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ABSTRACT

Radiotherapy (RT) is a common treatment for cervical cancer, but its effectiveness
is often limited by tumor hypoxia and low radiosensitivity. Radiosensitizers that improve
RT without increasing the dose are therefore of clinical interest. Alpha-Mangostin (AM), a
xanthone from Garcinia mangostana, has anticancer and ROS-increasing properties. This
study evaluated whether AM enhances radiosensitivity in vitro. Cytotoxicity (0-35 uM)
was measured by the MTT assay, and radiation sensitivity (0-6 Gy) was assessed through
clonogenic survival. ROS detection assay, y-H2AX immunofluorescence, cell cycle
analysis, apoptosis measurement, and clonogenic survival tests were used to examine the
radiosensitization effect. AM showed dose-dependent cytotoxicity in HeLa cells, with an
inhibitory concentration 20 (IC20) of 13.67 uM, while sparing fibroblasts. The radiation
lethal dose 20 (LD20) was 1.4 Gy. However, the combination treatment used AM at 12
puM (IC14) with 2 Gy (LD30) irradiation (IR) to avoid 50% cell death. AM increased
G2/M arrest by 21.10% (p < 0.01) compared to controls. The combined treatment caused a
4.07-fold increase in oxidative stress relative to the control (p < 0.0001), which was higher
than either AM alone or IR alone. Additionally, this combination increased y-H2AX-
positive cells to 48.2% (p < 0.0001), raised apoptosis to 39.48% (p < 0.0001), and reduced
clonogenic survival to 28% (p < 0.0001) compared to RT alone. This resulted in a
sensitizer enhancement ratio (SER) of 2.48. Therefore, AM effectively radiosensitized
HeLa cells by increasing oxidative stress, promoting DNA double-strand breaks, and
inducing G2/M arrest.



ACKNOWLEDGEMENT

The researcher would like to express her deepest gratitude to Assistant Professor
Dr. Ausanai Prapan, Chairman of the Thesis Advisory Committee, and Assistant Professor
Dr. Chanyatip Suwannasing, Member of the Thesis Advisory Committee, for their
invaluable guidance, insightful advice, and continuous support throughout the entire
period of this thesis research.

The researcher also wishes to express sincere appreciation to the Thesis
Examination Committee, Associate Professor Dr. Suchart Kothan and Assistant Professor
Dr. Thanyawee Pengpan, for their constructive comments and valuable suggestions, which
greatly contributed to the successful completion of this thesis.

The researcher sincerely thanks the Faculty of Allied Health Sciences, Naresuan
University, for generously providing laboratory facilities and institutional support essential
for this research. Appreciation is also extended to the Department of Radiology, Faculty of
Medicine, Naresuan University, for granting access to the linear accelerator (LINAC)
facility. Special thanks are given to Ms. Kamonchanok Nobphuek, Medical Physicist, for
her invaluable technical assistance with the irradiation setup.

Finally, the researcher would like to express sincere gratitude to all individuals
who contributed to this thesis through their assistance, encouragement, and support. The
researcher hopes that the knowledge and findings derived from this thesis will be valuable
and beneficial for future research and practical applications.

Pimvaree Aissara



TABLE OF CONTENT

Page

ABSTRACT .ttt ettt ettt sb et st sat ettt sae e beeanes C
ACKNOWLEDGEMENT ..ottt ettt st st D
TABLE OF CONTENT ....coiitiiiiiietete ettt sttt ettt s E
LIST OF TABLES ... .ottt ettt sttt st e sttt e s s e nseeneesseensesseensesneans G
LIST OF FIGURES ...ttt s ettt sttt sbe et st nae s H
ABBREVIATIONS gl e e A et e i e saesan e J
CHAPTER I INTRODUCTION .......ccciiiiiiiiiiiitiiteststienee st e s e set et st sbe e saeenees 1
Background and rationale...............coooouiiiiiiiiiiiie e s 1
Objectivgliy. el ... e B S e A AR e, 2
Researgh Scane. . wzatll S BB s e XA R 3
Rescarfihl Hy Dothcsist . . Torreetstta ittt ................ o LR 3
CHAPTER II' LITERATURE REVIEW ......ooiiiiiiiieiiiiibe et tiesb et 4
2.1 CRryKRLEAnCcRI_ L. a0 .. Kol ... S0 . BN . L . Al Il 4
2.2 Treatment Of CEIVICAl CANCET.......ccueviiriiiierit e sttt ettt sb ettt eaeesre e 7
2.3 Effcgsof Fagiaon onpchs.............. o0 88 0 ANTTL L0 e 8
2.4 Reactive Oxygen Species (ROS) in Radiation Biology......cc.ccccovceeviriininiencnne. 10
2.5 RadiosensWZer. Momd ... AT T RN oo et eeeeneeeenneeeeneeenneeeenees 12
2.6 Natural compounds as radiOSENSIIZETS .........cccieviiierueeriieiieniieeieeiieeieeieeseeeeiaeens 13
2.7 Alpha-Mangostin (AM) ... ettt e et e s e e sae e eaaeessaeesnnee s 16
CHAPTER Il RESEARCH METHODOLOGY .....oetiiiieiieiieiieiesieeie e 18
3.1 Materials and QUIPIMENL. ........ccueeruiiiiiieiieeiieiee ettt et e see et sieeebeeseaesaeeens 18
3.2 Cell Culture and Cell LINes ........ccceeiuiiiiiiiiiiiiinieeieeeesee et 22
3.3 Cytotoxicity Evaluation and Determine Inhibitory Concentration 20 (IC20) ......22
3.4 TIradiation SETUP ...ccveeeiieiieiie ettt ettt et ettt aeete e e e seneebeenaee e 24
3.5 Radiation Lethal Dose 20 (LD20) Evaluation ............cccceevvieeeiieeeiieeeeieeeiie e 26
3.6 Intracellular ROS detection by H2DCFDA ASSQY .....cccceecvieriieiieeiieieeieesiieeieens 28

3.7 y-H2AX ImmunofluoreSCeNCe ASSAY ......cccueeruierireriieniieeiieiiesieenseesieeeneenseesnneens 30



3.8 Cell CYCIe ANALYSIS ...vveeeiiieeeiiieeiiie ettt et etee e e e e e bae e s be e e sbeeenraeeenbaeenns 32
3.9 APOPLOSIS ANALYSIS ..vveeeiriiieiieeiiieeiieeeieeeeieeeete e ree e tee e eeebae e s aeeessbeeesaeesnreeenns 34
3.10 ClONOZENIC ASSAY ...uvveeierieeiiieeiieeeiieesieeestteeetteesreeessseessseessseeessseeesseesseeesseennns 36
3.11 Calculation of Sensitizer Enhancement Ratio (SER) .......c.cccccvvvviiiiniiiiniiiiiiens 38
3.12 Statistical analySiS.......ccciieiiiiiiiieiiiieeie et e e 38
CHAPTER IV RESULTS ...ttt 39
4.1 Cytotoxicity Assessment and Determination of IC20 and LD20 Values of
Alpha-Mangostin and Radiation in HeLa Cells. .icce..ooeeniriininiiniiiiiiciieeee, 39
4.2 Effects of Alpha-Mangostin and lonizing Radiation on Intercellular ROS Levels
in HeLa Cells. e et l. ... Al lverrmebdll ... L M e, 41
4.3 Alpha-Mangostin Induced DNA Damage Response Assessed by y-H2AX
NIETTOITIE A 0 oo 1 T O . S . 0 F o) 150, 5. O 42
4.4 Effects of Alpha-Mangostin and lonizing Radiation on Cell Cycle Distribution in
HeLa (ls AN, . Jvczafll S It i e R A AR 43
4.5 Combined Alpha-Mangostin and Radiation Treatment Enhances Apoptosis in
HeLa @dllgf.... 4 ................. BCSCS sl ..o 2 R 45
4.6 Radiosensitizing Effect of Alpha-Mangostin Assessed by Clonogenic Survival
Assay and Sensitizer Enhancement Ratio (SER) ..ot 47
CHAPTERWABISSOAJSION S ........ooovonnnenenene e o el LW oo, 49
CHAPTER VIR CUNCLUSTON 8. e a o o e A Bt e 52
REFERENCESMES, Ml P e A B L L e 53
APPENDIX .......... . 050 e A A IS Tl e 64

BIOGRAPHY ...ttt et e 80



LIST OF TABLES

Page
Table 1 Cells used in the 1eSearch. ...........ccceeiiiiiiieiiiiieeeee e 18
Table 2 Chemicals used in 1€S€arCh...........ccuieiiiiieiii et e 19
Table 3 Equipment used in r€SEarch. ..........ccceouiiiiieiiiiiiieiieeiecceee et 21
Table A cytotoxicity of Alpha-Mangostin in HeLa cells after 24 hours treatment assessed
DY MTT @SSAY (173). .eeeuveerisiineneiesureesieeansessiannneeess sihbanseesnseenseesssesnsessseessseenseesssesnsesnsesnsns 65
Table B cytotoxicity of Alpha-Mangostin in Fibroblast cells after 24 hours treatment
asSeSSEd DY MTT @SSAY (173). ..veeiieieiersuuessesntenueeensiesitenaeeestaebaeseessaeanseenseessseesseessnesses 67
Table C radiation lethal dose determination in HeLa cells assessed by Clonogenic survival
assay (N=3). A Fmm Rl oeoneeieneenneeecesiiihee el e P B e 69
Table D Relative fluorescence intensity of intercellular ROS in HeLa cells under different
treatment QBHAIRIONSKIN=3 ) ATt aasahintohe s ee debBn. oo veeeveeerneeeess Roeragf e R cenneereenerenenenanes 70
Table E Individual field of view fluorescence intensity values and calculated % vy-
H2AX/DAPI in HeL a cells under different treatment conditions (N=5). ..........cccveeeevveenee. 71
Table F Percentage of cell cycle distribution of HeLa cells under different treatment
conditiongW DR Sh ..L. ok .. onh .. .. S B L. AR 73

Table G Percentage of live, early apoptotic, late apoptotic, total apoptotic, and dead HeLa
cells under different treatment conditions (N=5). ....iieciveiiiiiviieeeesssseeie s e 75

Table H Individuals SF values of HeL.a cells under different treatment conditions (n=5). 77



LIST OF FIGURES
Page
Figure 1 Molecular pathways affected by HPV-0ncoproteins..........c.cceceeveveeneenieneenennnn 5
Figure 2 2018 FIGO staging system for cervical Cancer. ..........cccccueevvveecieeeceeenieeeieeeenenn 6
Figure 3 The basic processes of apoptosis, necrosis, and autophagy. ...........ccceceevvvenneenee. 10
Figure 4 The mechanism of natural compounds as radio- and chemosensitizers. ............. 15

Figure 5 Signaling pathways affected by natural products in cancer cells; X indicates
pathway inhibition, whereas V indicates pathway activation of natural compounds via
chemosensitizing/radiosensitizing effects. Numbers refer to natural compounds reported in
the source articlegl £ L L. e M E A MM e, 16

Figure 6 Comparison of 2D and 3D structures of AM with atom numbering according to

TUPAC convghiiohl ANS.....................oammfefl foamia AL N, 17
Figure 7 Schematic illustration of cytotoxicity of AM on Hela cells (MTT assay).......... 23
Figure 8 Schematic illustration of IR conditions for assessing radiosensitivity................. 25

Figure 9 Schematic workflow of the clonogenic survival assay following radiation
exXposure. A AN ..o R W e e 27

Figure 10 Schematic illustration of Intracellular ROS detection by H-DCFDA Assay. ....29

Figure 11 Schematic illustration of y-H2AX Immunofluorescence Assay............cc.......... 31
Figure 12 Schematic workflow of Cell cycle analysis. ........cocceeiiireieiiiienienieeieeeieeeeeeeen 33
Figure 13 Schematic illustration of Apoptosis ANalysiS: ......cccveereieerieeereeeriieenreeeeeeenenes 35
Figure 14 Schematic illustration of Clonogenic ASSAY. .........cceviieeveeireenieeiieenieeneeereeenes 37

