to achieving effective treatments for GB
[4], SB effectively overcomes this hurdle by exhibiting a
remarkable ability to readily cross the BBB [13]. Although
several effects of SB have been elucidated in preclinical can-
cer models, further investigations are warranted to validate
the therapeutic potential of SB in the management of GB.

Celastrol (CEL), Chinese herbal medicine, is a triterpe-
noid and the most promising bioactive component isolated
from the tripterygium wilfordii plant. CEL is an mTOR
inhibitor and a proteasome inhibitor [14, 15] and has potent
anti-inflammatory effects. CEL has been used in obesity,
several inflammatory diseases like Crohn ‘s disease, rheu-
matoid arthritis, and many other diseases with preventive
and therapeutic purposes [16]. Recently, a growing body of
literature also recognizes the anti-cancer effects of CEL on
various cancers [17]. We have previously shown that CEL
alone and in combination with 5-Floururacil has decreased
viability in GB cells [18]. CEL inhibits angiogenesis, vas-
culogenic mimicry, and tumor growth in GB models [19].
Further studies are needed to elucidate molecular mecha-
nisms and therapeutic effects of CEL in GB.

The combined use of SB, HDACI, and CEL as a proteas-
ome inhibitor could serve as a significant model in the devel-
opment of cancer treatment approaches. This is because the
potential activation of tumor suppressor genes by SB and the
accumulation of ubiquitinated proteins through proteasomal
inhibition by CEL may present a novel therapeutic modality
for GB treatment. Therefore, this study aims to investigate
the likely therapeutic effect of the combined use of SB and
CEL on GB cells. Herein, we have shown for the first time
the anti-cancer effects of SB and CEL via the investigation
of DNA repair, apoptotic, autophagic, and cell cycle effects
in GB cell lines.

Materials and methods
Cell culture and reagents

LN-405 and T98G glioblastoma cell lines were used in this
study. In an incubator with 5% CO2 at 37 °C, 95% humidity
environment, in addition to 10% FBS, 1% Penicillin—Strepto-
mycin, LN-405, and T98G cell lines were grown in DMEM
media, and in RPMI-1640 media respectively.

SB (B5887) and CEL (C0869) were purchased from
Sigma-Aldrich. SB and CEL were prepared by dissolving
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in water and DMSO, respectively, according to the manu-
facturer ‘s protocol. 5, 10, 15, 20, 25, 30, 40, and 50 mM for
SB; 0.5,1,2,3,4,5, 6, 8, and 10 uM concentrations were
used for CEL.

Viability assay with MTT

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) analysis was performed, and inhibitory doses
IC5, (Inhibitory dose) of SB and CEL were determined on
LN-405 and T98G cell lines. Trypsinized cells were seeded
in 96-well plates with 8000 cells per well for MTT analysis.
After overnight incubation at 37 °C, the cells in the plates
were serum starved for 8 h to equalize the cell cycles. At the
end of this period, 5, 10, 15, 20, 25, 30, 40, and 50 uM for
SB; 0.5,1,2,3,4,5, 6,8, and 10 uM concentrations were
prepared for CEL. The prepared concentrations were given
to the cells in 100 pl of medium in each well of the plate.
At the end of the 72-h incubation period, the medium was
discarded, and the MTT mixture was added to each well
with a final MTT concentration of 0.5 mg/ml in 100 pl of
medium, and the cells were incubated at 37 °C for 3 h in
the incubator. At the end of the period, the medium was
discarded, and 100 pl of lysing solution was added to each
well. Thus, formazan crystals formed by living cells were
dissolved. After the formazan crystals were dissolved, the
absorbance values of each well at 570 nm were determined
in the spectrophotometer. The ICs, values of the cells were
determined from the absorbance values with the GraphPad
Prism program.

Total RNA isolation and cDNA synthesis

SB and CEL molecules alone and in combination at concen-
trations of IC50 values were applied to T98G and LN-405
cell lines and incubated for 72 h. Trizol was used for total
RNA isolation, and qualitative evaluation was performed
using 1% agarose gel. The quantity and purity of RNAs
were evaluated using the Biodrop device. To determine the
expression levels of targeted genes, cDNA synthesis was
performed with the GeneAll HyperScriptFirst Strand Syn-
thesis Kit (Catalog: 601-005) according to the manufacturer
‘s protocols.

