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ABSTRACT

Glioblastoma multiform (GBM) is a lethal cancer affecting the central nervous system. Existing treatment methods for GBM
include chemotherapy, radiation, and surgery. Temozolomide is a common chemotherapy treatment for GBM but causes
unwanted side effects, as do most chemotherapy treatments. To decrease the harmful side effects of chemotherapy, research has
turned to exploring natural compounds to treat cancer. In this study, the natural compound bavachin was investigated to
determine cytotoxicity in GBM cells. Bavachin has been tested in many cell lines but not glioblastoma. A sulforhodamine B (SRB)
assay, trypan blue counting, and a tumorsphere assay were used to test the hypothesis in this study. It was found that bavachin
suppressed glioblastoma cell and tumorsphere viability, had a synergistic interaction with temozolomide, and ornithine
decarboxylase was identified as a potential target 7z si/ico. This study demonstrated the ability of bavachin to suppress the growth
of U-87 MG glioblastoma cells and enhance temozolomide efficacy. These findings demonstrated that bavachin is a potential
treatment for GBM based on its ability to suppress cell growth.
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INTRODUCTION

Glioblastoma multiforme (GBM) is one of the most aggressive cancers with a high rate of treatment resistance. Glioblastoma
begins as an abnormal growth of astrocytes that eventually crowds and harms healthy tissue. Astrocytes are a type of glial cell in
the central nervous system that forms scar tissue to repair the brain when damaged. Glioblastomas are classified as IV-grade
astrocytoma tumors by W.H.O. due to their fast growth and are the most common malignant brain tumors in adults.! Although
the risk of forming glioblastoma is low, in 2023 the American Cancer Society predicted 24,810 malignant tumors diagnoses and
18,990 deaths that year from glioblastoma.!

The known forms of treatment for GBM include chemotherapy, radiation, and surgery. Chemotherapy with temozolomide
(TMZ) is commonly used to treat GBM, but GBM rarely responds to treatment.2 TMZ is an imidazotetrazine lipophilic prodrug
that can cross the blood-brain barrier and is administered orally. TMZ is activated at physiological pH through conversion to the
metabolite 5-(3-methyltriazen-1-yl) imidazole-4-carboxamide (MTIC). MTIC is then hydrolyzed to produce methyldiazonium,
which damages DNA by forming multiple DNA adducts. These adducts create an opportunity for mismatched base pairing.3
While survival rates have improved, individual variability remains significant with average survival extending from ten to fourteen
months post-diagnosis.3 Resistance to TMZ develops quickly due to widespread exposute and DNA repair mechanisms. Cells
contain DNA repair mechanisms that detect and correct mismatched bases to prevent apoptosis. As methyldiazonium ions are
added, O6-methylguannine adducts are generated. O6-methylguanine-DNA methyltransferase (MGMT) works to counteract the
damage done by O6-methylguannine.#

Effective treatment for GBM remains a formidable challenge in molecular oncology, with high-grade gliomas exhibiting
unfavorable outcomes despite advances in diagnosis and therapy. GBM treatment is further complicated by factors such as the
advanced age of onset, tumor location, and incomplete understanding of the tumot's pathophysiology.’ Due to the limitations of
current treatments, including their potential to harm healthy cells, naturally-occurring compounds are becoming a popular focus
of study in many cancers including GBM. Various natural compounds such as flavonoids, polyphenolic compounds, curcumin,

AJIR Volume 21 | Issue 3 | December 2024

63



American Journal of Undergraduate Research www.ajuronline.org

icariin, and others exhibit anticancer potentials through different mechanisms such as induction of apoptosis, inhibition of
angiogenesis, modulation of intracellular signaling pathways, and inhibition of cell proliferation.6-10