Figure 15 Determination of IC20 of AM and LD20 of radiation in HeLa cells.
(A) Cytotoxicity of AM in HeLa cells after 24 hours treatment with increasing
concentrations (0—35 uM), as determined by the MTT assay. (B) Cytotoxicity of AM in
normal human fibroblasts under the same conditions. (C) Clonogenic survival of HeLa
cells following exposure to single doses of ionizing radiation (0—6 Gy) for 10 days. Data

are presented as mean + SD from three independent experiments. Statistical significance:
FHE D <0.001, FFFE P <0.0001. .o 40

Figure 16 Effects of Alpha-Mangostin and ionizing radiation on intercellular ROS levels
in HeLa Cells. Intercellular ROS levels in HeLa cells following treatment with AM, IR,
and their combination, as determined by H2DCFDA staining. Data are expressed as
relative fluorescence intensity normalized to the control. Statistical significance:
K D <0.001, F*FFED <O.0001. oo 41



Figure 17 Effect of AM on radiation-induced DSBs in HeLa cells.
(A) Quantification of y-H2AX fluorescence intensity following treatment with AM, IR,
and their combination. (B) Representative immunofluorescence images showing y-H2AX
positive signal (green) and DAPI-stained nuclei (blue) for each treatment condition.
Statistical significance: *** p < 0.001, **** p < 0.0001. ....coevvrreeiiieeieeeeee e 42

Figure 18 Effects of AM and IR on cell cycle distribution in HeLa cells.
(A) Quantitative analysis of cell cycle phase distribution following treatments: control,
AM, IR, and combination treatment. (B) Representative flow cytometry histograms of
DNA content profiles. Cells were exposed to 0 Gy or 2 Gy radiation with/without AM
pretreatment. Statistical significance: * p<0.05, ** p <0.01, *** p <0.001................... 44

Figure 19 Combined AM and IR treatment enhances apoptosis in HeLa cells.
(A) Quantification of apoptotic cells (% cell appearance) measured by Annexin V/Dead
Cell assay 24 h after treatment with control, AM, IR, or the combination treatment.
(B) Representative dot plots showing Annexin V and viability staining profiles for each
treatment condition, with live cells (lower left quadrant), early apoptotic cells (lower
right), late apoptotic/dead cells (upper right), and necrotic cells (upper left). Statistical
significance: ** p < 0.01, *** p < 0.001,**** p < 0.0001......cccceeiteiiiiniiereieeeee e 46

Figure 20 Radiosensitizing Effect of Alpha-Mangostin assessed by clonogenic survival
assay. (A) Quantification of clonogenic SF in HeLa cells treated with control, AM, IR, or
the combination treatment. (B) Representative images of crystal violet—stained colonies
formed after 10 days under each treatment condition. Statistical significance: * p < 0.05,
** p < 0.00, 0P QODCY . S0 JER... S0 .. Sl Lo f.. A0 A LN 48

Figure 21 Certificate of Approval Biosafety and Biosecurity conducted by Naresuan
UnNiversity . RX. i R . e veeeveeereeenersnessons Mo gt ee el o oooveeneeersesoreensens 79



AM
HeLa
G0/G1
G2/M

RT
IR
mL

MV
pug/mL
SF
SER

ROS

LD

ABBREVIATIONS

Alpha-Mangostin

Human Cervical Cancer Cell Lines
Gap 0 and Gap 1

Gap 2 and Mitotic phase
Gray

Radiotherapy

Irradiation

Milliliter

Microliter

Megavolt

Synthesis phase

Micrograms per milliliter
Survival Fraction

Sensitizer Enhancement Ratio
Reactive Oxygen Species
Micromolar

Lethal Dose



CHAPTER I

INTRODUCTION

Background and rationale

Cervical cancer is the eighth most diagnosed cancer worldwide and the fourth
leading cancer among women (1). In Thailand, it ranks as the second most prevalent
cancer in women (2). Cervical cancer is caused mainly by a human papillomavirus (HPV)
infection (3). Although cervical cancer death rates dropped between 1930 and 2012 due to
early detection, the cancer remains a significant health risk. Statistics reveal that between
2012 and 2018, there was a significant rise in both the number of deaths and new cervical
cancer cases worldwide. The primary variables influencing cervical cancer patients'
mortality include recurrence and metastasis to other locations such as lymph nodes, lungs,
and liver (4, 5).

Surgery is the common treatment for early-stage cancer. Additionally,
chemotherapy and radiotherapy (RT) are used to treat advanced-stage cancer (6). RT is
one of common methods used for the treatment of cancer by employing ionizing radiation
to destroy cancer cells. However, resistance to RT, particularly in hypoxic (oxygen-
deficient) tumors, can reduce treatment efficacy, and RT can cause injury to normal tissues
surrounding the tumor (7, 8). Furthermore, chemotherapy is one of the standard cancer
treatments that utilizes drugs with antineoplastic properties to inhibit tumor cell division
and proliferation, helping prevent cancer invasion and metastasis. However, chemotherapy
often causes severe side effects, including hair loss, nausea, and myelosuppression (bone
marrow suppression). As mentioned above, combining a chemosensitizer or radiosensitizer
with IR could be a promising approach to enhance therapeutic efficacy.

Currently, researchers are exploring natural compounds as chemosensitizers to
improve treatment outcomes (9-11). Many natural compounds are under investigation for
their potential as chemosensitizers and radiosensitizers in chemotherapy and RT (12, 13).
For example, Chendil, D. et al. demonstrated that curcumin has radiosensitizing effects in
prostate carcinoma cells by inhibiting NFxB and adjusting the Bcl-2:Bax ratio to promote
radiation-induced apoptosis (14), Bola Sadashiva Satish Rao, et al. found that Plumbagin
shows significant radiosensitizing activity in chemoresistant B16F1 melanoma cells
through ROS-mediated DNA damage, cell cycle arrest at G2/M, and activation of the
intrinsic apoptotic pathway, suggesting potential as a clinical radiosensitizer (15),
Additionally, Yuan Shao. et al. demonstrated that Resveratrol exhibits radiosensitizing
effects in FADU hypopharyngeal carcinoma cells by inducing apoptosis and perturbing
the cell cycle (16). To address these challenges, both synthetic and natural radiosensitizers
are being explored to improve the effectiveness of RT while minimizing side effects.



Alpha-Mangostin (AM), a key compound in the mangosteen peel (Garcinia
mangostana L.), has a long history of use in traditional Thai medicine for treating skin
conditions, wounds, and digestive issues. As a type of xanthone, AM is recognized for its
antioxidant, anti-inflammatory, and anticancer effects (17). Studies have shown that AM
increases reactive oxygen species (ROS) in cancer cells, which can lead to genetic damage
and mitochondrial dysfunction, ultimately inducing apoptosis in various cancers like lung,
breast, and cervical cancer. For example, in HeLa cells, AM treatment caused apoptosis
marked by nuclear shrinkage, chromatin condensation, and formation of apoptotic bodies.
Its mechanism involves activating caspase-3/7 and caspase-9, affecting mitochondrial
membrane potential to release cytochrome C, triggering cell death (18-23). Research by El
Habbash Al et al. also indicates that AM can halt the cell cycle at G2/M phase, thereby
preventing cell proliferation (24).

Moreover, the anticancer properties of AM have been widely studied, although its
use as a radiosensitizer has not been thoroughly studied. It is crucial to investigate whether
it can increase the radiosensitivity of HeLa cells, as this might lead to more effective
combination treatments. These treatments might enhance outcomes for patients with
cervical cancer by decreasing the required radiation dose and reducing RT side effects.

This research hypothesizes that AM can increase the sensitivity of HeLa cells to
radiation and, when combined with radiation, decrease survival rates more than radiation
alone.

Objective

To investigate the radiosensitizing effect of AM in combination with IR on HeLa
cells.



Research Scope

This thesis examines the radiosensitizing effect of Alpha-Mangostin (AM) on
HeLa cells. Briefly, cytotoxicity is evaluated at various concentrations of AM, and the
20% inhibitory concentration (IC20) is determined using the MTT assay. To assess
radiosensitization, the IC20 of AM is combined with radiation doses of 2 Gy delivered by
a 6 MV linear accelerator (LINAC) to HeLa cells. The survival fraction (SF) and Sensitizer
Enhancement Ratio (SER) are measured through clonogenic assays. Additionally, further
experiments are conducted to evaluate apoptosis, cell cycle progression,
immunofluorescence labeling, and ROS detection. Data is analyzed statistically with
GraphPad Prism software, and all experiments are performed in triplicate and three
independent times.

Research Hypothesis

AM increases the radiosensitivity of cervical cancer cells (HeLa), leading to a
greater decrease in cell survival when combined with ionizing radiation compared to AM
or radiation alone.



CHAPTERIII

LITERATURE REVIEW

2.1 Cervical Cancer

Cervical cancer results from infection with human papillomavirus (HPV), a high-
risk (oncogenic) strain. The most common strain is type 16, followed by 18, 31, 33, 45,
52, and 58. It is usually transmitted through sexual contact, with 90% of cervical cancers
being squamous cell carcinomas and 10% being adenocarcinomas. When infected with
HPYV, the virus alters the genetic material in normal cervical cells, triggering a mechanism
that causes uncontrollable cell growth, eventually leading to tumors. It can occur at any
age but is more common in older individuals because HPV shows symptoms after
infection persist for more than 5-10 years before progressing to cancer. Men infected with
HPV can serve as carriers, transmitting the virus to women, and are also at risk of
developing cancers of the penis and anus (25-27). HPV produces two main carcinogenic
proteins, E6 and E7, which disrupt cell protein functions. The E6 protein interacts with
E6-associated protein (E6-AP), an E3 ubiquitin ligase, and together they bind to p53, a
tumor suppressor that controls cell division. This binding tags p53 for proteasomal
degradation. When DNA damage or abnormalities occur, the depletion of p53 prevents
cells from halting division, allowing continued proliferation. HPV can also promote the
production of telomerase reverse transcriptase (WTERT), a component of telomerase.
Telomerase extends telomeres at chromosome ends, enabling cells to divide indefinitely
without aging or growth arrest. The E7 protein interacts with pRB and other family
members, preventing pRB from regulating E2F transcription factors. E2F factors then
promote gene expression necessary for cell division, enabling continuous cell proliferation
(Figure 1) (28-32).
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Figure 1 Molecular pathways affected by HPV-oncoproteins.

Source: Abboodi FF, Creek KE, Pirisi LA. Abstract LB-329: Molecular mechanisms of
loss of E7 expression in HPV 16-transformed human keratinocytes. Cancer Research.
2019;79

The cycle of cervical cancer starts with being infected with the HPV virus from a

wound on the cervical lining. The HPV virus will enter the wound to the surface layer of
the cervical lining (Transformation Zone) and increase the number of cells to the upper
lining. This allows the virus to spread to other organs. This cycle lasts 10-20 years before
the disease appears (33-35). When cervical cancer spreads, it will spread through various
channels as follows: (36, 37)

1.

Inside the cervix: caused by a small spot of cancer that has spread to the
surrounding area until it spreads throughout the cervix, causing the cervix to
become more significant (diameter greater than or equal to 8 centimeters),
appearing as a wound or lump protruding or inserting into the cervical tissue.

Spread to nearby organs: Cancer will spread along the cervical tissue to nearby
organs in all directions.

Lymphatic system: It usually starts from the lymphatic system in the pelvic area
and spreads along the lymphatic vessels to the area above the left collarbone.

The bloodstream and lymph vessels eventually enter other organs, such as the liver,
lungs, and brain.



Cervical cancer staging, according to the International Federation of Gynecology
and Obstetrics (FIGO) system, is based on the size of the cervix and the spread to distant
organs (Figure 2). It is divided into (38, 39)

1. Stage I: Cancer is still limited to the cervix.

2. Stage II: Cancer has spread to the upper vagina or adjacent cervical tissue but not
to the adjacent pelvic wall.

3. Stage III: Cancer has spread to the lower vagina or all adjacent cervical tissue and
to the adjacent pelvic wall.

4. Stage IV: Cancer has spread to distant organs.

Figure 2 2018 FIGO staging system for cervical cancer.

Source: Virarkar M, Vulasala SS, Morani A, Waters R, Gopireddy D, Kumar S, et al.
Neuroendocrine Neoplasms of the Gynecologic Tract. Cancers. 2022; 14:1835.)