Real-time polymerase chain reaction (RT-PCR)

Gene expression analyses were performed in LN-405 and
T98G cell lines after 72 h of incubation at ICs, values of
SB and CEL alone or in combination. DNA repair (MLH1,
MSH?2, MSH6, and MGMT), apoptosis (caspase 3, caspase
8, and caspase 9), and autophagy (Atg6) pathway gene
expressions were examined in both cell lines. GAPDH was
determined as the control gene. Gene RealAmp SYBR qPCR
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Master mix kit was used to determine gene expression pat-
terns. Three independent replicates were made for each
sample. The 2-AACt formulation was used to determine the
relative difference that may occur between the expressions.

Flow cytometry

The cells were seeded in 25 cm? flasks at a density of 1X106
cells and treated with SB and CEL at IC50 concentrations.
The cells were then incubated for 72 h. At the end of the
72-h incubation period, the cells were trypsinized and cen-
trifuged at 1500 rpm for 5 min, and the supernatant was
discarded. The cell pellet was resuspended in 3 ml of ster-
ile PBS (without Ca+2 and Mg+2) and centrifuged again
at 1500 rpm for 5 min. This process was repeated twice.
Afterward, the supernatant was discarded, and 2 ml of sterile
PBS (without Ca+2 and Mg+2) was added to the pellet. The
supernatant was discarded again, and the pellet was resus-
pended by pipetting after adding 70 pl of RNase and 50 pl of
Propidium Iodide. Subsequently, the samples were incubated
at room temperature in the dark for 20 min. After incuba-
tion, the cells were filtered through a 37 pm nylon mesh and
transferred to a flow cytometer for analysis. Lastly, 10,000
cells were counted on a flow cytometry device (EPICS XL
MCL, Beckman Coulter), and cell cycle and DNA analysis
were performed. Bivariate DNA histograms of the ratio of
cells in GO/G1, synthesis, and G2/M phase and the ratio of
apoptotic cells were analyzed using the MCYCLE program
(Phonex Sys).

Statistics

The SPSS 15.0 package program was employed to conduct
the analysis of the obtained results. To examine the distribu-
tion of categorical variables among different groups, either
the Chi-square test or Fisher ‘s exact test was employed.
The outcomes are presented in tabular form, with descrip-
tive statistics such as frequency distributions and percent-
ages. Group comparisons for each genotype were performed
using one-way ANOVA. Tukey ‘s post-hoc test was used for
pairwise comparisons. A significance level of p <0.05 was
deemed statistically significant for this study.

Results
Cytotoxic effects of sodium butyrate and celastrol

The cytotoxic effect of SB and CEL was detected in both cell
lines at 72 h of incubation following drug administration.
The ICs, values of SB and CEL were found to be 26 mM and
6.77 pM and 22.7 mM and 9.11 pM for LN-405 and T98G
cell lines, respectively (Fig. 1).

Gene expressions
DNA repair genes (MGMT, MLH-1, MSH-2, MSH-6)

In both the LN-405 and T98G cell lines, a significant dif-
ference was observed in terms of MGMT gene expres-
sion between the control and SB groups, control and CEL
groups, and control and SB4+CEL groups (p <0.001).
Notably, all pairwise comparisons yielded significant
results (p <0.001) (Fig. 2a).

Furthermore, in the T98G cell line, a significant dif-
ference was found in terms of MGMT gene expression
between CEL and SB groups, as well as between CEL and
SB+CEL groups (p < 0.005 and p < 0.001, respectively).

Significant differences were observed in MLH-1 expres-
sion between the control group and all other groups in the
LN-405 and T98G cell lines (p < 0.001). Moreover, a sig-
nificant relationship was detected between SB+CEL and
both SB and CEL groups in the LN-405 cell line (p <0.001
and p =0.038, respectively) (Fig. 2b). In the T98G cell
line, a significant association was found in terms of
MLH-1 expression between the CEL group and both SB
and SB+CEL groups (p =0.006, p=0.023), respectively.

In both the LN-405 and T98G cell lines, there were
notable and statistically significant variations observed
in MSH-2 expression between the control group and all
other groups (p <0.001) (Fig. 2c). Moreover, significant
relationships were detected between SB4+CEL and both SB
and CEL in both the LN-405 and T98G cell lines regarding
MSH-2 expression (p=0.007 and p =0.005 for LN-405;
p=0.016 and p <0.001 for T98G cells).

In both the LN-405 and T98G cell lines, significant
and pronounced differences were observed in MSH-6
expression between the control group and all other groups
(p<0.001) (Fig. 2d). Similarly, a significant relationship
was detected between SB+CEL and both SB, as well as
between SB+CEL and CEL, in both cell lines (p < 0.05).