Flavonoids are found in many fruits, vegetables, and other vascular plants. While flavonoids can adversely affect bacteria, viral
enzymes, and pathogenic protozoans, they show little toxicity in animals. Flavonoids have been studied as herbal medical
treatments for decades and used for much longer. It has been determined that flavonoids inhibit certain enzymes, mimic some
hormones (including estrogen), and scavenge free radicals.!-13 Additionally, flavonoids inhibit malignant cell proliferation by
directly inhibiting mitosis. One promising flavonoid to inhibit GBM cell growth is bavachin. It is isolated from the fruit of Psoralea
corylifolia, Fructus Psoraleae, a legume native to China.* In contrast to TMZ, bavachin is a natural compound that has been shown
to target cancer cells more specifically. Bavachin is currently being explored for its anti-cancer effects and has been tested in
multiple cancer cell lines including oral, bone, multiple myeloma, choriocarcinoma, colorectal, and liver. In each of these studies,
bavachin was shown to induce apoptosis.5 15-18

This research study focused on the apoptotic effects of the flavonoid bavachin in the GBM cell line, U-87 MG. This study
implemented SRB, trypan blue, and tumorsphere assays for measuring cell viability in response to bavachin treatment.
Additionally, molecular docking software was used to create an 7 siico model of bavachin bound to ornithine decarboxylase.
Finally, U-87 MG cells were treated with bavachin and TMZ together to evaluate the combined drug interaction. We
hypothesized that bavachin would limit cell viability, inhibit tumorsphere growth, and induce apoptosis in the glioblastoma cell
line, U-87 MG, by inhibiting ornithine decarboxylase.

METHODS AND PROCEDURES

Cell Culture

U-87 MG cells (ATCC, Manassas VA, USA) were cultured in Eagle’s Minimum Essential Media (Corning, Corning NY, USA)
with penicillin-streptomycin (200 IU/L) (Corning) and 10% fetal bovine serum (ThermoFisher Scientific, Waltham MA, USA).
Cells were left to grow and proliferate for at least two days at 37 °C, 100% humidity, and 5% COx before experimentation. Once
cells reached 70% confluence, the cell medium was aspirated; cells were washed with warm PBS (ThermoFisher), and two mL of
trypsin (ThermoFisher) were added to lift the cells for five minutes at 37 °C. The trypsin was neutralized with eight mL of media
and collected cells were briefly vortexed before counting with a hemocytometer. All experiments were conducted using U-87 MG
cells within one to five passages from acquisition.

SRB Viability Assay"®

Cells (5 X 10%) were seeded in 96 well plates (Genesee Scientific, El Cajon CA, USA) with 100 pL. media and allowed to adhere
overnight. Then 100 pl. of media containing 2X concentration of bavachin (MedChemExpress, Monmouth Junction NJ, USA) or
negative control (1% DMSO) (UFC Biotechnology, Buffalo NY, USA) were overlayed in each well for 48 hours. Each well then
received 100 pL of 10% w/v cold trichloroacetic acid (ThermoFisher) and was incubated at 4 °C for one hour to fix the cells.
Each well was rinsed three times with DI H>O and stained with 100 pL 0.057% w/v sulforhodamine B (SRB, Sigma-Aldrich) for
30 minutes at room temperature in the dark. Wells wete washed four times with 300 pL 1% v/v acetic acid (ThermoFisher), and
the remaining SRB stain was solubilized with 200 pL. of 10 mM tris buffer, pH 10.5 (ThermoFisher). Absorbance was measured at
564 nm with a SpectraMax 190 Microplate Reader (Molecular Devices, San Jose CA, USA) and normalized to the DMSO control.
Cells were also imaged at 40X total magnification with an Olympus BX41 phase contrast microscope (Hachioji, Tokyo, Japan)
with an AmScope HD202-MW camera (Irvine, CA USA). Some SRB assays included temozolomide (MedChemExpress) to
determine drug synergy.

Trypan Blue Viability Assay

Cells (1 X 10%) were seeded in six-well plates (Advangene Consumables, Lake Bluff IT., USA) with two mL of media in each well
and incubated at 37 °C overnight to allow cells to adhere. Then, media were removed, and cells were treated with DMSO or 50
puM of bavachin. After 48 hours of treatment, the media were removed, cells were washed with PBS, lifted with trypsin for five
minutes, briefly vortexed, and diluted 1:2 into 0.4% (w/v) trypan blue (Sigma-Aldrich, St. Louis MO, USA). The number of viable
cells was counted with a hemocytometer.