2.2 Treatment of cervical cancer

Currently, the main treatment options for cervical cancer include surgery,

chemotherapy, RT, and combination therapy, depending primarily on the stage of the

cancer.

1.

Surgery

Surgery is a widely used and highly effective method for treating early-
stage cervical cancer, as it directly removes cancerous tissue. It can also be used to
remove tissue where cancer has metastasized. Currently, surgical procedures for
cervical cancer treatment include total hysterectomy, radical hysterectomy, loop
electrosurgical excision procedure (LEEP), conization, radical trachelectomy, and
cryosurgery. The type of surgery is selected based on the stage of the disease and
the extent of tumor spreading. Despite its high effectiveness, surgery has certain
drawbacks. There may be side effects such as infection, blood loss, damage to
nearby organs, blood clots, and radical hysterectomy performed laparoscopically,
which has been associated with an increased risk of cancer recurrence, loss of
fertility, and long-term urinary dysfunction (40-42).
Chemotherapy

Chemotherapy is the mainstay of oncology treatment, with cytotoxic
medicines used to target rapidly dividing cancer cells. The basic mechanism
includes inhibiting cell division via multiple routes, including DNA damage,
enzyme inhibition, and cell cycle disruption (43). These drugs work through the
body, making them especially effective in treating metastatic cancer. Chemotherapy
has proven its therapeutic efficacy, especially in blood malignancies like leukemia
and lymphoma (44). Chemotherapy medicines can reach distant metastases due to
systemic medication distribution (45). However, chemotherapy for cervical cancer
treatment still has some important limitations. One issue is that chemotherapy is
non-specific, affecting both cancer cells and quickly dividing normal cells,
resulting in side effects that include bone marrow suppression, gastrointestinal
damage, and hair loss (46). Furthermore, cancer cells develop drug resistance
through various biological mechanisms, including increased drug excretion,
modification of drug targets, and accelerated DNA repair, all of which face
significant barriers to successful therapy (47).
Radiotherapy

RT for cervical cancer can be classified into two types: external RT with a
particle accelerator, which can treat the tumor and lymph nodes in the pelvis by
modulating the radiation beam to increase precision and reduce side effects (48),
and internal brachytherapy, which requires inserting a radiation source directly into
the uterus or vagina. This method gives strong doses of radiation to be given
directly to the tumor while reducing radiation exposure to surrounding tissues (49).
However, RT has a few drawbacks, including the difficulty of cancer cells
becoming radioresistant in a low-oxygen environment and requiring higher
radiation doses to achieve the desired therapeutic outcome. Furthermore, side
effects on normal surrounding tissues have been reported, such as bladder and



intestinal inflammation, vaginal strictures, and other long-term problems. However,
indicating that while side effects may occur, they are frequently less severe
compared to other treatment techniques (50-53).

Most cervical cancer therapies involve surgery and chemotherapy combined with
RT. This is due to the ineffectiveness of a single treatment technique and the elevated risk
of surgery and chemotherapy. As a result, RT is a viable alternative treatment since it is
local and has fewer side effects than the two procedures mentioned above.

2.3 Effects of radiation on cells

When living cells are exposed to radiation, it affects biomolecules and organelles
within the cell both directly and indirectly, including proteins, lipids, carbohydrates,
mitochondria, and most notably, DNA. Radiation directly damages cell DNA, while
indirect effects involve free radicals that also harm DNA. Generally, radiation causes more
damage to DNA through indirect mechanisms than direct ones. This damage includes
single-strand breaks, double-strand breaks, damaged bases, and DNA-protein cross-links.
It also leads to cell abnormalities, which vary depending on the cell type, radiation dose,
and radiation type. Cellular abnormalities and their features include:

1. Cells divide more slowly (division delay) or cease to divide (reproductive death)
because of radiation damage to biomolecules, causing the functioning of those
biomolecules to malfunction; for example, enzymes work less, leading to division
reactions to decrease and causing cells to divide slower. If the genetic material
(DNA) is damaged, the division process will slow down to repair the DNA.
However, the cell will finally stop dividing if the DNA becomes so damaged that it
cannot be restored.

2. Cell death during interphase. If cells are exposed to radiation and are irreparably
damaged beyond repair, they will die without continuing to survive divide.

3. Cell death during mitosis. Radiation-damaged cells may proceed to the next phase
of the cell cycle, but they will die upon reaching mitosis. This includes cells that
have divided once or twice after radiation exposure. They will die during the next
division because of genetic damage. In the fields of radiobiology, oncology, and
research, there are two forms of cell death:

3.1. In vitro: Dead cells will continue to seem normal, can produce proteins, and
divide for another 1-2 cycles before becoming unable to divide further.

3.2. Tumor Cells: Dead cells cannot divide again. And cannot spread (metastasize)
farther.



The classification of cell death according to cell type is the following:

1.

Differentiated cells, such as nerve cells, muscle cells, secretory cells, and so on,
have evolved to execute specialized activities. They do not divide. When cells in
this category die, it demonstrates they cannot complete their tasks or have lost their
ability to function.

Proliferating cells, such as stem cells and the intestinal epithelium, represent cells
that divide. Cells in this category die immediately and no longer divide. Cell death
occurs when radiation causes damage to cells that cannot be repaired. The
mechanism of cell death after radiation exposure is divided into four mechanisms
as follows (Figure 3):

2.1.

2.2.

2.3.

24.

Apoptosis is a programmed dying process in normal and abnormal cells. It is
essential for life, as it supports various bodily functions, including proper cell
turnover, healthy organ development, and immune system modulation. The
features of apoptosis are as follows:

1) TItis a death caused by cellular self-destruction in eukaryotic cells.

2) This is an ATP-dependent mechanism.

3) DNA breaks at a certain size.

4) There is no rupture of the cell membrane or inflammation.

5) The cell is fragmented into smaller sections known as apoptotic

bodies.

Necrosis is a process of death caused by pathological circumstances such as
toxin exposure or a lack of oxygen. Cells will enlarge, mitochondria will lose
their function, and cell membranes will rupture, allowing internal cell
components to escape into the extracellular area, causing inflammation and
damage to surround tissues. DNA will be fragmented into uneven sizes, and
ATP will be ineffective.
Mitotic catastrophe is the death of cancer cells during the mitotic phase,
which occurs because cancer cells frequently have defective apoptotic
mechanisms. It occurs when cancer cells' DNA is extensively damaged by
radiation and attempts to divide during mitosis, resulting in incomplete cell
division or cells with aberrant chromosomes that may die in the first or
subsequent cycles of division.
Autophagy is a dying process that relies on lysosome enzymes and is
triggered by cellular stresses such as infection, toxin exposure, inadequate
nutrition, and radiation. This sort of death has a process that produces an
autophagosome, which connects with the lysosome to form an autolysosome
and eventually decomposes (54-57).
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Figure 3 The basic processes of apoptosis, necrosis, and autophagy.

Source: Zhu X, Li S. Ferroptosis, Necroptosis, and Pyroptosis in Gastrointestinal Cancers:
The Chief Culprits of Tumor Progression and Drug Resistance. Advanced Science.
2023;10.

2.4 Reactive Oxygen Species (ROS) in Radiation Biology

1.

Radiation-induced ROS generation

Ionizing radiation mainly produces ROS through water radiolysis because
water is the primary component of cells and absorbs much of the deposited energy.
Water radiolysis quickly forms short-lived reactive intermediates that develop into
biologically important ROS, leading to an early oxidative burst immediately after
IR. The main ROS discussed in radiobiology include hydroxyl radicals (*OH),
superoxide anions (O2*7), and hydrogen peroxide (H20:), which vary in reactivity,
diffusion distance, and lifespan in aqueous environments. Among these, OH is
generally viewed as the most reactive and damaging because it reacts close to
where it forms and can attack DNA, proteins, and lipids on a near-diffusion-limited
timescale. In mammalian systems, much radiation-induced damage occurs through
indirect action, where ROS produced by water radiolysis cause chemical harm to
vital biomolecules rather than radiation directly hitting DNA. Therefore, ROS-
driven processes often dominate radiation-related DNA damage under oxygen-
rich, watery cellular conditions, highlighting ROS as key molecular agents in the
radiation response (58, 59).
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2. ROS-mediated cellular damage
ROS can induce DNA damage, including base oxidation and strand breaks,
by chemically modifying DNA components. In cancer cells, ROS also interact with
the DNA damage response (DDR), where oxidative lesions can activate checkpoint
signaling and influence repair pathway choices, affecting how cells handle or
accumulate genomic damage (60). Beyond nuclear DNA, ROS are closely
associated with mitochondrial dysfunction because mitochondria are both a major
source of endogenous ROS and a vulnerable target of oxidative injury. Oxidative
stress can damage mitochondrial lipids, proteins, and DNA, which may impair
electron transport and lead to increased ROS production, creating a vicious cycle
of mitochondrial damage and redox imbalance (61). The term oxidative stress is
generally defined as a condition in which ROS production exceeds antioxidant
defenses, resulting in damage to macromolecules and disrupted cell signaling.
Therefore, ROS-mediated cellular damage is best viewed as an integrated process,
where oxidative lesions compromise DNA integrity and mitochondrial function
while simultaneously altering redox-regulated signaling networks (62).
3. ROS-mediated cell death pathways
ROS promote intrinsic (mitochondrial) apoptosis by causing mitochondrial
damage, loss of mitochondrial membrane integrity, and activating downstream pro-
apoptotic signals that lead to caspase activation. In radiobiological settings,
excessive oxidative stress can push cells beyond adaptive responses and toward
apoptosis, especially when mitochondrial damage is extensive or persistent (63).
Radiation and oxidative injury can also result in mitotic catastrophe; a form of cell
death linked to abnormal mitosis that often results from unrepaired DNA damage
and disrupted progression through the G2/M boundary. Mitotic catastrophe is often
described as occurring during or after faulty mitosis due to defective checkpoint
control, connecting DNA damage to lethal errors in chromosome segregation (64).
ROS also contribute to G2/M arrest because oxidative DNA lesions activate
checkpoint signaling, which can pause the cell cycle to allow repair. However,
prolonged arrest may increase the risk of cell death pathways (65). Because G2/M
is generally considered a relatively radiosensitive phase, ROS-induced damage
accumulation and checkpoint activation around G2/M can influence radiosensitivity
by determining whether cells successfully repair or undergo lethal mitosis.
4. ROS and radiosensitization
A central concept in radiosensitization is that ROS overload can increase
the magnitude and persistence of radiation-associated DNA lesions, thereby
shifting damage from repairable to lethal states (66). Persistent DNA double-strand
break signaling is commonly monitored using y-H2AX foci, which serve as a
widely used biomarker of DNA damage and repair kinetics in radiobiology and
translational studies. Mechanistically, phosphorylation of H2AX is linked to
recruitment and organization of DNA repair factors at damaged chromatin, making
v-H2AX dynamics informative about ongoing repair processes (67, 68).
Radiosensitization strategies that impair DNA repair frequently correlate with
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increased or prolonged y-H2AX foci, consistent with the interpretation of
unrepaired or slowly repaired DSBs (69).

Taken together, ROS-centered radiosensitization frameworks link oxidative
amplification to DNA damage persistence, y-H2AX retention, and functional
inhibition pf repair, providing a mechanistic bridge between oxidative stress
biology and improved RT efficacy.

2.5 Radiosensitizer

The primary goal of cancer treatment is to achieve effective local tumor control
while preventing distant metastasis. Historically, the treatment of cancers such as cervical,
brain, head and neck cancers using a single therapeutic modality often resulted in high
rates of local recurrence, leading to suboptimal clinical outcomes. Consequently, mixed-
modality treatment strategies, including surgery combined with RT and chemotherapy,
were developed to enhance tumor control and improve patient survival (70-72).

Radiosensitizers are agents that enhance the cytotoxic effects of ionizing radiation
on tumor cells while ideally limiting damage to surrounding normal tissues. The use of
radiosensitizers aims to overcome intrinsic or acquired radioresistance and thereby
improve the therapeutic efficacy of RT without increasing radiation dose. Mechanistically,
radiosensitization can occur at different stages of radiation interaction with biological
systems and is broadly classified into physical, chemical, and biological mechanisms (73,
74).