Apoptosis genes (CASP-3, CASP-8, CASP-9)

A statistically significant difference was observed in
CASP-3 gene expression between the control group and
all other groups in both the LN-405 and T98G cell lines
(p<0.001) (Fig. 3a).

Significant differences were noted in CASP-8 gene
expression between the control group and all other
groups across the LN-405 and T98G cell lines (p <0.001)
(Fig. 3b). Furthermore, a significant relationship was
observed between SB and CEL, as well as between SB
and SB + CEL for both cell lines (p < 0.001).
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Fig. 1 Cytotoxicity of SB and a
CEL in LN-405 and T98G cell

lines. MTT experiments were
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Additionally, a significant relationship was detected
between CEL and SB 4+ CEL only in the T98G cell line
(»=0.007).

In both the LN-405 and T98G cell lines, a statistically sig-
nificant difference was observed in CASP-9 gene expression
between the control group and all other groups (p <0.05)
(Fig. 3c). Furthermore, a consistent and significant relation-
ship was detected between CEL and SB, as well as between
CEL and SB+CEL, across both cell lines (p < 0.001 for all
pairwise comparisons).

Autophagy gene (ATG-6)
In the LN-405 cell line, a statistically significant relationship

was observed between CEL and all groups (p <0.001). In the
T98G cell line, this relationship was found to be statistically
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significant between the control and all groups, as well as
between SB and SB+CEL and between SB and SB+CEL
combinations (p <0.001) (Fig. 3d).

Cell cycle analysis

Cells were treated with SB and CEL at their respective
IC50 values in both cell series, and cell cycle analysis was
conducted using flow cytometry (Table 1). In the LN-405
cell series, significant differences in cell cycle distribution
were observed between SB and CEL (p =0.015), as well
as between the control and SB (p =0.006), and the control
and SB4+CEL (p=0.014) groups (Table 2). In the T98G cell
series, significant differences in cell cycle distribution were
found between the control and CEL (p =0.012), the control
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Fig.2 DNA repair gene expression levels in groups treated with SB,
CEL, and SB+CEL combination in LN-405 and T98G cell lines. The
cells were treated with IC50 values of SB and CEL. (a) MGMT, (b)

and SB+CEL (p=0.001), SB and SB+CEL (p=0.028), and
CEL and SB+CEL (p=0.042) groups (Table 2).

Discussion

GB is a highly aggressive brain tumor with limited ther-
apeutic options and a poor prognosis. Although different
approaches have been developed in the recent years, GB
patients have a low overall survival rate. Approaches modi-
fying epigenetics have been gaining importance. Targeting
HDAC:Ss is one of the most significant approaches. SB is
an HDAC inhibitor that has demonstrated anti-neoplastic
effects in various cancers, including GB. CEL, on the other
hand, is an mTOR and proteasome inhibitor with anti-
inflammatory and anti-neoplastic properties. In our study
aiming to propose a different approach for GB treatment, we
aimed to assess the combined effects of SB and CEL, which
have not been previously investigated in any cancer type.
In our study, the IC50 value of SB was found to be
26 mM for the LN-405 cell line and 22.7 mM for the T98G
cell line. Previous studies have reported that the IC50 value
of SB varies depending on time and dose, with a range of
1.5-20 mM [8, 9, 20-22]. In our study, it was observed that

MLH-1, (c) MSH-2, (d) MSH-6. Significance is shown only for rela-
tionships between the control group and other groups. *, **, and ***
denotes p <0.05, p<0.01, and p <0,001 respectively

T98G cells were more sensitive to SB compared to LN-405
cells. Although both of these cells are of GB origin, the dif-
ference in SB sensitivity indicates that their genomic and
epigenomic structures are different, and these differences
can lead to changes in many steps, from signaling pathways
to proliferation capabilities, and therefore their responses to
drugs may also differ. In our study, the IC50 value obtained
for SB at 72 h was found to be higher compared to the litera-
ture. This discrepancy is presumed to be due to the genetic
and epigenetic structures of LN-405 and T98G cells, as well
as the diversity of the test method and other cell culture fac-
tors used in the study.