Tumorsphere Generation

U-87 MG cells were used to generate stem cell spheroids. A low attachment plate method was used to generate spheroids.?0-22
Cells (5 X 102 in 200 ul media) were seeded in a Sphera low-attachment surface plate (ThermoFisher). The plate contained a
hydrophilic polymer coating that lowers attachment and promotes cell aggregation. The low-attachment plate was centrifuged for
five minutes at 1250 RPM. The cells were incubated at 37 °C at 5% COzand 100% humidity. Plates were treated four days after
seeding. Media was replenished on days 7, 10, and 12 by carefully removing 100 ul of media from each well and adding 100 pl of
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fresh media to each well. Spheres were imaged on day 14 using an Olympus BX41 phase contrast microscope at 100X total
magnification with an iPhone SE camera (Apple Inc., Cupertino CA, USA). The radius of each tumorsphere was measured. The
radius and Equation 1 were used to determine the volume of the spheres.

4
V= 3 nr Equation 1.

Molecular Docking

Molecular docking was used to determine a possible protein target of bavachin. Free software including ZINC20, CB-Dock2, and
ChimeraX were used to model and view the 77 silico model. Briefly, ZINC20 was used to provide a list of potential binding targets
for bavachin (ZINC ID: ZINC15115057) using the Similarity Ensemble Approach (SEA).2® Ornithine decarboxylase (ODC) was
chosen as the target for docking with bavachin. The crystal structure for ODC was downloaded from the Protein Data Base
(PDB: 1D7K) to model bavachin binding in CB-Dock2.2% 25 Finally, the bavachin-ODC interaction was visualized using
ChimeraX.26

Data analysis

All statistical analyses were performed using GraphPad Prism 10.3.1 and assumed that variance was similar between experimental
groups. Sample sizes were a minimum of three independent experiments. Group comparisons were made by one-way ANOVA
followed by the Dunnett multiple comparison test. Paired comparisons were conducted by unpaired Student t-test assuming two-
tailed distribution. Data are represented as mean £ SD. Differences were considered statistically significant at *P < 0.05, **P <
0.01, #**P < 0.0001, (ns = not significant P = 0.05) when compared to the negative control, DMSO, throughout all testing.
Drug synergy was evaluated using the coefficient of drug interaction (CDI) formula (Equation 2). AB is the percent remaining
cells of an indicated combination treatment, A is the average percent remaining cells of agent one alone, and B is the average
percent remaining cells of agent two alone. A CDI of < 0.7 is considered significantly synergistic; CDI = 1 is additive; CDI > 1.0
is antagonistic.?’

¢DI = 22X 100 Equation 2.
AXB

RESULTS

Bavachin Reduces U-87 MG Cell Viability

In this study, a sulforhodamine B (SRB) assay was performed to determine the cell viability of cell line U-87 MG after treatment
with seven concentrations of bavachin over 48 hours. As seen in Figure 1A, bavachin inhibited cell viability in a concentration-
dependent manner. Bavachin concentrations of 1, 10, and 25 uM did not have a significant impact on cell viability. However,
significant cell death could be detected starting at 50 uM of bavachin. This assay was used to calculate the half maximal inhibitory
concentration (ICs) value, which was determined to be 46.00 pM as shown in Figure 1B. Therefore, 50 uM bavachin was used
for the subsequent trypan blue assay.