At the physical level, radiosensitization involves enhancement of local energy
deposition following IR. Materials with high electron density or high atomic number can
increase radiation absorption and secondary electron production, leading to amplified
initial physical damage within tumor cells. Although physical radiosensitization is most
prominent in nanoparticle-based approaches, it represents the earliest stage of radiation
interaction that can influence subsequent chemical and biological responses (75, 76).

At the chemical level, radiosensitizers modulate the radiolysis of water induced by
ionizing radiation and the subsequent generation of ROS. Because most of the radiation-
induced DNA damage occurs through indirect action mediated by ROS, compounds that
enhance ROS production or impair cellular antioxidant defenses can intensify oxidative
damage to DNA, proteins, and cellular membranes. This chemical amplification of
oxidative stress contributes to increased DSBs and enhances radiosensitivity (58, 77).

At the biological level, radiosensitizers influence cellular responses to radiation-
induced damage by modulating DNA repair pathways, cell cycle progression, and cell
death signaling. Inhibition or delay of DSBs repair prolongs DNA damage signaling and
increases the likelihood of lethal chromosomal aberrations. Additionally, redistribution of
tumor cells into radiosensitive phases of the cell cycle, particularly the G2/M phase,
further enhances radiation-induced cytotoxicity and reduces long-term clonogenic
survival, which is the principal determinant of tumor control following RT (78-80).
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Based on these physical, chemical, and biological mechanisms, a wide range of
radiosensitizers has been investigated and incorporated into experimental and clinical RT
protocols. Many commonly used chemotherapeutic agents act predominantly through
chemical and biological radiosensitization by enhancing DNA damage and impairing
repair processes when combined with radiation. Representative examples include:

1. Cisplatin is a chemotherapeutic medication that increases radiation sensitivity. It
operates by adhering to cancer cells' DNA, producing DNA crosslinking, and
preventing the repair of radiation-damaged DNA. It is highly specific to cervical
cancer and head and neck cancers (72, 81).

2. 5-Fluorouracil (5-FU) is a medication that reduces the production of DNA and
RNA in cancer cells (82), providing them with less resistance to radiation damage.
It is extremely effective in gastrointestinal cancers, especially colorectal cancer
(83).

3. Temozolomide is a chemotherapeutic medication that can cross the blood-brain
barrier. It operates by damaging cancer cells' DNA and boosting their sensitivity to
radiation, especially in glioblastoma cells (84).

2.6 Natural compounds as radiosensitizers

Currently, various synthetic radiosensitizers with different mechanisms of action
have been developed. However, their clinical applications are often limited due to toxicity
concerns. Traditionally used in cancer prevention, natural compounds are now being
evaluated as alternative radiosensitizers. These natural substances are particularly
interesting because they offer multiple benefits: functioning as antioxidants, anticancer,
enhancing the immune system function, having proven safety profiles, and acting as
radiosensitizers while protecting normal tissues from radiation damage (Figure 4 and 5).
This dual role-enhancing radiation's effectiveness against cancer cells while protecting
normal tissue-makes these compounds increasingly valuable in treating several types of
cancer (85). Such as

1. Curcumin, a polyphenol derived from Curcuma longa L., has demonstrated
significant potential as a radiosensitizer across various cancer types. Research has
shown that curcumin enhances radiation sensitivity through multiple mechanisms,
including downregulation of antioxidant enzymes, increased ROS generation,
modulation of gene expression (including MDR1 and microRNAs), inhibition of
NF-kB signaling, and regulation of various cellular pathways. Its radiosensitizing
effects have been demonstrated in numerous cancer types, including head and
neck, cervical, nasopharyngeal, bladder, esophageal, hepatocellular, pancreatic,
renal cell carcinoma, lymphoma, lung cancer, melanoma, prostate cancer, and
glioblastoma. Recent advances have also explored the use of curcumin in nano
formulations, particularly when combined with other natural compounds like
naringenin, showing enhanced radiosensitization effects in breast cancer both in
vitro and in vivo through magnetic field-responsive nanocarriers (86-89).
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2. Plumbagin, a natural naphthoquinone compound extracted from the medicinal
plant Plumbago zeylanica L, has demonstrated anticancer properties against
various malignancies, including breast cancer, lung cancer, ovarian cancer, acute
myeloid leukemia (AML), and prostate cancer, both in laboratory and animal
studies. Research has shown its potential as a radiosensitizer in multiple cancers,
particularly in cervical cancer and melanoma. PL enhances radiation sensitivity in
cervical cancer C33A cells by increasing caspase-3 activation, Bcl-2, surviving
expression, and promoting apoptotic cell death. In melanoma B16F1 cells, it works
by inducing oxidative stress, Bax, cytochrome-c, p53, PARP expression, and DNA
damage, with its radiosensitizing effects also confirmed in mouse melanoma cells
(15,90, 91).

3. Resveratrol, a natural phytoalexin predominantly found in grapes, peanuts, and
berries, demonstrates multiple therapeutic properties, including anti-inflammatory,
anti-oxidative, and anti-cancer effects. Research has shown its effectiveness as a
radiosensitizer across various cancer types, including breast cancer (MCF 7), colon
carcinoma (CT26), melanoma (B16F10), hypopharyngeal carcinoma (FADU),
nasopharyngeal carcinoma (CNE-1), prostate cancer (PC-3, DU145), and
glioblastoma stem cells (SU-2). Its radiosensitizing mechanisms include inducing
apoptosis and necrosis/senescence, generating ROS, causing cell cycle arrest,
inhibiting p-AKT, downregulating E2F1 transcription factor, increasing perforin
and granzyme-B expression, decreasing CD133 expression, and inhibiting NF-kB.
Notably, in combination with RT, Res has shown promising results in improving
survival rates in experimental models (92-95).
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Figure 4 The mechanism of natural compounds as radio- and chemosensitizers.

Source: Nisar S, Masoodi T, Prabhu KS, Kuttikrishnan S, Zarif L, Khatoon S, et al.
Natural products such as chemo-radiation therapy sensitizers in cancers. Biomedicine &
Pharmacotherapy. 2022;154:113610.
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Figure S Signaling pathways affected by natural products in cancer cells; X indicates
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via chemosensitizing/radiosensitizing effects. Numbers refer to natural compounds
reported in the source article.

Source: Nisar S, Masoodi T, Prabhu KS, Kuttikrishnan S, Zarif L, Khatoon S, et al.
Natural products as chemo-radiation therapy sensitizers in cancers. Biomedicine &
Pharmacotherapy. 2022;154:113610.

2.7 Alpha-Mangostin (AM)

AM (Garcinia Mangostana L.) 1s a fruit that grows naturally in Southeast Asia and
many other countries worldwide. AM is an extract derived from mangosteen peel
containing most of the xanthone group (Figure 6). The yellow-green latex within the
mangosteen peel's latex tube contains up to 78% of the total xanthone compound. It has
been used as a folk remedy to heal various ailments, including infected wounds and other
infections. AM has been shown in multiple studies to have anti-cancer, pain relief,
antioxidant, antivirus and bacterial infections, anti-allergic, heart disease prevention, and
neurological protection properties (96, 97). Because of these studies, it has been used to
make many dietary supplements and cosmetics. It is also widely used in medicine due to
its anti-inflammatory and antioxidant properties.

AM is gaining popularity in oncology since several studies have demonstrated its
anti-cancer effects. As a result, there is research on the impact of alpha-mangosteen on
several kinds of cancer cells, such as:

1. In breast cancer cells, When treated with AM at concentrations of 0, 1, 2, 3, 4, 6, 8,
and 10 uM was given to MCF-7 breast cancer cells (IC50 = 3.57 uM) and MDA-
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MB-231 (IC50 = 3.35 uM), the results of the study revealed that AM has a
mechanism to inhibit the synthesis of intracellular fatty acid (FAS) via the action
of FAK, ERK1/2, and AKT, causing the cells to undergo apoptosis (98).

2. Inlung cancer cells. The study discovered that when AM at doses ranging from 0-
100 uM was given to A549 lung cancer cells (IC50 = 19 uM) and CCD-14Br
normal lung cells (IC50 =22 uM), AM inhibited lung cancer metastasis (99).

3. In prostate cancer cells. The study found that when AM was given to LNCaP (IC50
=5.9 uM), PC3 (IC50 = 12.7 uM), DU145 (IC50 = 22.5 uM), and 22Rv1 (IC50 =
6.9 uM) prostate cancer cells, the results demonstrated that AM has an effect in
inhibiting the progression of the cell cycle. Through the activity of JNK and CDK
proteins (100).

4. In cervical cancer cells, when AM was given to HeLa and SiHa at doses ranging
from 20-30 uM (in vitro) and 20 and 40 mg/kg in mice by subcutaneous injection
three times/week (in vivo). The study found that AM decreased mitochondrial
membrane potential (MMP), resulting in the release of cytochrome C and increased
levels of the apoptosis-inducing protein Bax, decreased levels of the apoptosis-
preventing protein Bcl-2, and promoted the production of reactive oxygen species
(ROS), which activated the p38 MAPK signaling pathway. Furthermore, mouse
experiments showed that AM could reduce the size and weight of the tumors
without affecting the overall health of the mice (101).

Figure 6 Comparison of 2D and 3D structures of AM with atom numbering
according to IUPAC convention

Source: H. Gorecka, M. Guzniczak, 1. Buzalewicz, A. Ulatowska-Jarza, K. Korzekwa and
A. Kaczorowska. International Journal of Molecular Sciences 2025 Vol. 26 Issue 11 Pages
5281. Accession Number: doi:10.3390/ijms26115281



CHAPTER III

RESEARCH METHODOLOGY

This research was conducted at the Faculty of Allied Health Sciences and
Department of Radiology, Faculty of Medicine, Naresuan University

3.1 Materials and equipment.

The materials and equipment employed in this study are summarized in Table 1-3.
Specially, Table 1 presents the cell lines used in the research, Table 2 lists the chemicals
used in the experiments, and Table 3 summarizes the equipment used in the study.

Table 1 Cells used in the research.

Number Cell Abbreviation Contributor
Human Cervical Assoc. Prof. Dr. Nipaporn Ngernyuang
1 ) HeLa
Cancer Cell Lines from Thammasat University, Thailand.
Human Fibroblast Assoc. Prof. Dr. Kanchana Usuwanthim
2 CCD

Cells Lines

from Naresuan University, Thailand.
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Table 2 Chemicals used in research.

Number Chemicals Abbreviation Manufacturer

. Alpha-Mangostin AM MedChem Express LLC
(Lot# 24375) (MCE), USA

5 Dulbecco's Modified Eagle M Giboo, New York, USA
Medium

3 3-(4,S-dimethylthi:ZC)I-Zyl)-Z,S- |m Thermo Fisher Scientific,
diphenyltetrazolium bromide China

4 PhospI;e-zlffered saline s 7P];) Si Gibco, New York, USA

5 0.25% Trypsinr EDTA Trypsin Gibco, New York, USA

6 Dim;yl Safo;ide DMSO Loba Chemie, India

7 0.01% CrystaliViolet 7 -7 ] Loba Chemie, India

8 70% Ethanol = : - RCI Labscan, Bankok,

Thailand

9 Muse® Cell Cycle Kit - Luminex, Texas, USA

10 Muse® Annexin V & - Luminex, Texas, USA
Dead Cell Kit

11 4%Paraformaldehyde - Thermo Fisher Scientific,

China
12 0.5% Triton X-100 -
13 2% bovine serum albumin BSA Loba Chemie, India
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Table 2 Chemicals used in research (continued).

