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Abstract. Background/Aim: Glioma is the most malignant
tumour of the human brain still lacking effective treatment
modalities. Betulin, a pentacyclic triterpene abundantly found in
the birch bark, has been shown to demonstrate interesting anti-
cancer activity towards many cancer cells. We determined the
effects of acetylenic synthetic betulin derivatives (ASBDs) as
anti-tumour agents on glioma cells in vitro. Materials and
Methods: T98G and C6 glioma cell viability and proliferation
were determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) assay and BrdU (bromo
deoxyuridine) test, respectively. Cell-cycle progression and
induction of apoptosis were investigated with flow cytometry.
Results:  ASBDs  significantly —decreased glioma cell
viability/survival and inhibited proliferation in a dose-dependent
manner in vitro. Moreover, ASBDs were more cytotoxic than
clinically used chemotherapeutics — temozolomide and cisplatin.
Conclusion: ASBDs may be considered for further study as
potent anti-tumour agents in glioma treatment.

Gliomas are the most common tumours of the central
nervous system in adults and account for over 80% of brain
malignancies. Among them, glioblastoma (GBM, WHO
grade IV) is the most frequently diagnosed and most
aggressive (1, 2). Characteristic features of GBM are intense
cell proliferation, infiltrative and diffuse growth, high level
of genetic and molecular heterogeneity. Its development is
accompanied by extensive angiogenesis and resistance to
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standard therapy (3, 4). High-throughput analysis and large-
scale profiling of GBM cells have revealed frequent genetic
dysfunction of tumour suppressors and oncogenes, and many
epigenetic deregulations playing a pivotal role in
pathogenesis and recurrence of GBM (5, 6). Currently,
available treatment is limited and includes surgical resection,
followed by radiation and chemotherapy with temozolomide
(TMZ), and only prolongs survival but is not curative (7).

Terpenes are a large class of secondary metabolites widely
spread in plants (8). The broad range of their biological
properties, including anti-oxidant, anti-bacterial, anti-viral, anti-
fungal activities (9-11) and chemopreventive, anti-tumour
potential have been shown (12-15). Betulin (BE, lup-20(29)-
ene-33,28-diol) is a pentacyclic triterpenoid abundantly present
in the birch bark of Betulaceae family. Several studies have
found significant anti-cancer activity of BE in vitro and in vivo
(16, 17). A key limitation for pharmacological effectiveness of
BE (and other terpenes) is its poor solubility in aqueous
solutions. Also, the structure of BE molecule enables chemical
modifications and thus many of its derivatives with better
solubility in water and bioavailability may be designed. That
makes BE an interesting drug candidate and precursor for
synthesis of new derivatives with potential application in
oncology (18).

We have synthesised the series of novel betulin derivatives
with acetylenic group (ASBDs) at C-3 and/or C-28 positions.
Synthesis, structural analysis and detailed chemical
characterisation have been described previously (19). In this
study, we focused on anti-cancer effects of two ASBDs: 28-O-
propynoylbetulin (EBS5) and 28-O-propargyloxycarbonylbetulin
(EB25/1) on glioma cells in vitro. Our findings showed a
significant decrease of glioma cell viability and proliferation.
We also found stronger cytotoxicity of ASBDs towards GBM
cells than TMZ and cisplatin (CDDP).

Materials and Methods

Cell culture and treatment. Human GBM cell line T98G and rat
glioma C6 were purchased from American Type Culture Collection
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(ATCC, Manassas, VA, USA). The cells were cultured in
Dulbecco’s-modified Eagles’s medium (DMEM, Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS,
Sigma-Aldrich, and antibiotics: 100 U/ml penicillin, 100 pg/ml
streptomycin (Sigma-Aldrich). The cell cultures were maintained in
standard conditions (20).

The ASBDs were synthesised in Department of Organic
Chemistry at Medical University of Silesia in Katowice. ASBDs
were dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich) to
prepare fresh stock solution before each experiment (25 mM for
EBS5 or 50 mM for EB25/1). TMZ (temozolomide, Sigma-Aldrich)
was dissolved in DMSO (stock solution 150 mM). CDDP (cisplatin,
Sigma-Aldrich) was dissolved in PBS (stock solution 10 mM). To
exclude any toxic effects of DMSO, the highest concentration of
solvent was used as a control treatment.

MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium
bromide) test. T98G and C6 cells were seeded on 96-well
microplates at a density of 1.0x103 or 0.5x103 cells/well,
respectively. Cell viability was determined after 96 h of exposure
to increasing concentrations of ASBDs or DMSO (solvent control,
CTRL) as described previously (21).