Studies have demonstrated that CEL exhibits cytotoxic-
ity in different cancer cell lines, with varying IC50 values,
ranging from 1.2 to 5.6, depending on the duration of expo-
sure [23-28]. In the present study, distinct responses to CEL
were observed in two different cell lines, with IC50 values
of 6.77 pM for LN-405 and 9.11 pM for T98G. These find-
ings suggest that the response to CEL may be influenced by
metabolic and genomic heterogeneity, indicating the poten-
tial influence of variations in cellular characteristics on drug
sensitivity. Importantly, the obtained IC50 values of CEL in
this study were consistent with those reported in the litera-
ture, strengthening the reliability and validity of the findings.
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Fig.3 Apoptosis and autophagy gene expression levels in groups
treated with SB, CEL, and SB+CEL combination in LN-405 and
T98G cell lines. (a) CASP-3, (b) CASP-8, (¢c) CASP-9, and (d) ATG-
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To the best of our knowledge, there are no studies in
the literature investigating the effects of SB in the con-
text of MGMT, MLH1, MSH2, and MSH6 gene expres-
sions. However, one study indirectly attempted to explain
the anti-apoptotic mechanism of SB on glioma [29]. It
was suggested that SB induces the methylation of the
HEY1 gene, leading to increased DNA methyltransferase
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6. Significance is shown only for relationships between the control
group and other groups. *, **, and *** denotes p <0.05, p <0.01, and
p<0,001 respectively

Cell Cycle Analysis
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CEL SB+CEL Control SB CEL SB+CEL
T98G
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expression and subsequent anti-apoptotic effects through
the methylation of oncogenes. Furthermore, the methyla-
tion of the HEY1 gene, which increases the expression
of HDACs, has been reported to result in the decreased
expression of HDACs and thus indirectly contribute to
the HDAC inhibitory and anti-apoptotic effects of SB
[29]. Studies conducted on colon cancer have presented
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Table 2 p values of cell cycle analysis in LN-405 and T98G cell lines
following SB, CEL, and SB4+CEL treatments

Groups Pairwise Compari- LN-405 T98G
sons

Control SB 0.006 0.066
CEL 0.101 0.012
SB+CEL 0.014 0.001

SB CEL 0.015 0.679
SB+CEL 0.159 0.028

CEL 0.088 0.042

conflicting results regarding the relationship between SB
and repair genes [30, 31]. Coxhead et al. (2005) reported
that SB is more effective in MMR-negative cells, while
Sun et al. (2018) demonstrated that SB did not induce
apoptosis in MLH1-deficient cells [30, 31]. Bultman and
Jobin (2014) proposed that microbial-derived SB triggers
the proliferation of epithelial cells in the colon, suggesting
that SB may be an oncometabolite [32]. Studies on colon
cancer have shown that HDAC inhibition via SB can occur
through methylation [31] and that SB also has the poten-
tial to act as a methylation agent [33]. The data proposed
regarding the cellular effects of SB further emphasizes the
importance of investigating the effect of SB on GB. In our
study, SB treatment reduced the expression of MGMT,
MLHI1, MSH2, and MSH6 genes in both cell lines. The
decreased expression of repair genes may be associated
with the methylation potential proposed for SB in colo-
rectal cancer. Similarly to SB, there is a lack of studies
in the literature investigating the effects of CEL on the
expression of MGMT, MLH1, MSH2, and MSH6 genes.
After CEL treatment, the expression of the MGMT gene
was similar to the control in both cell lines. CEL reduced
the expression of MLH1, MSH2, and MSH6 genes in both
cell lines. This result suggests that CEL can be used in
combination with radiotherapy for GB treatment. When
SB and CEL were used together, the expression of the
MGMT gene was the same as the control in LN-405 cells
but decreased in T98G cells. This result indicates that the
combination of SB and CEL can overcome MGMT-medi-
ated resistance in GB. However, this combination partially
reduced the expression of MLH1, MSH2, and MSH6
genes. In general, the decrease in MMR gene expression
in cancer cells can lead to the accumulation of new muta-
tions. These new mutations can either lead to cell death
or increase genomic instability, making the cell more sus-
ceptible to radiotherapy. Therefore, SB and CEL can be
used together in GB. With this in hand, further studies are
needed to better elucidate the relationship between SB and
CEL. Additionally, further investigations, including the

base excision repair and PARP genes in the pathway, are
required for a more detailed understanding.

It is known that HDAC activity is increased in cancer
cells [10]. Therefore, using an HDAC inhibitor in cancer
treatment is a rational therapeutic approach. Although the
therapeutic relationship of SB as an HDAC inhibitor is
known in the literature, there are limited studies regarding
its apoptotic effects in GB [10, 29, 34]. It has been indi-
cated that SB inhibits cell proliferation and induces senes-
cence in the A172 glioma cell line, suggesting that the use
of SB in GB could be a treatment strategy [11]. In this study,
it was found that after SB was applied in both cell lines,
cells entered the apoptotic process via Caspase 9 without
autophagy. It is expected that a methyltransferase and HDAC
inhibitor agent like SB induces apoptosis without autophagy,
which is consistent with the literature [10, 29, 34].