Number Chemicals Abbreviation Manufacturer
14 phosphohistone-H2AX (Ser139) - Thermo Fisher Scientific,
monoclonal antibody USA
(diluted 1:300),
15 Alexa-Fluor-488 conjugated - Gibco, New York, USA
polyclonal goat anti-mouse [gG
antibody (diluted 1:500)
16 4’,6-diamidino-2-phenylindole DAPI Gibco, New York, USA
17 2°7’-dichlorofluorescin diacetate ~ H,DCFDA = Invitrogen™
Molecular Probe, USA
18 Fetal Bovine Serum FBS Gibco, New York, USA
19 Penicillin Streptomycin Pen Strep Gibco, New York, USA
20 0.4% Trypan blue stain - Gibco, New York, USA
21 Slow Fade® Gold antifade - Invitrogen™
reagent With.DAET Molecular Probe, USA
22 Antibiotic-Antimycotic Anti-Anti Gibco, New York, USA
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Equipment Manufacturer
1 Linear Accelerator, Clinac 2100 CD No. 5515 Varian
2 Bolus Varian
3 Solid Phantom Varian
4 Biosafety Cabinets NuAire
5 CO; Incubator SL SHEL LAB
6 Muse® Cell Analyzer Luminex, Texas, USA
7 Microplate Reader Molecular Devices, USA
8 Centrifuge Hettich
9 Ml ohotes HBG"™ BLOOD COUNTING
CHAMBER BRIGHTLINE
10 Carl Zeiss fluorescence microscope Carl Zeiss AG, Germany
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3.2 Cell Culture and Cell Lines

HeLa cervical cancer cells and fibroblast cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin and maintained at 37 °C in a humidified incubator with
95% air and 5% CO.. The DMEM was changed every 3-4 days and once the cells reached
80% confluence, cells were sub-cultured with 0.25% trypsin.

3.3 Cytotoxicity Evaluation and Determine Inhibitory Concentration 20 (1C20)

A 3-(4,5 Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium bromide (MTT) assay
was performed to assess the viability of HeLa cells after 24 hours of cell culture with
varying concentrations of AM. The percentage of cell viability was measured to identify
the concentrations of AM that caused a 20% decrease in the growth of HeLa cells
(Inhibitory concentration; IC20), which will be used in further experiments (Figure 7).

1. HeLa cells were seeded into 96-well plates at density of 1x10* cells per well in 100
uL of complete DMEM per well and incubated at 37 °C in a humidified incubator
with 5% CO; for 24 hours to allow attachment.

2. After 24 hours, the culture DMEM was removed, the cells were washed with
phosphate-buffered saline (PBS), and AM at concentrations of 0, 5, 10, 15, 20, 25,
30, and 35 uM was added in 100 pL per well to complete DMEM. The treated cells
were incubated at 37°C with 5% CO:z for 24 hours.

3. At the end of incubation, the treatment DMEM was removed, and the cells were
washed with PBS. MTT solution (0.5 mg/mL) prepared in serum-free DMEM was
added to each well (100 puL per well), and the plates were incubated for 3 hours in
the dark.

4. After incubation, the MTT solution was removed and replaced with 100 pL of
DMSO to dissolve the formazan crystals. The absorbance was measured at 570 nm
using a microplate reader.

5. Cell viability (%) was calculated using the following equation (1).

Absorbance of Treated Cell

1
Absorbance of Untreated control Cell %100 M

Cell Viability(%)=

6. The dose-response curve generated from the MTT assay was fitted using nonlinear
regression analysis, and the IC20 value was derived from the fitted model for
subsequent experiments.
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Figure 7 Schematic illustration of cytotoxicity of AM on HeLa cells (MTT assay).
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3.4 Irradiation Setup

This experiment was conducted to establish a standardized IR condition for all

radiation-related experiments in this study, including radiation-only and combination
treatment experiments. The IR setup was designed to ensure dose uniformity at the cellular
level and reproducibility across different experimental assays (Figure 8).

1.

HeLa cells were seeded into 24-well plates at a density of 2x10° cells per well in 2
mL of complete DMEM and incubated at 37 °C in a humidified incubator with 5%
CO: for 24 hours to allow attachment.

For the combination experiment, the cells were pretreated with AM for 24 hours
before IR.

Cell culture plates used for IR were prepared according to the experimental design
and placed on a solid water phantom (30x30 cm? base, 15 cm thickness) to provide
adequate backscatter during IR.

To achieve dose homogeneity within the cell monolayer, the plates were positioned
between two 1.5 em-thick tissue-equivalent bolus slabs, with an additional bolus
slab placed on top of the plates.

IR was performed using a 6 MV linear accelerator under standardized IR geometry
with a source-to-surface distance (SSD) of 96.5 cm and a field size of 15x20 cm?.
The prescribed radiation dose was delivered in a single fraction as per the
experimental protocol. Non-irradiated control groups were handled under identical
conditions without radiation exposure.

Following IR, the cell culture DMEM was replaced with fresh complete DMEM,
and the cells were returned to a 37°C incubator with 5% CO: for 24 hours for
subsequent experimental procedures.
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Figure 8 Schematic illustration of IR conditions for assessing radiosensitivity.
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3.5 Radiation Lethal Dose 20 (LD20) Evaluation

To determine the lethal radiation dose for HelLa cells and establish a baseline

radiation response for subsequent combination experiments, a clonogenic survival assay
was performed. Cells were exposed to increasing single-fraction radiation doses, and long-
term survival was assessed by colony-forming ability (Figure 9).

1.

a

10.

11.

12.

HeLa cells were seeded into 6-well plates at a density of 2x10° cells per well in 2
mL of complete DMEM and incubated at 37 °C in a humidified incubator with 5%
CO; for 24 hours to allow attachment.

The cells were irradiated at a single dose of 0, 1, 2, 4, and 6 Gy under the
Irradiation Setup section (3.4).

After IR, the cells were replaced with DMEM and returned to a 37°C incubator
with 5% CO2 for an additional 24 hours.

After incubation, the culture DMEM was removed, and the cells were washed with
PBS. The cells were detached using 0.25% Trypsin-EDTA for 3-5 minutes and
neutralized with complete DMEM.

The cells were collected into a 15-mL Falcon tube and centrifuged at 1500 rpm for
5 minutes. The cell pellet was resuspended with 1 mL of complete DMEM.

The cells were counted using hemocytometry with trypan blue staining.

The cells were cultured in 6-well plates at densities ranging from 250 to 3,000 cells
per well in 2 mL of DMEM, depending on the radiation dose.

The cells were incubated at 37°C in a 5% CO: incubator for 10 days without
changing the culture DMEM.

After incubation, the culture DMEM was removed, and the cells were washed with
PBS, fixed with methanol for 10 min, and stained with 0.5% crystal violet for 45
min. Excess stain was removed, and the plates were rinsed with distilled water and
air-dried at room temperature.

Colonies containing more than 50 cells were counted under a light microscope.
Plating efficiency (PE) and survival fraction (SF) were calculated using equation
(2) and (3).

Radiation survival curves were generated by fitting the SF data to a linear—
quadratic (LQ) model using GraphPad Prism version 10.5

PE= No. of Colonies Formed 100 2)
~ No. of Cells Seeded

No. of Colonies Formed After Treatment
SF= x100 3)
No. of Cells Seeded x PE
The LD20, defined as the radiation dose at which 80% cell survival was observed,
was determined by interpolation of the radiation survival curve and was

subsequently used in further combination experiments.
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Figure 9 Schematic workflow of the clonogenic survival assay following radiation
exposure.
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3.6 Intracellular ROS detection by H2DCFDA Assay

This experiment was performed to evaluate intracellular ROS generation in HeLa

cells following treatment with AM, IR, or a combination of the two. Intracellular ROS
levels were measured using the 2’,7'-dichlorofluorescein diacetate (H DCFDA)
fluorescence assay, and ROS production in each treatment group was expressed relative to
the untreated control group (Figure 10).

1.

HeLa cells were seeded into 96-well plates at a density of 2x10° cells per well in 2
mL of complete DMEM and incubated at 37°C in a humidified incubator with 5%
CO: overnight to allow cell attachment.

After incubation, the culture DMEM was removed, and the cells were incubated
with 20 uM H>DCEDA solution for 45 minutes at 37°C in the dark to allow
intracellular loading of the probe.

Following HoDCFDA incubation, the HHDCFDA solution was removed, and 200
uL of fresh complete DMEM containing the designated treatment was added to
each well.

Cells were treated according to the experimental design, including untreated
control, AM treatment, IR treatment, and combination treatment (AM + IR). Cells
in the AM and combination treatment groups were incubated with AM for 6 hours.
For IR groups, cells were irradiated under the photon IR conditions described in
the Irradiation Setup section (3.4). Fluorescence intensity was measured at 2 hours
after IR.

Fluorescence signals were measured using a fluorescence microplate reader at 485
nm excitation and 535 nm emission in end-point mode.

The fluorescence intensity obtained for each treatment group was normalized to
the untreated control group, which was set to 1 to allow comparison of relative
intracellular ROS levels across different experimental conditions.
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Figure 10 Schematic illustration of Intracellular ROS detection by H2DCFDA Assay.
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3.7 yv-H2AX Immunofluorescence Assay

This experiment was performed to evaluate DNA double-strand break (DSB)

formation in HeLa cells following treatment with AM, IR, or a combination. DNA damage
was assessed by immunofluorescence staining of phosphorylated histone H2AX (y-
H2AX), a well-established marker of radiation-induced DSBs (Figure 11).

1.

10.

HeLa cells were seeded onto sterile glass coverslips placed in 24-well plates at a
density of 2x10° cells per well in 2 mL of complete DMEM and incubated at 37 °C
in a humidified incubator with 5% CO: for 24 hours to allow cell attachment.

Cells were treated according to the experimental design, including untreated
control, AM treatment, IR treatment, and combination treatment (AM + IR). For
AM and combination treatment groups, cells were pretreated with AM for 24 hours
before IR.

Cells in the IR and combination treatment groups were exposed to photon IR under
the conditions described in the Irradiation Setup section (3.4).

The culture DMEM was removed, and the cells were gently washed with PBS.
Cells were then fixed with 4% paraformaldehyde for 15 minutes at room
temperature, followed by PBS washes.

Fixed cells were permeabilized with 0.5% Triton X-100 in PBS for 10 minutes,
washed with PBS, and subsequently blocked with 2% bovine serum albumin
(BSA) in PBS for 1 hour at room temperature to reduce non-specific binding.

Cells were incubated with a primary antibody against y-H2AX (Ser139) diluted in
blocking solution and incubated overnight at 4 °C.

After primary antibody incubation, cells were washed with PBS and incubated
with a fluorophore-conjugated secondary antibody for 1 hour at room temperature
in the dark.

Cell nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPTI) for 5
minutes, followed by washing with PBS.

Coverslips were mounted onto glass slides using an antifade mounting medium.
Fluorescent images were acquired using a fluorescence microscope under identical
acquisition settings for all experimental groups.

Mean y-H2AX fluorescence intensity per nucleus was quantified using ImageJ
software version 1.53t. Nuclei were defined as regions of interest (ROIs) based on
DAPI staining, and background-subtracted mean fluorescence intensity was
measured for each nucleus.
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Figure 11 Schematic illustration of y-H2AX Immunofluorescence Assay.
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3.8 Cell cycle analysis

This experiment was performed to evaluate the effects of AM, IR, and combined

treatment on cell cycle progression in HeLa cells, with the aim of determining whether
treatment induces cell cycle arrest. Cell cycle distribution was analyzed by fluorescence-
based DNA content assay (Figure 12).

1.

10.
11.
12.
13.
14.
15.
16.

17.

HelLa cells were seeded into 24-well plates at a density of 2x10° cells per well in 2
mL of complete DMEM and incubated at 37°C in a humidified incubator with 5%
CO: for 24 hours to allow cell attachment.

Cells were treated according to the experimental design, including untreated
control, AM treatment, IR treatment, and combination treatment (AM + IR). For
the AM and combination treatment groups, cells were pretreated with AM for 24
hours before IR.

For IR and combination treatment groups, cells were exposed to ionizing radiation
under the conditions described in the Irradiation Setup section (3.4). Following IR,
cells were further incubated for 24 hours at 37°C with 5% CO: and 95% relative
humidity before cell cycle analysis.

The culture DMEM was removed, and cells were gently washed twice with 2 mL
of PBS.

Cells were detached by adding 1 mL of 0.25% trypsin—EDTA to each well and
incubating for 3—5 minutes at 37°C.

Trypsin activity was neutralized by adding 3 mL of fresh complete DMEM, and
the cell suspension was collected into 15 mL Falcon tubes.

Cells were centrifuged at 1,500 rpm for 5 minutes to obtain a cell pellet.