BrdU (bromo deoxyuridine) incorporation assay. Cell proliferation
was determined using colorimetric immunoassay based on the
measurement of BrdU incorporated into DNA strand during
synthesis of DNA. T98G and C6 cells were seeded on 96-well
microplates at a density of 1.0x103 or 0.5x103 cells/well,
respectively and left overnight. Then, culture medium was removed
and cells were exposed to selected concentrations of ASBDs or
DMSO. Cell proliferation was assessed after 48 h. Commercially
available Cell Proliferation ELISA BrdU Kit (Roche Diagnostics
GmbH, Mannheim, Germany) was used according to manufacturer’s
protocol, the absorbance was measured at 450 nm wavelength using
Microplate Reader TECAN Infinite M200 Pro (Tecan, Mannedorf,
Switzerland) operating with Microplate Manager ver. 5 software.

Cell-cycle analysis. Cell-cycle progression was investigated by
measurement of propidium iodide (PI) incorporated into DNA by
flow cytometry. T98G and C6 cells were seeded on 6-well plates at
a density of 5.0x105 or 1.5x105 cells/well, respectively and left
overnight. Then, culture medium was removed and cells were
exposed for 24 h to selected concentrations of ASBDs or DMSO,
and the procedure was performed as described previously (22).
Nocodazole (5 pg/ml) was used as a reference drug inducing G,/M
cell-cycle arrest, showing functional assay.

Assessment of apoptosis. Determination of apoptosis was based on the
detection of active caspase 3 in glioma cells by flow cytometry. T98G
and C6 cells were seeded on 6-well plates at a density of 5.0x105 or
1.5x105 cells/well, respectively and left overnight. Then, the culture
medium was removed and cells were exposed to selected concentrations
of ASBDs or DMSO. The cells were harvested with accutase after 24 h
of treatment with ASBDs, centrifuged at 300 x g for 5 min at +4°C and
washed twice with PBS. Camptothecin (20 uM) was used as a reference
drug inducing apoptosis. Commercially available PE Active Caspase-3
Apoptosis Kit (BD Pharmingen™ , BD Biosciences, San Diego, CA,
USA) was used according to manufacturer’s protocol and cells were
analysed by flow cytometer FACSCalibur (Becton Dickinson, San Jose,
CA, USA), operating with CellQuest software.
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Statistical analysis. Results are present as means+standard error of
the mean (SEM). Statistical significance was determined by one-way
or two-way ANOVA with Tukey’s or Dunnett’s post hoc test using
GraphPad Prism ver. 6 (GraphPad Software, San Diego, CA, USA).

Results

In our study, the series of new ASBDs with acetylenic
pharmacophores at C-28 position were tested to reveal their
anti-cancer activities in vitro. Chemical structures of precursor
BE molecule and synthesized ASBDs: 28-O-propynoylbetulin
(EBS) and 28-O-propargyloxycarbonylbetulin (EB25/1) are
shown in Figure 1.

ASBDs reduce viability and inhibit proliferation of glioma cells.
We observed a significant decrease of cell viability (Figure 2A
and B) and cell proliferation (Figure 2C and D) in T98G and
C6 cells after treatment with ASBDs in a dose-dependent
manner. When comparing both compounds, EB5 exerted
enhanced cytotoxic effect towards both glioma cell lines than
EB25/1, whereas T98G cells (Figure 2A and C) were less
sensitive to ASBDs treatment than C6 cells (Figure 2B and D).
Interestingly, in our experimental settings TMZ, used as
standard therapy for GBM patients, revealed an inhibitory effect
on glioma cell viability at much higher concentrations (over 200
uM) when compared to EB5 or EB25/1 (10-25 uM), showing
therapeutic potential of tested ASBDs (Figure 2A and B).

ASBDs applied in combination with CDDP augment
cytotoxicity of each drug administered separately. CDDP has
been recently considered as potentially useful in the treatment
of human GBM (23, 24). Therefore, we evaluated the effect
of combined treatment with ASBDs and CDDP in glioma cells
by MTT testing (Figure 3). First, we assessed ICs( values (a
concentration inhibiting the survival of 50% of treated cells
when compared to untreated) for tested compounds (Table I).
Glioma cell lines showed differential response to CDDP in
monotherapy. T98G cells were moderately sensitive
(IC5(=17.63 uM) (Figure 3A), while sensitivity of C6 cells
was much more pronounced (IC5,=2.31 uM) (Figure 3C).
Combination of EB5 or EB25/1 with CDDP at ICs values
decreased T98G cells viability to a greater extent than
treatment with all tested compounds applied separately (Figure
3B). Similarly, when C6 cells were exposed to combination of
EBS5 and CDDP, the viability of C6 cells was significantly
reduced in comparison to single treatment. In contrast,
combination of EB25/1 and CDDP did not reveal such an
effect in this particular cell line (Figure 3D).