Trypan blue only stains dead cells because it is non-permeable to the cell membrane, so it can only enter cells when they are late-
stage apoptotic. This assay allowed apoptotic cells to be counted and compared to the total cells counted. Staining with trypan
blue after bavachin treatment showed significant cell death and apoptosis compared to the negative control, DMSO, as seen in
Figure 1C. Not only did we see a comparable reduction in cell viability in the trypan blue assay compared to the SRB assay, but
we found the bavachin-treated group contained 18% apoptotic cells (Figure 1D). Phase-contrast microscopy in Figure 1E,
Figure 1F, and Figure 1G visualized bavachin’s ability to suppress growth and cause cell death at 50 pM and 200 uM compared
to the control cells with only 1% DMSO.
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Figure 1. Cell viability after 48 hours of treatment with a range of bavachin concentrations. A. SRB staining following bavachin treatment in U-87 MG cells. B.
Determination of the ICso value from SRB assays. C. Trypan blue assay was conducted to determine the number of viable cells following bavachin treatment. D.
Proportion of apoptotic cells determined from trypan blue assay. E-G. Phase contrast microscopy after bavachin treatment (0 pM (E), 50 uM (F), and 200 pM
(G)). Scale bar = 0.5 mm. All images were taken at 40X total magnification.

Bavachin Inbibits the Growth of U-87 MG Stem Cells

Stem cells are a subset of cells within malignant neoplasms that drive tumor growth.! Tumorspheres, which are heterogencous
aggregates, typically contain hypoxic regions and cancer stem cells.2? Compared to 2D cultures, 3D cell culture more effectively
simulates the 7z vivo environment, as it allows for crucial cell-cell interactions and biological processes.?! As a result, 3D cell culture
is increasingly used in preclinical trials to more accurately assess therapeutic effects.?! There was a significant reduction in
tumorsphere volume after treatment with 50 uM and 100 uM of bavachin. Images of tumorspheres and the volume comparisons
can be seen in Figure 2. Figure 2A and Figure 2B show no significant changes to tumorsphere size after treatment with 0 uM
and 25 uM bavachin. Figure 2C and Figure 2D show tumorspheres of decreased volume after treatment with 50 uM and 100
uM bavachin, respectively. Figure 2E summarizes tumorsphere volume after treatment with different concentrations of bavachin
and shows a significant decrease in tumorsphere volume in a concentration-dependent manner starting at 50 pM bavachin.
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Figure 2. Bavachin inhibits U-87 MG stem cell growth. Images of tumorspheres after treatment with 0 uM (A), 25 uM (B), 50 uM (C), and 100 uM (D) of
bavachin. All images were taken at 100X total magnification. Scale bar = 0.5 mm. Final tumorsphere volume was calculated for each treatment group (E).

Bavachin Exhibits Concentration-Dependent Interactions with Temozolomide

Bavachin and paclitaxel have reported to be synergistic in placental choriocarcinoma cells;'s therefore, we were encouraged to test
the effects of bavachin in combination with TMZ. A second set of SRB assays was performed using different combinations of
bavachin and TMZ ranging from 10-50 uM bavachin and 500-1000 uM TMZ. Figure 3A shows cell viability after treatment with
bavachin, TMZ, or a combination. Combination treatments using 50 uM bavachin with various concentrations of TMZ showed
the largest decrease in cell viability. As seen in Figure 3B, combination treatments show an additive effect at 10 and 25 uM
bavachin with TMZ, as well as 50 uM bavachin with 500 pM TMZ. An additive effect indicates that the combination of the two
drugs is equal to the sum effects of the drugs administered independently. Seven out of the nine combinations of bavachin and
TMZ tested demonstrated drug additivity. Interestingly, the combination of 50 uM bavachin and 750 uM TMZ exhibited drug
antagonism, in which the combined effect fell in-between what was observed from the individual drug responses. The
combination of 50 pM bavachin and 1000 uM TMZ exhibited significant drug synergy, in which the combined effect was greater
than the sum of the individual effects.
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Figure 3. Cell viability after treatment with different concentrations of temozolomide, bavachin, or a combination. A. SRB assays were conducted to measure cell
viabilities following 48 hours of the indicated treatment. B. Coefficient of drug interaction (CDI) values were calculated to determine drug additivity and synergy.
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Bavachin Potentially Binds to Ornithine Decarboxylase to Inhibit U-87 MG Cell Growth