The cell pellet was resuspended in | mL of DMEM, and cell numbers were
determined using a hemocytometer with trypan blue staining.

Cells were adjusted to a density of 1x10° cells per 500 pL of culture DMEM and
transferred into 1.5 mL microcentrifuge tubes.

Cell suspensions were centrifuged at 8,000 rpm for 7 minutes, and the supernatant
was carefully removed.

Cell pellets were gently washed with 1 mL of PBS, taking care to avoid excessive
mechanical disruption.

Cells were fixed by resuspension in 500 pL of cold 70% ethanol.

Fixed cells were stored at —20°C for at least 3 hours to preserve DNA integrity.
After fixation, 200 pL of the fixed cell suspension was transferred into new 1.5 mL
microcentrifuge tubes.

The samples were centrifuged at 8,000 rpm for 7 minutes, and the ethanol was
discarded.

Cell pellets were washed with 1 mL of PBS, then centrifuged at 8,000 rpm for 7
minutes; the PBS was removed.

200 uL of Muse® Cell Cycle reagent was added to each tube, and cells were gently
resuspended to obtain a single-cell suspension.
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18. Samples were incubated in the dark at room temperature for 30 minutes, and cell
cycle distribution was analyzed using a Muse® Cell Analyzer according to the
manufacturer’s instructions.

T
o Yo

Z3hr

— \ g ,f— 1
ot B2y / " : §-20°C
&) v
% 100,000 cells/500 pl §——
AMIC20  AMIC20 +IR 26y
\ AP
N //
I ” A\ S
= E‘* A
30 minutes y P N
| V
o Bath Bihe Add Muse® Cell Cycle Kit
dark 200 pl

Figure 12 Schematic workflow of Cell cycle analysis.
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3.9 Apoptosis Analysis

This experiment was performed to evaluate apoptotic cell death in HeLa cells

following treatment with AM, IR, or a combination. Apoptosis was assessed using an
Annexin V/propidium iodide (PI)-based staining method and analyzed using a Muse®
Cell Analyzer according to the manufacturer’s instructions (Figure 13).

1.

10.

HeLa cells were seeded into 24-well plates at a density of 2 x 10° cells per well in
2 mL of complete DMEM and incubated at 37°C in a humidified incubator with
5% COs- for 24 hours to allow cell attachment.

Cells were treated according to the experimental design, including untreated
control, AM treatment, IR treatment, and combination treatment (AM + IR).
For AM and combination treatment groups, cells were pretreated with AM for 24
hours before IR.

For IR and combination treatment groups, cells were exposed to IR under the
conditions described in the Irradiation Setup section (3.4). Following IR, cells were
incubated for an additional 24 hours at 37°C with 5% CO. prior to apoptosis
analysis.

The culture DMEM was removed, and cells were gently washed with PBS.

Cells were detached using 0.25% trypsin—-EDTA for 3—5 minutes, neutralized with
complete DMEM, and collected into 15 mL Falcon tubes.

Cells were centrifuged at 1,500 rpm for 5 minutes to obtain a cell pellet.

The cell pellet was resuspended in 1 mL of DMEM, and cell numbers were
determined using a hemocytometer with trypan blue staining.

Cells were adjusted to a density of 1x10* cells per sample in 100 pL of complete
DMEM and transferred into 1.5 mL microcentrifuge tubes.

An equal volume (100 pL) of Muse® Annexin V & Dead Cell reagent was added
to each sample, and the samples were incubated in the dark at room temperature
for 30 minutes.

Samples were analyzed using a Muse® Cell Analyzer, and populations were
reported as live, early apoptotic, late apoptotic, and dead/necrotic cells based on
Annexin V and PT signals.
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Figure 13 Schematic illustration of Apoptosis Analysis.
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Clonogenic Assay

This experiment was performed to evaluate the long-term clonogenic survival of HeLa
cells following treatment with AM, IR, or a combination. The clonogenic assay assesses
the ability of a single cell to undergo unlimited division and form a colony and is
considered the gold standard for evaluating cellular radiosensitivity (Figure 14).

1.

10.

11.

12.

13.

14.

HeLa cells were seeded into 24-well plates at a density of 2 x 10° cells per well in
2 mL of complete DMEM and incubated at 37°C in a humidified incubator with
5% COs- for 24 hours to allow cell attachment.

Cells were treated according to the experimental design, including untreated
control, AM treatment, IR treatment, and combination treatment (AM + IR).
For AM and combination treatment groups, cells were pretreated with AM for 24
hours before IR.

For IR and combination treatment groups, cells were exposed to IR under the
conditions described in the Irradiation Setup section (3.4). Following IR, cells were
incubated for an additional 24 hours at 37°C with 5% CO: prior to the clonogenic
assay.

The culture DMEM was removed, and cells were gently washed with PBS.

Cells were detached using 0.25% trypsin—-EDTA for 3—5 minutes, neutralized with
complete DMEM, and collected into 15 mL Falcon tubes.

Cells were centrifuged at 1,500 rpm for 5 minutes to obtain a cell pellet.

The cell pellet was resuspended in 1 mL of DMEM, and cell numbers were
determined using a hemocytometer with trypan blue staining.

Cells were re-seeded into 6-well plates in 2 mL of complete DMEM. For the
untreated control group, cells were seeded at a density of 150 cells per well,
whereas the treatment groups, including AM, IR, and combination treatment, were
seeded at a density of 300 cells per well to ensure reliable colony formation.

The plates were incubated at 37 °C in a humidified incubator with 5% CO- for 10
days without changing the culture DMEM to allow colony formation.

After the incubation period, the culture DMEM was removed, and the colonies
were gently washed with PBS.

Colonies were fixed with methanol for 10 minutes at room temperature and
subsequently stained with 0.5% crystal violet for 45 minutes.

Excess stains were removed, and the plates were rinsed with distilled water and
air-dried at room temperature.

Colonies containing more than 50 cells were counted manually under a light
microscope.

Plating efficiency (PE) and surviving fraction (SF) were calculated using equation
(2) and (3).
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Figure 14 Schematic illustration of Clonogenic Assay.
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3.11 Calculation of Sensitizer Enhancement Ratio (SER)

To quantitatively evaluate the radiosensitizing effect of AM in combination with
IR, the SER was calculated based on clonogenic survival data.

The Sensitizer Enhancement Ratio (SER) was calculated to determine the ability
of AM to enhance radiation-induced cell killing. This definition reflects the enhancement
of radiation effectiveness required to achieve the same level of cell survival. In this study,
SER was calculated using the equation (4)

DIR alone

SER= (at the same survival fraction; SF) 4)

AM+IR

where Dir alonerepresents the radiation dose required to achieve given SF in cells
treated with IR alone, and Dawm + 1r represents the radiation dose required to achieve the
same SF in cells treated with AM in combination with IR. In this study, SER was estimated
at a clinically relevant radiation dose of 2 Gy by comparing the SF between treatment
groups. An SER value greater than 1 indicates a radiosensitizing effect, whereas an SER
value equal to 1 indicates no enhancement of radiation response.

3.12  Statistical analysis

All experiments were performed in at least three independent experiments. Data
are presented as mean + standard deviation (SD). Statistical analyses were performed
using GraphPad Prism version 10.5

For comparisons between two groups, an unpaired Student’s T-test was used. For
comparisons among three or more groups, one-way analysis of variance (one-way
ANOVA) followed by Tukey’s multiple comparisons test was applied. A p-value < 0.05
was considered statistically significant.



CHAPTER 1V

RESULTS

4.1 Cytotoxicity Assessment and Determination of IC20 and LD20 Values of
Alpha-Mangostin and Radiation in HeLa Cells.

MTT assays were performed to evaluate the cytotoxic effect of AM in HeLa cells
and normal fibroblasts (after 24 hours of treatment with increasing concentrations of AM
(0-35 uM; Figure 15A,B). In HeLa cells, AM treatment resulted in a concentration-
dependent decrease in cell viability, with viability gradually declining from approximately
98% at 5 uM to 6.38% at 35 uM. Based on the dose-response relationship, the IC20 value
of AM was estimated by interpolation to be approximately 13.67 uM (Figure 15A).
The fitted equation used for IC20 estimation is shown in equation (5).

100

X

This concentration was considered appropriate for use as a sub-toxic dose in
subsequent combination experiments.

In contrast, normal fibroblast exhibited greater tolerance to AM treatment,
maintaining cell viability above 85% at concentrations up to 25 uM, with a marked
reduction in viability observed only at concentrations greater than 30 uM (Figure 15B).
These findings suggest a selective cytotoxic effect of AM on cervical cancer cells
compared with normal fibroblasts and support selecting low AM concentrations for
combination with radiation.

The radiation response of HeLa cells was subsequently assessed using a clonogenic
survival assay following exposure to single radiation doses of 0, 1, 2, 4, and 6 Gy (Figure
15C). Clonogenic survival decreased progressively with increasing radiation dose, with
the SF 0f 0.96, 0.66, 0.35, and 0.23 observed at 1, 2, 4, and 6 Gy, respectively. The survival
data were fitted using LQ model, as shown in equation (6).

QF=¢-(0.1191D+0.02791D%) (6)

From the dose-survival relationship, the lethal dose causing approximately 20%
cell death (LD20) was estimated to be around 1.4 Gy.
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Although the estimated LD20 was approximately 1.4 Gy, a radiation dose of 2 Gy,
corresponding to approximately LD30 and representing the conventional -clinical
fractionated dose, was selected for subsequent experiments. Therefore, to avoid excessive
baseline cytotoxicity associated with this higher radiation dose, the AM concentration used
in combination experiments was slightly reduced from the calculated IC20 wvalue
(13.67 uM) to 12 uM (IC14).
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Figure 15 Determination of IC20 of AM and LD20 of radiation in HeLa cells.
(A) Cytotoxicity of AM in HelLa cells after 24 hours treatment with increasing
concentrations (0—35 uM), as determined by the MTT assay. (B) Cytotoxicity of AM
in normal human fibroblasts under the same conditions. (C) Clonogenic survival of
HeLa cells following exposure to single doses of ionizing radiation (0-6 Gy) for 10
days. Data are presented as mean = SD from three independent experiments.
Statistical significance: *** p < 0.001, **** p < 0.0001.
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4.2 Effects of Alpha-Mangostin and Ionizing Radiation on Intercellular ROS Levels
in HeLa Cells.

Intercellular ROS levels in HeLa cells were assessed by HDCFDA fluorescence
staining and expressed as relative fluorescence intensity normalized to the control group,
which exhibited baseline ROS levels and was set to 1.00.

The AM treatment group showed a slight increase in ROS levels (1.13 £+ 0.05-fold
relative to control); however, this change was not statistically significant, indicating that
AM at the selected sub-toxic concentration did not induce substantial oxidative stress on
its own.

In contrast, in the IR treatment group, ROS levels increased significantly to 3.32 +
0.15-fold compared with control (p<0.0001). Notably, combination treatment led to a
further significant elevation of ROS levels to 4.07 = 0.18-fold compared with control
(p<0.0001), which was also higher than with AM or IR alone, indicating that AM
potentiated radiation-induced oxidative stress (Figure 16).
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Figure 16 Effects of Alpha-Mangostin and ionizing radiation on intercellular ROS
levels in HeLa Cells. Intercellular ROS levels in HeLa cells following treatment with
AM, IR, and their combination, as determined by H2DCFDA staining. Data are
expressed as relative fluorescence intensity normalized to the control. Statistical
significance: *** p <0.001, ****p < 0.0001.
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4.3 Alpha-Mangostin Induced DNA Damage Response Assessed by y-H2AX Staining.

To investigate whether AM potentiates radiation-induced DNA damage, HeLa cells
were evaluated by y-H2AX immunofluorescence staining, and results were expressed as
the percentage of y-H2AX fluorescence intensity normalized to DAPI fluorescence within
nucleus, calculated from the mean fluorescence intensities obtained from randomly
selected fields of view as shown in Figure 17A.