There are several studies available on the mechanism of
cell death in cancer cells with CEL. Some of these publi-
cations report that CEL induces apoptotic cell death [17,
35-38], while others indicate its induction of autophagy
[39-41]. Additionally, it has been noted that CEL induces
the precursor death model of paraptosis before apoptosis
and autophagy [42]. Studies have also been conducted on
CEL in GB samples, demonstrating its induction of apop-
tosis (Cha et al., 2019) and autophagy [43]. In this study, it
was observed that the expression of Caspase 3 in LN-405
cells treated with CEL was at the same level as the control
group, while the expression of Caspase 9 increased threefold
compared to the control. In T98G cells, no change in Cas-
pase expression was detected. The lack of change in Caspase
expression suggests that CEL may exert cell-specific effects.
CEL treatment was shown to induce autophagy and apopto-
sis in HeLa cells parallel to paraptosis [42]. These processes
are likely due to the mechanism of action of proteasome
inhibitor molecules such as CEL. Accumulation of ubiqui-
tinated proteins leads to endoplasmic reticulum-mediated
vacuolization, and autophagy becomes an inevitable choice
for cells that want to rescue their organelles. Prolonged
autophagy will also trigger apoptosis.

In a limited number of studies demonstrating the combi-
nation use of HDAC inhibitors (HDACi) with proteasome
inhibitors in GB treatment [44—46], it has been reported
that the co-administration of the proteasome inhibitor Bort-
ezomib with HDACi molecules increases DNA damage and
induces apoptosis in glioma cells. A recent report suggests
that in silico analysis of the combined use of HDACi and
proteasome inhibitors could be effective in p53 mutant GB
treatment [47]. According to the limited literature avail-
able, the combination of HDACi and proteasome inhibitors
represents an important alternative treatment strategy for
GB. Therefore, in our study, we selected SB, an HDACi,
and CEL, a potent proteasome inhibitor, which both can
cross BBB easily. When SB and CEL were used together

@ Springer
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in LN-405 cells, it was observed that the apoptotic effect of
SB continued in the presence of CEL, but in T98G cells, it
decreased compared to the control. This indicates that T98G
cells are more resistant to both CEL and SB when combined,
compared to LN-405 cells. This finding is also supported by
cytotoxicity studies. The decrease in Atgb expression upon
the combination use of SB and CEL suggests that SB may
reduce the potential autophagic effect of CEL. The results
of both apoptosis and autophagy indicate that these two
molecules may support apoptosis rather than paraptosis
and autophagy processes in GB. This study is the first in
the literature to investigate SB and CEL ‘s apoptotic and
autophagic effects in GB.

When evaluating the effects of SB and CEL on cell
cycles, it is reported in the literature that SB causes cell
accumulation in GO/G1 phase [48] and blocks G1/S transi-
tion [34], while CEL induces G2/M arrest in various can-
cers, including glioblastoma [25, 36, 37]. In this study, it
was observed that both SB and SB+CEL treatments led to
apoptosis in the LN-405 cell line compared to the control,
and significant differences were found between the groups.
Furthermore, flow cytometry analysis demonstrated that SB
triggered the apoptotic process in both cell lines. The pres-
ence of an increase in the SubG1 population in the CEL-
treated group in the LN-405 cell line indicates the apop-
totic effect of CEL. However, the discrepancy between the
observed increase in the SubG1 population and the gene
expression results suggesting apoptotic tendency in T98G
cells may be attributed to the paraptosis process mentioned
above. This also suggests that CEL may exert cell-specific
effects at different levels.

Conclusions

Our study has provided significant findings regarding the
apoptotic, autophagic, and DNA repair mechanism effects
of SB and CEL, in addition to new cytotoxicity data. Fur-
thermore, it represents the first study in the literature inves-
tigating the impact of the combined use of SB and CEL on
DNA repair pathways, cell cycle, autophagy, and apoptosis
in GB. However, it is essential to acknowledge the limita-
tions of our study. Nevertheless, both agents can penetrate
the blood-brain barrier (BBB), which is an essential advan-
tage for further in vivo studies. Further in vivo studies and
patient-derived organoid studies should be conducted to
bring us one step closer to GB treatment. The data obtained
within the scope of this study have provided some key
insights into GB chemotherapeutic resistance with the use
of SB and CEL alone or in combination. In this context, it is
believed to offer preclinical foundational data for a potential
new treatment approach in GB.