Although there have been several published findings on the effects of bavachin in cancer cells, & 1518 a definitive binding target for
bavachin has not yet been identified. We used ZINC20, CB-Dock2, and ChimeraX to determine and model the binding target of
bavachin. Figure 4A shows a list of potential targets for bavachin from CB-Dock2. Human ornithine decarboxylase (ODC) was
one of the most confident targets predicted by CB-Dock2 (p value = 1.558 X 10-%). Since ODC expression has been implicated
in glioblastomas,?® we continued our analysis on ODC. Using the vina scores generated by CB-Dock2, it was determined that the
best pocket for bavachin to bind on ODC is the C1 pocket. As seen in Figure 4B, the C1 pocket had the lowest Vina score of -
9.2. The 7n silico model of bavachin and ODC using ChimeraX is shown in Figure 4C, and the predicted amino acid side chains of
ODC that bind bavachin are identified in Table 1.

A B

Home Dock Results | (Manual) | Contact

Results of Job: search_c6471378-0afb-43dc-8da1-760a8ac323ba

Query Targat Key TargetName  Description P-value

CurPocket Vina Cavity Center  Docking size C
e ®yd  kyn

92 10763 7874 383322

Figure 4. Bavachin potentially binds to ornithine decarboxylase. A. List of bavachin targets from CB-Dock2. B. Table of binding information for ODC from CB-
Dock2. C. Image of bavachin (beige) binding to ODC (cyan) from ChimeraX.

Table 1. Predicted ornithine decarboxylase side chains in contact with bavachin. CB-Dock2 identified multiple amino acid residues in both chains of ODC that
may bind bavachin. Highlighted residues are necessary for binding ornithine.?

Chain A Chain B

TYR323 CYS360 ASP361 GLY362 LEU363 ALAG7 VALG68 CYS70 ASP72 ASP88 CYS89 ALLA90 THR93 GLU94 GLN96 LEU97 SER100 ARG154
THR396 PHE397 ASN398 GL.Y399 GI.N401 ALA156 THR157 ASP158 ASP159 SER160 .LYS161 ALA162 VAL168 1.YS169 PHE170 HIS197 VAL198
GLY199 SER200 GL.Y201 GL.Y237 GLU274 GLY276 ARG277 TYR331 ASP332 HIS333 TYR389

DISCUSSION

Glioblastoma, a highly invasive brain tumor, often proves fatal despite surgical and chemotherapeutic interventions.30
Temozolomide (TMZ), a common chemotherapy agent for glioblastoma (GBM), encounters resistance in GBM cells through
anti-apoptotic, DNA repair, and drug efflux mechanisms.3* This study aimed to evaluate the effects of bavachin, a natural
compound known for inducing apoptosis in various cancer cells, in U-87 MG cells. Previous studies have shown that bavachin
induces apoptosis by activating caspase-3 and caspase-9¢ and by reducing mitochondrial membrane potential.’® Additionally,
bavachin-induced apoptosis was associated with ER stress and the mitochondtial injury pathway (ROS/Mfn2/Akt) in HepG2
cells.® Howevert, it is unknown if bavachin induces apoptosis in GBM cells via similar mechanisms.

After we determined an ICso value of 46.00 uM for bavachin in U-87 MG cells, we proceeded with another assay designed to
assess the apoptotic-inducing properties of bavachin: the trypan blue assay. Like the SRB assay, the trypan blue assay is used to
determine cell viability. Our study provided evidence of bavachin's ability to induce apoptosis in GBM cells, with efficacy
observed at 50 uM and higher concentrations. This study provided evidence that bavachin suppresses tumorsphere growth. These
results are supported by a study in which bavachin suppressed placental chotiocarcinoma tumorsphere growth.!® However, the
apparent ICsp of bavachin in our assay appeared higher than the ICso of 46.00 uM calculated from the SRB assay. This finding
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may reflect the challenges small molecules face in penetrating three-dimensional tumorspheres and equally affecting cell growth in
a more heterogeneous cancer cell population.3!