ASBDs inhibit cell-cycle progression and induce apoptosis in
glioma cells. We observed a statistically significant reduction
in percentage of T98G cells in G; phase, accompanied by
increase in cell number in S phase after the treatment with the
highest concentration (25 uM) of both ASBDs (Figure 4A). In
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Figure 1. Chemical structure of BE and its acetylenic synthetic
derivatives (ASBDs). Betulin (A), 28-O-propynoylbetulin (B) and 28-O-
propargyloxycarbonylbetulin (C).

contrast, decrease in number of C6 cells in G; and S phase
with simultaneous rise of cell percentage in G,/M phase was
found, and the effect was statistically significant at the 20-25
UM concentrations of EBS (Figure 4C), suggesting a different,
cell type-dependent mechanism of cell-cycle inhibition.

Further, we analysed whether cytotoxicity and anti-
proliferative effects of ASBDs on glioma cells were due to
activation of apoptosis. Thus, detection of active caspase 3
in tumour cells by flow cytometry was performed.
Interestingly, we found no significant induction of caspase 3
after 24 h of treatment with both ASBDs in T98G cells
(Figure 4B). In contrast, significant activation of caspase 3
was observed in C6 cells exposed to EB5, but not EB25/1
and the effect was dose-dependent (Figure 4D).

Discussion

Despite significant advances in surgical procedures, radio-
and chemotherapy and growing knowledge of genetic and
molecular background of gliomas during the last years,
prognosis for GBM patients still remains poor with an overall
survival of 12.1-14.6 months after diagnosis (4). Therefore,
there is an urgent need for development of more effective and
targeted therapy of patients with malignant gliomas.

The use of natural plant-derived compounds has been
considered as an interesting and promising approach for
prevention and treatment of many human diseases, including
cancer. BE has been shown to possess a wide spectrum of
anti-cancer activity in vitro and in vivo, as previously
demonstrated by our group (16, 17) and others (25-27). Since
the structure of BE molecule enables several chemical
modifications, BE has been used as a precursor for the
synthesis of many new derivatives with prospective
application in chemotherapy (28-31).

In this paper, we demonstrated the anti-cancer activity of
two ASBDs: 28-O-propynoylbetulin (EB5) and 28-O-
propargyloxycarbonylbetulin (EB25/1) against glioma cells
in vitro. In our research, the concentrations of studied
ASBDs required to exert significant cytotoxic and anti-
proliferative effects (the values of IC5y <25 uM for T98G as
well C6 cells) were much lower than concentrations of TMZ
(the IC5, values >200 pM for C6 and >800 puM for T98G
cells), which is commonly used for glioma patients
treatment. Considering the above, our study opens new fields
of investigation for development of new promising anti-
cancer drugs. Besides, combination of ASBDs and CDDP (at
the doses of ICs values) affected glioma cells viability at a
greater extent than ASBDs applied singly, showing their
potential use for development of new therapeutic protocols
in combination with cisplatin. Our findings were highly
concordant with previous reports showing higher cytotoxic
activity of EB5 than CDDP in human and murine leukaemia
cell lines in vitro (19). Although anti-cancer activity of tested
ASBDs was evident, the molecular mechanism responsible
for observed phenomena was not resolved and requires
further studies. It seems, that inhibition of the cell-cycle
progression was cell-type dependent, thereby more advanced
studies are required (e.g. RNA sequencing), in order to
decipher genetic or epigenetic differences in analysed cell
lines, which are responsible for diverse responses of these
glioma cells for ASBDs treatment. Similarly, no induction of
apoptosis (by means of lack or very low level of active
caspase 3) may suggest triggering of another programmed
cell death after treatment with ASBDs, which could be also
cell type- or compound-dependent. In melanoma cells
exposed to EB5, two-fold and nine-fold increase of caspase
3 activation was found in comparison to the same
concentration of BE and to control cells, respectively (28).
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Figure 2. ASBDs reduce viability and inhibit proliferation of glioma cells in vitro. T98G (A) and C6 (B) cell lines were treated with ASBDs or TMZ
(as a reference drug) for 96 h and assessed for cell viability by MTT test. T98G (C) and C6 (D) cells were exposed to ASBDs for 48 h and cell
proliferation was analysed by BrdU assay. The results were normalized to control cells (CTRL, 0.1% DMSO) and represent the mean+SEM of n=32
from 4 independent experiments or n=24 samples from 3 independent experiment for MTT assay and BrdU test, respectively. Statistical significance
was determined by one-way ANOVA with Dunnett’s multiple comparisons post hoc test. *p<0.05, **p=<0.01, ***p=<0.001, ****p=<0.0001 .