@ Springer

Author Contributions BK, MG, JC, and MT conceived and designed
research. BK, MG, FNDE, HC and SC conducted experiments. MG,
FNDE, FT, SK and MT analyzed and visualized the data. MG, TK,
JC and MT wrote the manuscript. All authors read and approved the
manuscript.

Funding Open access funding provided by the Scientific and Tech-
nological Research Council of Tiirkiye (TUBITAK). This study was
funded by Van Yuzuncu Y1l University (Grant number TYL-2019—
8139). Author B.K has recieved the funding.

Data availability We confirm that the data supporting the findings of
this study are available within the article.

Declarations

Competing interests The authors declare no competing interests. The
authors have no relevant financial or non-financial interests to disclose.

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Ostrom QT, Price M, Neff C, Cioffi G, Waite KA, Kruchko C,
et al. CBTRUS statistical report: primary brain and other central
nervous system tumors diagnosed in the United States in 2015—
2019. Neuro Oncol. 2022;24:v1-95.

2. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-
Branger D, et al. The 2021 WHO classification of tumors
of the central nervous system: a summary. Neuro Oncol.
2021;23:1231-51.

3. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B,
Taphoorn MJB, et al. Radiotherapy plus concomitant and adjuvant
temozolomide for glioblastoma. N Engl J Med. 2005;352:987-96.

4. Genoud V, Migliorini D. Challenging hurdles of current targeting
in glioblastoma: A focus on immunotherapeutic strategies. Int J
Mol Sci. 2021;22:3493.

5. Giiven M, Tasgpinar F, Denizler-Ebiri FN, Castresana JS, Tagpinar
M. The antagonistic effects of temozolomide and trichostatin a
combination on MGMT and DNA mismatch repair pathways in
Glioblastoma. Med Oncol. 2023;40:223.

6. Davie JR. Inhibition of histone deacetylase activity by butyrate. J
Nutr. 2003;133:2485S-24938S.

7. Candido EP, Reeves R, Davie JR. Sodium butyrate inhibits histone
deacetylation in cultured cells. Cell. 1978;14:105-13.

8. Salimi V, Shahsavari Z, Safizadeh B, Hosseini A, Khademian N,
Tavakoli-Yaraki M. Sodium butyrate promotes apoptosis in breast


http://creativecommons.org/licenses/by/4.0/

Medical Oncology (2024) 41:97

Page90of10 97

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

cancer cells through reactive oxygen species (ROS) formation and
mitochondrial impairment. Lipids Health Dis. 2017;16:208.

Xu Z, Tao J, Chen P, Chen L, Sharma S, Wang G, et al. Sodium
Butyrate inhibits colorectal cancer cell migration by downregu-
lating Bmi-1 through enhanced miR-200c expression. Mol Nutr
Food Res. 2018;62:1700844.

Taylor MA, Khathayer F, Ray SK. Quercetin and sodium butyrate
synergistically increase apoptosis in rat C6 and human T98G glio-
blastoma cells through inhibition of autophagy. Neurochem Res.
2019;44:1715-25.

Nakagawa H, Sasagawa S, Itoh K. Sodium butyrate induces senes-
cence and inhibits the invasiveness of glioblastoma cells. Oncol
Lett. 2017. https://doi.org/10.3892/01.2017.7518.

Cakar T, Giiven M, Tagpinar M, Denizler FN, Kartal B. The effect
of sodium butyrate on radiosensitivity in glioblastoma cell. Van
MedJ. 2019;26:550-6.

Butler R, Bates GP. Histone deacetylase inhibitors as thera-
peutics for polyglutamine disorders. Nat Rev Neurosci.
2006;7:784-96.

Yang H, Chen D, Cui QC, Yuan X, Dou QP. Celastrol, a trit-
erpene extracted from the Chinese “Thunder of God Vine”, is
a potent proteasome inhibitor and suppresses human prostate
cancer growth in nude mice. Cancer Res. 2006;66:4758-65.
Li X, Zhu G, Yao X, Wang N, Hu R, Kong Q, et al. Celastrol
induces ubiquitin-dependent degradation of mTOR in breast
cancer cells. Onco Targets Ther. 2018;11:8977-85.

Chen S-R, Dai Y, Zhao J, Lin L, Wang Y, Wang Y. a mechanis-
tic overview of triptolide and celastrol, natural products from
tripterygium wilfordii Hook F. Front Pharmacol. 2018. https://
doi.org/10.3389/fphar.2018.00104.