Quantitative analysis revealed that in the AM treatment group, y-H2AX intensity
increased modestly but significantly to 12.26 + 1.59% compared with the control group. In
contrast, exposure to IR at 2 Gy resulted in a marked elevation of y-H2AX expression to
25.94 + 1.56%. Notably, combination treatment with AM and IR led to a pronounced
increase in y-H2AX intensity to 48.20 + 6.60%, which was considerably higher than that
observed with AM or IR alone. Furthermore, this increase represented approximately a
two-fold enhancement relative to IR alone.
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Figure 17 Effect of AM on radiation-induced DSBs in HeLa cells.
(A) Quantification of y-H2AX fluorescence intensity following treatment with AM,
IR, and their combination. (B) Representative immunofluorescence images showing
v-H2AX positive signal (green) and DAPI-stained nuclei (blue) for each treatment
condition. Statistical significance: *** p <0.001, **** p < 0.0001.

Representative immunofluorescence images shown in Figure 17B were consistent
with the quantitative analysis, showing minimal y-H2AX signal in the control group and
increase following AM, IR and especially the combination treatment group. Collectively,
these results indicate that AM significantly potentiates radiation-induced DSBs and
impairs their repair, consistent with its proposed role as a radiosensitizer.
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4.4 Effects of Alpha-Mangostin and Ionizing Radiation on Cell Cycle Distribution in
HeLa Cells

To investigate whether AM modulates cell cycle progression and contributes to
radiosensitization, cell cycle distribution in HeLa cells was analyzed by flow cytometry
following treatment with AM, IR, or the combination. Cell populations were quantified in
the GO/G1, S, and G2/M phases based on DNA content, as shown in Figure 18A.

In the control group, most cells were in the GO/G1 phase (71.22%), with smaller
proportions in the S (13.86%) and G2/M (14.18%) phases. Treatment with either AM or
IR alone resulted in a significant reduction in the GO/G1 population compared with the
control group (60.76% and 59.62%., respectively; p < 0.001). Correspondingly, both
treatments led to an increase in the proportion of cells in the G2/M phase, indicating
induction of cell cycle arrest at this checkpoint.

Notably, in combination treatment resulted in the most pronounced effect, elevating
the G2/M fraction to 26.66% compared with 14.18% in control cells (p < 0.001). In
contrast, no significant differences were observed among treatment groups in the S-phase
population. Collectively, these results demonstrate that AM induces G2/M phase arrest in
HeLa cells and enhances radiation-induced accumulation in this radiosensitive phase. This
mechanistic effect suggests that AM potentiates radiosensitivity by delaying cell cycle
progression at the G2/M checkpoint, thereby preventing DNA repair prior to mitotic entry.
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Figure 18 Effects of AM and IR on cell cycle distribution in HeLa cells.
(A) Quantitative analysis of cell cycle phase distribution following treatments:
control, AM, IR, and combination treatment. (B) Representative flow cytometry
histograms of DNA content profiles. Cells were exposed to 0 Gy or 2 Gy radiation
with/without AM pretreatment. Statistical significance: * p < 0.05, ** p < 0.01,
*** p <0.001.
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4.5 Combined Alpha-Mangostin and Radiation Treatment Enhances Apoptosis in
HeLa Cells.

To determine whether AM enhances radiation-induced cell death, apoptotic
responses in HeLa cells were evaluated using Annexin V/PI staining followed by flow
cytometric analysis (Figure 19). The proportions of apoptotic cells, including early and
late apoptosis, were quantified to assess treatment-induced apoptotic effects.

As shown in Figure 19A, treatment with AM alone significantly increased the
apoptotic population to 21.88% compared with 4.02% in the control group (p < 0.001).
Treatment with IR alone resulted in a modest but significant increase in apoptosis (7.16%,
p <0.01 vs. control). Notably, in combination treatment group produced a pronounced
elevation in apoptosis, reaching 39.48%, which was significantly higher than that observed
with either AM or IR alone (p < 0.0001).

Representative flow cytometry dot plots (Figure 19B) supported these quantitative
findings, demonstrating a marked increase in both early and late apoptotic cell populations
in the combination treatment group compared with single-treatment conditions. These
results indicate that AM markedly enhances radiation-induced apoptosis in HeLa cells,
supporting its role as a potential radiosensitizer.
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Figure 19 Combined AM and IR treatment enhances apoptosis in HeLa cells.
(A) Quantification of apoptotic cells (% cell appearance) measured by Annexin
V/Dead Cell assay 24 h after treatment with control, AM, IR, or the combination
treatment. (B) Representative dot plots showing Annexin V and viability staining
profiles for each treatment condition, with live cells (lower left quadrant), early
apoptotic cells (lower right), late apoptotic/dead cells (upper right), and necrotic cells
(upper left). Statistical significance: ** p < 0.01, *** p <0.001,**** p < 0.0001.
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4.6 Radiosensitizing Effect of Alpha-Mangostin Assessed by Clonogenic Survival
Assay and Sensitizer Enhancement Ratio (SER)

The clonogenic assay was performed to evaluate the radiosensitizing effect of AM
in HeLa cells following photon IR (Figure 20). Treatment with AM (12 uM) alone resulted
in slightly a modest but significant reduction in clonogenic survival, with colony formation
decreased to approximately 79% relative to the control group (p < 0.01). Furthermore, the
IR group, which irradiated cells at 2 Gy alone further reduced cell survival to 62% of
control levels (p < 0.05 vs. control).

Notably, combined treatment with AM and 2 Gy IR resulted in pronounced
suppression of clonogenic survival, with only 28% of colonies remaining compared with
the control group (p < 0.0001 vs. IR alone). Representative colony formation images
(Figure 20B) corroborated these quantitative findings, showing markedly fewer and
smaller colonies in the combination treatment group compared with either AM or radiation
alone.

To quantitatively evaluate the radiosensitizing effect of AM, clonogenic survival
data were further analyzed by calculating the sensitizer enhancement ratio (SER) at the
same SF. The SER was defined as the ratio of radiation dose required to achieve the same
SF in the absence and presence of AM.

In this study, the SF of the AM combined with IR at 2 Gy was 28% (SF= 0.28).
Therefore, the radiation dose required to achieve the same SF in IR group was determined
from fitting the SF data to a linear—quadratic (LQ) model and was estimated to be 4.95 Gy.
The SER was calculated as follows:

DIR alone at SF0.28 485

SER= ~2.48

Baw i Eroad e 00

This result indicates that the presence of AM substantially enhanced radiation-
induced clonogenic cell killing. An SER value greater than 1 reflects a radiosensitizing
effect, and the observed value suggests that AM exerts a strong radiosensitizing efficacy in
HeLa cells.
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Figure 20 Radiosensitizing Effect of Alpha-Mangostin assessed by clonogenic survival
assay. (A) Quantification of clonogenic SF in HeL.a cells treated with control, AM, IR,
or the combination treatment. (B) Representative images of crystal violet—stained
colonies formed after 10 days under each treatment condition. Statistical significance:
*p <0.05, ** p <0.01, **** p <0.0001.



CHAPTER YV

DISSCUSION

Alpha-Mangostin, a prenylated xanthone isolated from the pericarp of Garcinia
mangostana has been widely reported to exhibit anticancer activity through mechanisms
involving mitochondrial dysfunction, ROS generation, and apoptosis induction (102, 103).
However, its potential role as a radiosensitizer has not been previously investigated. In the
present study, AM exhibited dose-dependent cytotoxicity against HeLa cervical cancer
cells (IC20 = 13.67 uM) while sparing normal fibroblasts (>85% viability at concentrations
up to 25 uM) (Figure 14), indicating selective cytotoxicity at low concentrations (24, 104).

Radiosensitizers enhance tumor cell sensitivity to ionizing radiation through
multiple mechanisms, including increased DNA damage, inhibition of DNA repair,
modulation of cell cycle progression, and alleviation of tumor hypoxia, thereby enabling
effective tumor control at lower radiation doses while minimizing injury to surrounding
normal tissues (105, 106). To our knowledge, the present study is the first to demonstrate
that AM enhances the radiosensitivity of HeLa cervical cancer cells to X-ray IR in vitro.

To reflect clinically relevant fractionated RT and to preserve sufficient post-IR
survival for clonogenic analysis, AM at 12 uM (corresponding to IC11) was combined with
a single 2 Gy radiation dose (approximately LDso), rather than using the conventional
IC20-LD20 combinations. This optimization prevented excessive baseline cytotoxicity,
which could have obscured whether the observed effects were additive or synergistic,
thereby allowing a more accurate evaluation of radiosensitization. Unlike cytotoxicity-
based assessments, radiosensitization studies critically depend on post-IR survival as the
primary endpoint, making lower, sub-lethal drug and radiation doses more appropriate for
mechanistic interpretation.

In radiobiology, ionizing radiation induces cellular damage predominantly via
indirect action, in which ROS generated from water radiolysis account for most of the
radiation-induced DNA damage under normoxic conditions (107). In the present study, IR
alone significantly increased intracellular ROS levels, induced DNA damage as indicated
by y-H2AX expression, promoted G2/M phase arrest, and reduced clonogenic survival
(Figure 16, 17, 18, 20). Importantly, when AM was combined with ionizing radiation,
intracellular ROS levels were further markedly elevated compared with radiation alone.
This synergistic increase suggests that AM amplifies radiation-induced oxidative stress,
potentially by disrupting cellular redox homeostasis or impairing antioxidant defense
mechanisms, a phenomenon previously described for several natural radiosensitizers
(108). Excessive ROS accumulation is known to promote DSBs formation and interfere
with DNA repair processes, thereby enhancing radiosensitivity (105, 109).
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Consistent with enhanced oxidative stress, y-H2AX immunofluorescence analysis
revealed that combination treatment markedly increased DNA damage compared with
radiation alone (Figure 17), indicating enhanced DSB formation. y-H2AX is a well-
established surrogate marker of radiation-induced DSBs and activation of the DNA
damage response (110, 111). Notably, the approximately two-fold increase in y-H2AX
signal observed following combination treatment at 1 hour post-IR suggests persistence of
unrepaired DNA damage, a time point at which the majority of DSB repair is typically
completed (112). Due to the combination treatment producing dense, overlapping y-H2AX
foci, signal intensity was used as a quantitative readout, providing a more reliable indicator
of accumulated DSBs under these conditions (112, 113). Assessment of DNA damage at 1
hour post-IR reflects early DSB repair kinetics (114), whereas downstream cellular
response, including cell eycle distribution, and apoptosis analysis, were evaluated at 24
hours post-IR to capture cell fate decisions following persistent DNA damage rather than
immediate radiation injury (115, 116)

Following persistent DNA damage, cell cycle checkpoint activation is a critical
downstream response that determines cell fate. Cells in the G2/M phase are recognized as
the most radiosensitive due to chromatin condensation and limited DNA repair capability
(117). In this study, both AM and IR alone increased the proportion of HeLa cells in the
G2/M phase compared with controls, indicating activation of G2/M checkpoint in response
to DNA damage. Although the combination of AM with IR did not further increase G2/M
accumulation beyond IR alone, a significant reduction in the GO/G1 population was
observed, suggesting preferential elimination of heavily damaged cells rather than
prolonged cell cycle arrest, consistent with radiation-induced apoptotic cell loss and
checkpoint-mediated elimination of irreparably damaged cells (115, 117, 118).

Apoptosis analysis further supported the radiosensitizing effects of AM, as the
combination treatment markedly increased both early- and late-apoptotic cell populations
compared with either AM or radiation alone. Apoptotic cell death represents a critical
downstream outcome of excessive oxidative stress and persistent DNA damage (118).
Previous studies have demonstrated that AM activates intrinsic apoptotic pathways
through ROS-dependent mitochondrial dysfunction and activation of stress-responsive
signaling cascades, including ASK1/p38 MAPK and caspase pathways (23, 101). These
mechanisms provide a plausible explanation for the enhanced radiation-induced apoptosis
observed in the present study. They are likely to contribute directly to the reduced
clonogenic survival following combination treatment.