Relative to BE, differences in chemical structure of EB5
and EB25/1 have undoubtedly determined their biological
properties. The introduction of acetyl substituent (e.g.
propynoyl) containing carbon-carbon triple bond into the BE
molecule seems to be essential for its biological activity and
enhances anti-cancer potential. This structural modification
at the C-28 position close to the carbonyl group, results in
formation of configuration with relatively high reactivity,
which may easily interact with other ligands and molecules.
Consequently, it is considered that alkyne groups at the C-
28 augment the affinity to the nucleophilic amine or thiol
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Table 1. Cytotoxic activity of CDDP, TMZ and ASBDs by means of ICs
values.

Cell line 1C5

CDDP T™MZ EBS5 EB25/1
T98G 17.63 uM 895.55 uM 16.23 uM 19.46 uM
C6 231 uM 222.67 uM 9.11 uyM 22.68 uM
CDDP:  Cisplatin, cis-diamminedichloridoplatinum(Il); TMZ:

temozolomide; ASBDs: acetylenic synthetic betulin derivatives (EBS,
EB25/1); IC5(: half maximal inhibitory concentration.
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Figure 3. ASBDs in combination with CDDP reduce viability of glioma cells in vitro. T98G cells were exposed to CDDP alone (A), and combination
of ASBDs with CDDP (the doses of ICsy) (B) for 96 h and assessed for cell viability by MTT. C6 cells were exposed to CDDP alone (C), and
combination of ASBDs with CDDP (the doses of ICs) (D) for 96 h and assessed for cell viability by MTT. The results were normalized to control
cells (CTRL; 0.1% of PBS or 0.1% of DMSO) and represent the mean+SEM of n=24 samples from 3 independent experiments. Statistical significance
was determined by one-way ANOVA with Dunnett’s (A, C) or Tukey’s (B, D) multiple comparisons post hoc test. *p<0.05, **p=<0.01, ***p=<0.001,

wx45p<0.0001 and *p<0.05, Hp<0.01, #Hp<0.0001.

groups of proteins in the cellular membranes affecting their
integrity and stability and thus decreasing cell viability and
survival (28, 29). Moreover, EB5, a BE derivative having a
shorter alkynyl chain, was found to be more toxic to the
studied cell lines than EB25/1 (by means of lower 1Cs
values) and these results are consistent with previous in vitro
data concerning human colorectal adenocarcinoma (SW707
cell line), leukaemia (CCRF/CEM), breast cancer (T47D)
and murine leukaemia (P388) (19).

Conclusion

ASBDs may be considered as potential agents in chemotherapy
— in monotherapy, as well as combination with routinely used

cytostatics (such as CDDP). Collectively, our findings may be
useful in designing a structure of new therapeutic chemicals
and derivatives of BE and other natural compounds potentially
relevant in clinical oncology. The cytotoxic and anti-
proliferative potential of ASBDs on glioma cells in vitro has to
be more carefully studied. Another interesting aspect of
potential usefulness of ASBDs in oncology could be their
application in combination with TMZ. Revealing the
mechanism of ASBDs activity (e.g. pathways of cell death)
may become a starting point for further in vivo study and
support development of new anti-glioma chemotherapeutics.
Genetic and molecular background of studied tumour cell lines
treated with ASBDs should also be analysed in details (e.g.
RNA sequencing) to determine detailed mechanism of action
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Figure 4. ASBDs inhibit cell-cycle progression and induce apoptosis in glioma cells in vitro. T98G cells (A) and C6 cells (C) were analysed with
flow cytometry for cell-cycle progression. Activation of caspase 3 after treatment with ASBDs for 24 h in T98G cells (B) and C6 cells (D) is shown.
Nocodazole (NOC, 5 ug/ml) and camptothecin (CPT, 20 uM) were used as reference drugs. Control cells (CTRL) were treated with 0.1% DMSO.
The results represent the mean+SEM of n=10 samples from 5 independent experiments. Statistical significance was determined by one-way (B, D)
or two-way (A, C) ANOVA with Dunnett’s multiple comparisons post hoc test. *p=<0.05, **p=<0.01, ***p=<0.001, ****p=<0.0001 .
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of these compounds. Next, translational studies analysing
genetic background of glioma tumors could define groups of
patients that may potentially benefit the most from prospective
therapy with ASBDs. Summing up, the results presented in this
paper are preliminary, but promising and providing support for
further study of ASBDs in preclinical cancer models in single
treatment as well as in combination therapy.
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