Kashyap D, Sharma A, Tuli HS, Sak K, Mukherjee T, Bishayee
A. Molecular targets of celastrol in cancer: Recent trends and
advancements. Crit Rev Oncol Hematol. 2018;128:70-81.
Taspinar M, Denizler F, Giiven M, Yiiksek V, Cetin S, Dede S.
The cytotoxic effects of 5-FU and celastrol on glioblastoma. Van
Heal Sci J. 2018;11:5-10.

Zhu Y, Liu X, Zhao P, Zhao H, Gao W, Wang L. Celastrol sup-
presses glioma vasculogenic mimicry formation and angiogen-
esis by blocking the PI3K/Akt/mTOR signaling pathway. Front
Pharmacol. 2020. https://doi.org/10.3389/fphar.2020.00025.
Kazemi Sefat NA, Mohammadi MM, Hadjati J, Talebi S, Ajami
M, Daneshvar H. Sodium butyrate as a histone deacetylase
inhibitor affects toll-like receptor 4 expression in colorectal
cancer cell lines. Immunol Invest. 2019;48:759-69.
Joachimiak R, KazZznica A, Drewa T. Influence of sodium
butyrate on hepatocellular carcinoma (hepG2) and glioblastoma
(C6) cell lines in vitro. Acta Pol Pharm. 2007;64:561-3.

Wang Z, Zhai Z, Du X. Celastrol inhibits migration and invasion
through blocking the NF-kB pathway in ovarian cancer cells.
Exp Ther Med. 2017;14:819-24.

Huang S, Tang Y, Cai X, Peng X, Liu X, Zhang L, et al. Celas-
trol inhibits vasculogenesis by suppressing the VEGF-induced
functional activity of bone marrow-derived endothelial progeni-
tor cells. Biochem Biophys Res Commun. 2012;423:467-72.
Yan Y, Guo Y, Zhang W, Ma C, Zhang Y, Wang C, et al. Celas-
trol enhanced the anticancer effect of lapatinib in human hepa-
tocellular carcinoma cells in vitro. J BUON. 2014;19:412-8.
Ren B, Liu H, Gao H, Liu S, Zhang Z, Fribley AM, et al. Cel-
astrol induces apoptosis in hepatocellular carcinoma cells via
targeting ER-stress/UPR. Oncotarget. 2017;8:93039-50.

Cha Z, Cheng J, Xiang H, Qin J, He Y, Peng Z, et al. Celastrol
enhances TRAIL-induced apoptosis in human glioblastoma
via the death receptor pathway. Cancer Chemother Pharmacol.
2019;84:719-28.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Zhang R, Chen Z, Wu S-S, Xu J, Kong L-C, Wei P. Celastrol
enhances the anti-liver cancer activity of sorafenib. Med Sci
Monit. 2019;25:4068-75.

Maysinger D, Moquin A, Choi J, Kodiha M, Stochaj U. Gold
nanourchins and celastrol reorganize the nucleo- and cytoskel-
eton of glioblastoma cells. Nanoscale. 2018;10:1716-26.
Tsung AJ, Guda MR, Asuthkar S, Labak CM, Purvis IJ, Lu Y,
et al. Methylation regulates HEY1 expression in glioblastoma.
Oncotarget. 2017;8:44398—409.

Coxhead JM, Williams EA, Mathers JC. DNA mismatch repair
status may influence anti-neoplastic effects of butyrate. Bio-
chem Soc Trans. 2005;33:728-9.

Sun X, Zhu M-J. Butyrate inhibits indices of colorectal carcino-
genesis via enhancing a-ketoglutarate-dependent DNA dem-
ethylation of mismatch repair genes. Mol Nutr Food Res. 2018.
https://doi.org/10.1002/mnfr.201700932.

Bultman SJ, Jobin C. Microbial-derived butyrate: an oncome-
tabolite or tumor-suppressive metabolite? Cell Host Microbe.
2014;16:143-5.

Cosgrove DE, Cox GS. Effects of sodium butyrate and 5-azacy-
tidine on DNA methylation in human tumor cell lines: variable
response to drug treatment and withdrawal. Biochim Biophys
Acta. 1990;1087:80-6.

Sawa H, Murakami H, Ohshima Y, Sugino T, Nakajyo T, Kisa-
nuki T, et al. Histone deacetylase inhibitors such as sodium
butyrate and trichostatin A induce apoptosis through an
increase of the bcl-2-related protein Bad. Brain Tumor Pathol.
2001;18:109-14.

Kannaiyan R, Shanmugam MK, Sethi G. Molecular targets of
celastrol derived from Thunder of God Vine: potential role in
the treatment of inflammatory disorders and cancer. Cancer
Lett. 2011;303:9-20.