When used in combination, drugs can exhibit synergy, in which the effect of the drugs in combination is greater than the effect of
cither drug independently. Synergistic interactions are important in cancer treatment to enhance the effects of the treatment while
reducing the adverse effects.3 This is the reason many cancer patients are given “drug cocktails”. This study revealed several
combinations of bavachin and TMZ that resulted in drug additivity. While the combination of 50 uM bavachin and 750 uM TMZ
resulted in drug antagonism, co-administration of 50 uM bavachin significantly enhanced the effects of TMZ at 1000 puM,
indicating that bavachin may enhance the therapeutic efficacy of TMZ at these concentrations. These observed drug interaction
patterns between bavachin and TMZ likely reflect their complex interactions iz vitro. TMZ. is an alkylating agent,? while we
hypothesize bavachin inhibits ornithine decarboxylase (ODC) to reduce intracellular polyamine concentrations. At high (50/1000
uM) concentrations of both drugs, the combination may have overwhelmed the cells’ DNA repair mechanisms; DNA damage
from TMZ may have synergized with polyamine depletion caused by ODC inhibition, which has been shown to destabilize the
double helix, leading to enhanced cell death.3® However, at an intermediate concentration of TMZ (750 uM) and a high
concentration of bavachin (50 pM), antagonism may have occurred because ODC inhibition still reduced polyamine levels,
slowing cell proliferation. Since TMZ is most effective in rapidly dividing cells, its cytotoxic potential may be diminished under
these conditions.3* While the combination of bavachin and TMZ was assessed in an SRB assay, this combination was not tested in
the tumorsphere assay. Future studies could expand upon these findings by investigating the potential synergistic effects of
bavachin and TMZ in a more complex tumorsphere environment.

Molecular docking can be used to aid in drug discovery and development. Docking allows researchers to compare the binding of
drugs to targets by creating i si/ico models. This study found that ODC is a potential target for bavachin. ODC represents an
attractive target in GBM, as ODC activity is positively correlated with GBM pathology and negatively correlated with progression-
free survival in GBM patients.28 ODC is the first enzyme involved in polyamine synthesis.3> Polyamines, including putrescine,
spermidine, and spermine, are present in mammalian cells in millimolar concentrations. Polyamines are involved in cell growth by
maintaining protein and nucleic acid synthesis, stabilizing chromatin structure, regulating apoptosis, and offering protection from
oxidative damage. Polyamine metabolism is dysregulated in cancer indicating that increased levels of polyamines are necessary for
cancer development and progtression.3¢ Glioblastoma multiforme is characterized by tumor-associated myeloid cells (TAMCs).
ODC and polyamines were found to be upregulated in TAMCs.3” We predict bavachin may inhibit ODC based on the binding
score of ODC to bavachin and the involvement of ODC and polyamines in glioblastoma. Excitingly, bavachin is predicted to
bind to ODC in the same active site as ornithine.?8 Inhibiting ODC in cancer cells would likely inhibit cancer growth and DNA
repair.32 Taken together, we can identify bavachin as a promising drug candidate for inhibiting GBM cell and tumorsphere
growth.

CONCLUSIONS

In summary, our hypothesis was supported as bavachin reduced glioblastoma multiform cancer cell viability, induced apoptosis,
inhibited tumorsphere growth, and enhanced temozolomide efficacy. Molecular docking analysis allowed us to identify ornithine
decarboxylase as a possible target of bavachin, which should be evaluated 7z vitro in future studies.
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PRESS SUMMARY

Glioblastoma multiforme is one of the most aggressive forms of cancer with few effective treatments. The current first-line
treatment temozolomide results in harmful side effects and tumor recurrence. Bavachin is a flavonoid that has been tested in
multiple cancer cell lines including oral, bone, multiple myeloma, choriocarcinoma, colorectal, and liver cancer but not
glioblastoma. This study determined that bavachin is effective at killing glioblastoma cells and can enhance the effects of
temozolomide.
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