The functional consequence of these molecular and cellular events was ultimately
confirmed by clonogenic survival analysis, which remains the gold standard for assessing
long-term radiosensitivity (119). Combination treatment significantly reduced clonogenic
survival to 28% compared with the control, whereas IR alone reduced survival to 62%,
further supporting the radiosensitizing potential of AM. Importantly, severe DNA damage
may result not only in apoptosis but also in reproductive cell death or mitotic catastrophe,
in which cells may remain temporarily viable yet lose their long-term proliferative
capacity (120, 121). This may explain why the IR group exhibited substantial y-H2AX
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induction but only a modest increase in apoptosis, while still showing a marked reduction
in clonogenic survival. In contrast, AM alone, although inducing less DNA damage than
IR, is known to promote ROS-dependent mitochondrial apoptosis (101), which may
account for its relatively greater apoptotic effect despite lower y-H2AX levels. Therefore,
these findings are not contradictory but instead suggest that IR alone primarily
compromises long-term reproductive survival, whereas AM more readily activates
apoptotic signaling, and their combination intensifies both processes. In addition, at the
same radiation dose of 2 Gy, the loss of clonogenic survival observed in the AM plus IR
group was approximately 2.21-fold greater than that observed in the IR group, indicating
that AM enhanced radiation-induced reproductive cell death. This finding highlights the
radiosensitizing efficacy of AM and suggests that AM may enhance tumor cell killing
when used in combination with IR, potentially allowing improved biological response at
lower radiation doses. Since definitive RT for cervical cancer typically consists of pelvic
external beam RT of about 45-50.4 Gy delivered in conventional 1.8-2 Gy fractions
followed by brachytherapy (122), the ability of AM to enhance the biological effect at 2
Gy emphasizes its potential translational value as a natural radiosensitizer.

Taken together, these findings indicate that ionizing radiation serves as the primary
inducer of DNA damage, whereas AM acts as a radiosensitizing agent that amplifies
radiation-induced ROS, exacerbates DNA damage persistence, enhances G2/M cell cycle
arrest, promotes apoptosis, and ultimately suppresses clonogenic survival. AM exhibits
key characteristics of an effective radiosensitizer at sub-toxic concentrations and clinically
relevant radiation doses. Although the present study was conducted in vitro, the
mechanistic insights provided herein support further investigation of AM as a potential
natural adjuvant to RT for cervical cancer in additional cellular models and in vivo
systems.



CHAPTER VI

CONCLUSION

In conclusion, the present study demonstrates that AM enhances the radiosensitivity
of cervical cancer (HeLa) cells at clinically relevant radiation doses. This radiosensitizing
effect is associated with increased oxidative stress, persistent DNA damage, induced cell
cycle arrest at G2/M phase, elevated apoptosis and suppression of clonogenic survival.
Collectively, these findings support further investigation of AM as a potential natural
radiosensitizer for RT.
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APPENDIX A Summary of cytotoxicity of AM in HeLa cells at 24 hours.

Table A cytotoxicity of Alpha-Mangostin in HeLa cells after 24 hours treatment
assessed by MTT assay (n=3).

Alpha-Mangostin (uM) % Cell viability

100.00

0 100.00

100.00

Average 100.00
SD 0.00
98.00

5 98.00
98.00

Average 98.00
SD 0.00
92.11

10 prasll
39058

Average 91.12
SD 1.09

15 68.80
69.67

75.56

Average 71.35
SD 3.68
20 51.54
50.08

53.68

Average 51.77

SD 1.81
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Table A cytotoxicity of Alpha-Mangostin in HeLa cells after 24 hours treatment
assessed by MTT assay (n=3) (continued).

Alpha-Mangostin (uM) % Cell viability
25 27.89
24.56
23.34
Average - 25.27
SD- o — 2.35
30 v 12.70
ot IR
h3OR
~ Average 1435
SD b 2.11
35 k. 629
= 6.78
6.07
Average 638

SD 0.36
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APPENDIX B Summary of cytotoxicity of AM in fibroblast cells at 24 hours.

Table B cytotoxicity of Alpha-Mangostin in Fibroblast cells after 24 hours treatment
assessed by MTT assay (n=3).

Alpha-Mangostin (uM) % Cell viability

100.00

0 100.00

100.00

Average 100.00
SD 0.00

119.61

5 100.20
98.14

Average 105.98
SD 11.85

109.16

10 1456

02U B

Average 107.82
SD 4.55
15 91.99
79.92

108.29

Average 93.40
SD 14.24

20 108.62

106.45

87.74

Average 100.94

SD 11.48
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Table B cytotoxicity of Alpha-Mangostin in Fibroblast cells after 24 hours treatment
assessed by MTT assay (n=3) (continued).

Alpha-Mangostin (uM) % Cell viability
25 85.90
79.59
91.66
Average - 85.72
SD- o — 6.04
30 v 40.88
Ll JISEOR
40.23
~ Average _41.50
SD b 1.66
35 k. 1B346
3= A0
3391
Average y 139.72

SD 9.97




APPENDIX C Summary of radiation lethal dose determination in HeLa cells.
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Table C radiation lethal dose determination in HeLa cells assessed by Clonogenic

survival assay (n=3).

Radiation dose (Gy) SF
1.00
0 1.00
1.00
Average 1.00
SD 0.00
0.99
1 0.88
1.02
Average 0.96
SD 0.07
0.65
2 0.64
0.68
Average 0.66
SD 0.02
4 0.35
0.35
0.34
Average 0.35
SD 0.01
6 0.20
0.25
0.26
Average 0.23
SD 0.03
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APPENDIX D Intercellular reactive oxygen species (ROS) levels in HeLa cells under
different treatment conditions assessed by H2DCFDA assay

Table D Relative fluorescence intensity of intercellular ROS in HeLa cells under
different treatment conditions (n=3).

Conditions Relative Fluorescence Intensity
1.00
Control s 1.00
1.00
Average _1.00
SDLLAY 0.00
1.18

AM 1.08

B 1.12
Average | A N A | 0.05
SD 0.07
7 F s
2 Gy 3 =
| 33
Average J 3.32
SD 0.15
AM+2 Gy 4.24
3.89
4.08
Average 4.07

SD 0.18
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APPENDIX E Quantification of y-H2AX immunofluorescence intensity assessed by
v-H2AX Immunofluorescence Assay

Table E Individual field of view fluorescence intensity values and calculated
% 7-H2AX/DAPI in HeLa cells under different treatment conditions (n=5).

Mean intensity

Conditions Replicates % yH2AX/DAPI
DAPI yH2AX
nl 35.837 0.21 0.59
n2 . 66.376 0.45 0.68
Control ' \" 30.439 d B 0.56
—1 M4 25341  0.203 0.80
n5 32306  0.229 0.71
AN Average W 0.67
- SD b 0.10
RN i == NI D 10.57
i Al A8 S0.241 618t SN 11.74
AM A8 45.013 5.507 12.23
J 4 33.61 4.998 14.87
oy 48.176 * w4 11.88
Average AN 12.26
SD 1.59
nl 47.218 12.193 25.82
n2 42.574 10.865 25.52
2 Gy n3 51.028 12.421 24.34
n4 52.189 14.894 28.54
n5 60.565 15.43 25.48
Average 25.94

SD 1.56
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Table E Individual field of view fluorescence intensity values and calculated
% y-H2AX/DAPI in HeLa cells under different treatment conditions (n=5)
(continued).

Mean intensity

Conditions Replicates % yH2AX/DAPI
DAPI yH2AX
nl 45.685 26.414 57.82
n2 53.804 25.464 47.33
AM+2 Gy n3 B2.49N\ , 16.383 50.42
! il | 39.254 o) 1,555 45.54
~Al A 34524 13775 39.90
Average 48.20

SD 6.60
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APPENDIX F Cell cycle analysis in HeLa cells determined by Muse® Cell Cycle Kit

Table F Percentage of cell cycle distribution of HeLa cells under different treatment
conditions (n=5).

Percentage of cell cycle distribution

Conditions
G0/G1 S G2/M Debris
75.10 8.10 14.90 38.10
71.4 13.7 13.6 32.5
Control —1 TONY 16.40 13.50 53.70
3 /0.1 12.8 KA 87.6
'\ 094 18.30< " J S 11.8¢ 40.60
Average 71.22 13.86 14.18 50.50
SD ' —— g28 3.89 1.97 22.15
64.00 15.60 20.40 24.70
A 59AY [T 17500 2300 30.50
AM =N &01 280 14.1 2N 59.1
&= 60 20.3 19.3 47.6
d X2 19 \2l.7 84.6
Average 60.76 17.30 21.10 49.30
SD 1.97 A.50 1.39 24.00
375 17.3 21.7 73.3
61.90 17.10 20.40 49.90
2 Gy 65.2 14.4 20.4 78.3
61.3 17.8 20.8 83.5
54.5 20.9 22.8 45.2
Average 60.02 17.50 21.22 66.04

SD 4.20 2.32 1.03 17.34
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Table F Percentage of cell cycle distribution of HeL.a cells under different treatment

conditions (n=5) (continued).

Percentage of cell cycle distribution

Conditions
G0/G1 G0/G1 G0/G1 G0/G1
57.25 13 23.6 44.2
49.4 18.1 31.7 59.1
AM+2 Gy 488 26.7 24.5 91.3
'y 43| /A S 26.9 90.1
504 22%4J 26.6 45
Average 52.01 1976  26.66 65.94
SD 3.60 5.10 3.14 23.37
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APPENDIX G Apoptosis analysis in HeLa cells determined by Muse® Annexin V &
Dead Cell Kit.

Table G Percentage of live, early apoptotic, late apoptotic, total apoptotic, and dead
HeLa cells under different treatment conditions (n=5).

% of cell (cells/ml)

Conditions
Live Early apoptotic Late apoptotic Total apoptotic Dead
97.23 0.50 Al 2.71 0.05
98.69 0.38 0.79 1.17 0.14
Control  98.06 @ 0.71 J120 1.91 0.04
149, 5.28  2.2% 7.51 0.00
93.17 4.24 2.56 6.80 0.03
Average 9593 2322 1.80 402 0.05
SD 2.89 2.35 0.76 2.92 0.05
- 77.01 20.47 2.30 22.77 0.22
4 ).X2 17.85 2.36 B k@21 0.06
AM 7683  20.30 2.38 22.68 0.50
~74.64 12.52 L 236 A 25.40 0.00
SILS9 D ST EAS 6.89 18.34 0.07
Average 77.96 16.52 5.36 21.88 0.17
SD 2.71 4.28 4.64 2.70 0.20
2Gy 97.32 =y 2.16 2.68 0.00
94.55 1.14 4.13 5.27 0.18
91.27 8.56 0.16 8.72 0.00
91.76 7.94 0.24 8.18 0.02
89.04 8.23 2.71 10.94 0.02
Average 92.79 5.28 1.88 7.16 0.04

SD 2.87 3.64 1.52 2.88 0.07
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Table G Percentage of live, early apoptotic, late apoptotic, total apoptotic, and dead
HeLa cells under different treatment conditions (n=5) (continued).

% of cell (cells/ml)

Conditions
Live Early apoptotic Late apoptotic Total apoptotic Dead
69.68 27.28 2.76 30.04 0.28
55.89 34.63 9.35 43.98 0.13
AM+2 Gy 59.12 22,06~ I/ 40.63 0.25
AFNT g 47.65 \, K 52.80 0.03
0 ae ¥ 23.90 6.04 29.94 0.02
Average 60.38 370 797 39.48 0.14

SD 9.70 9.84 4.96 9.74 0.12
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APPENDIX H Clonogenic survival data of HeLa cells.

Table H Individuals SF values of HeLa cells under different treatment conditions
(n=5).

Conditions SF

1.00
1.00
Control 1.00
1.00
1.00

Average 1.00
SD 0.00
0.68

0.77

AM 0.71
0.89

0.88

Average 0.79
SD 0.10

2 Gy 0.51

0.72
0.67
0.52

0.7
Average 0.62

SD 0.10
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Table H Individuals SF values of HeLa cells under different treatment conditions

(n=5) (continued).

Conditions SF
AM+2 Gy 0.16
0.28

0.31

0.37

0.27

Average 0.28
SD 0.08




79

APPENDIX I Certificate of Approval Biosafety and Biosecurity.
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Folasams (nMwndanqy) R30iosensitization Effect of Alpha-Mafigestin on Cervical Cancer (Hela) Cells
Folasamasou/densiuiieror =
fummapAfwIsSamw (nadl
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Thseni?)
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Figure 21 Certificate of Approval Biosafety and Biosecurity conducted by Naresuan
University
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