Yadav P, Jaswal V, Sharma A, Kashyap D, Tuli HS, Garg VK,
et al. Celastrol as a pentacyclic triterpenoid with chemopreven-
tive properties. Pharm Pat Anal. 2018;7:155-67.

Liu X, Zhao P, Wang X, Wang L, Zhu Y, Song Y, et al. Celastrol
mediates autophagy and apoptosis via the ROS/JNK and Akt/
mTOR signaling pathways in glioma cells. J Exp Clin Cancer
Res. 2019;38:184.

Querol Cano L, Lavery DN, Bevan CL. Mini-review: Foldosome
regulation of androgen receptor action in prostate cancer. Mol
Cell Endocrinol. 2013;369:52-62.

Xu S-W, Law BYK, Mok SWF, Leung ELH, Fan XX, Coghi PS,
et al. Autophagic degradation of epidermal growth factor recep-
tor in gefitinib-resistant lung cancer by celastrol. Int J Oncol.
2016;49:1576-88.

Li H-Y, Zhang J, Sun L-L, Li B-H, Gao H-L, Xie T, et al. Cel-
astrol induces apoptosis and autophagy via the ROS/JNK sign-
aling pathway in human osteosarcoma cells: an in vitro and
in vivo study. Cell Death Dis. 2015;6:e1604.

Xu S-W, Law BYK, Qu SLQ, Hamdoun S, Chen J, Zhang W,
et al. SERCA and P-glycoprotein inhibition and ATP depletion
are necessary for celastrol-induced autophagic cell death and
collateral sensitivity in multidrug-resistant tumor cells. Phar-
macol Res. 2020;153:104660.

Lee D, Kim 1Y, Saha S, Choi KS. Paraptosis in the anti-cancer
arsenal of natural products. Pharmacol Ther. 2016;162:120-33.
Boridy S, Le PU, Petrecca K, Maysinger D. Celastrol targets
proteostasis and acts synergistically with a heat-shock protein
90 inhibitor to kill human glioblastoma cells. Cell Death Dis.
2014;5:e1216.

Yu C, Friday BB, Yang L, Atadja P, Wigle D, Sarkaria J, et al.
Mitochondrial Bax translocation partially mediates synergistic
cytotoxicity between histone deacetylase inhibitors and protea-
some inhibitors in glioma cells. Neuro Oncol. 2008;10:309-19.

@ Springer


https://doi.org/10.3892/ol.2017.7518
https://doi.org/10.3389/fphar.2018.00104
https://doi.org/10.3389/fphar.2018.00104
https://doi.org/10.3389/fphar.2020.00025
https://doi.org/10.1002/mnfr.201700932

97

Page 10 of 10

Medical Oncology (2024) 41:97

45.

46.

47.

Asklund T, Kvarnbrink S, Holmlund C, Wibom C, Bergenheim
T, Henriksson R, et al. Synergistic killing of glioblastoma stem-
like cells by bortezomib and HDAC inhibitors. Anticancer Res.
2012;32:2407-13.

Premkumar DR, Jane EP, Agostino NR, DiDomenico JD, Pol-
lack IF. Bortezomib-induced sensitization of malignant human
glioma cells to vorinostat-induced apoptosis depends on reac-
tive oxygen species production, mitochondrial dysfunction,
Noxa upregulation, Mcl-1 cleavage, and DNA damage. Mol
Carcinog. 2013;52:118-33.

Das S, Deng X, Camphausen K, Shankavaram U. synthetic
lethal drug combinations targeting proteasome and histone

@ Springer

48.

deacetylase inhibitors in TP53-mutated cancers. Arch cancer
Biol Ther. 2020;1:42-7.

Engelhard HH, Duncan HA, Kim S, Criswell PS, Van Eldik L.
Therapeutic effects of sodium butyrate on glioma cells in vitro
and in the rat C6 glioma model. Neurosurgery. 2001;48:616-25.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Exploring the combined anti-cancer effects of sodium butyrate and celastrol in glioblastoma cell lines: a novel therapeutic approach
	Abstract
	Introduction
	Materials and methods
	Cell culture and reagents
	Viability assay with MTT
	Total RNA isolation and cDNA synthesis
	Real-time polymerase chain reaction (RT-PCR)
	Flow cytometry
	Statistics

	Results
	Cytotoxic effects of sodium butyrate and celastrol

	Gene expressions
	DNA repair genes (MGMT, MLH-1, MSH-2, MSH-6)
	Apoptosis genes (CASP-3, CASP-8, CASP-9)
	Autophagy gene (ATG-6)
	Cell cycle analysis

	Discussion
	Conclusions
	References




