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Colon cancer (CC) is the third most common cancer and the second leading cause of
cancer-related deaths worldwide. Treatment strategies typically begin with surgery,
followed by chemotherapy, radiation therapy, or targeted therapies such as monoclonal
antibodies. 5-Fluorouracil (5-FU) is a key chemotherapeutic agent in CC treatment,
but its efficacy is often compromised by toxicity and drug resistance. Plant-derived
compounds have gained attention for their potential to enhance chemotherapy while
reducing side effects. Polygonum minus (PM), a medicinal and dietary plant, has
demonstrated various bioactivities, yet its potential synergy with 5-FU remains

unexplored.

This study investigates the combinatorial effects of the PM hexane fraction (PM-H-H)
and 5-FU on CC using both in vitro and in vivo models. In vitro assays demonstrated
that PM-H-H selectively enhanced 5-FU cytotoxicity in murine CC cells (CT26),

induced apoptosis, and caused cell cycle arrest at the GO/G1 phase. The combination



treatment also inhibited cell migration, clonogenic survival, and spheroid growth,
suggesting a potential role in suppressing metastasis. Metabolomics and proteomics
analyses identified significant alterations in metabolic and signaling pathways,

highlighting the mechanistic basis of the combination’s efficacy.

In vivo experiments using a CT26 tumor-bearing BALB/c mouse model further
confirmed these findings. The combination of PM-H-H and 5-FU significantly reduced
tumor volume and weight compared to individual treatments while mitigating systemic
toxicity. Histopathological analysis revealed enhanced tumor destruction and reduced

adverse effects on vital organs, supporting the safety of this approach.

Overall, this study provides strong evidence that PM-H-H enhances the therapeutic
effects of 5-FU while reducing its toxicity. These findings suggest that PM-H-H could
serve as a promising adjuvant to improve CC treatment outcomes. Further research is

needed to validate its clinical potential and long-term safety.

Keywords: Colon cancer; 5-Fluorouracil; Polygonum minus; Chemotherapy adjuvant;
Molecular therapeutic mechanism

SDG: GOAL 3: Good Health and Well-being
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Kanser kolon (CC) ialah kanser ketiga paling kerap berlaku dan penyebab kedua utama
kematian berkaitan kanser di seluruh dunia. Strategi rawatan biasanya bermula dengan
pembedahan, diikuti dengan kemoterapi, terapi radiasi, atau terapi sasaran seperti
antibodi monoklonal. 5-Fluorourasil (5-FU) merupakan agen kemoterapi utama dalam
rawatan CC, tetapi keberkesanannya sering terjejas akibat ketoksikan dan rintangan
dadah. Sebatian daripada tumbuhan semakin mendapat perhatian kerana potensinya
dalam meningkatkan keberkesanan kemoterapi sambil mengurangkan kesan
sampingan. Polygonum minus (PM), tumbuhan yang digunakan dalam perubatan dan
pemakanan, telah menunjukkan pelbagai aktiviti bioaktif, namun potensinya dalam

sinergi dengan 5-FU masih belum diterokai.

Kajian ini menyiasat kesan gabungan pecahan heksana PM (PM-H-H) dan 5-FU
terhadap CC menggunakan model in vitro dan in vivo. Ujian in vitro menunjukkan

bahawa PM-H-H secara selektif meningkatkan ketoksikan 5-FU terhadap sel CC tikus

iii



(CT26), mendorong apoptosis, dan menyebabkan perencatan kitaran sel pada fasa
GO0/G1. Rawatan kombinasi ini turut menghalang migrasi sel, daya tahan klonogenik,
dan pertumbuhan sferoid, menunjukkan potensi dalam menekan metastasis. Analisis
metabolomik dan proteomik mengenal pasti perubahan ketara dalam laluan metabolic

dan isyarat sel, menonjolkan asas mekanistik keberkesanan gabungan ini.

Eksperimen in vivo menggunakan model tikus BALB/c yang membawa tumor CT26
mengesahkan penemuan ini. Kombinasi PM-H-H dan 5-FU mengurangkan isipadu
dan berat tumor dengan lebih ketara berbanding rawatan individu sambil
mengurangkan ketoksikan sistemik. Analisis histopatologi menunjukkan peningkatan
kerosakan tumor dan pengurangan kesan buruk terhadap organ penting, menyokong

keselamatan pendekatan ini.

Secara keseluruhan, kajian ini memberikan bukti kukuh bahawa PM-H-H
meningkatkan kesan terapeutik 5-FU sambil mengurangkan ketoksikannya. Penemuan
ini mencadangkan bahawa PM-H-H berpotensi sebagai agen tambahan untuk
memperbaiki hasil rawatan CC. Kajian lanjut diperlukan untuk mengesahkan

potensinya dalam aplikasi klinikal serta keselamatan jangka panjangnya.

Kata kunci: Kanser kolon; 5-Fluorourasil; Polygonum minus; Ajuvan kemoterapi;
Mekanisme terapeutik molekul

SDG: MATLAMAT 3: Kesihatan dan Kesejahteraan yang Baik
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CHAPTER 1

INTRODUCTION

1.1 Background

Cancer is the second leading cause of death worldwide following cardiovascular
diseases (Oh et al., 2020). It is estimated that there will be 152,810 cases of cancer and
53,010 deaths from cancer worldwide in 2024 (Siegel et al., 2024). The incidence and
mortality of colon cancer (CC) have been rising rapidly worldwide, the third most
common cancer and the second leading cause of cancer-related deaths (Shao et al.,
2023). Globally, the incidence and mortality rates of CC are rising every year, with
more than 2.2 million new cases and 1.1 million deaths expected by 2030 (Liu et al.,
2023). According to global cancer statistics, in 2020, there were 1.9 million new cases
and 1.8 million deaths attributable to CC, accounting for 9.6% of all cancer incidences
and 9.3% of cancer-related deaths (Bray et al., 2024). In Malaysia, CC is the second
most frequently diagnosed cancer (Isah Tsamiya et al., 2024; Tamin et al., 2020). It is
the most common cancer among men and the second most common among women

(Abu Hassan et al., 2016).

Colon cancer, also known as bowel cancer, colorectal cancer, or rectal cancer, is a type
of cancer that develops from the colon or rectum (parts of the large intestine) (Krasteva
& Georgieva, 2022; Tian et al., 2023). Genetic mutation, unhealthy food habits, or
lifestyle factors contribute to CC (Esmeeta et al., 2022). Three major mechanisms are
involved in the carcinogenesis of CC: chromosomal instability, CpG island methylator

phenotype, and microsatellite instability (Jung et al., 2020). Among environmental



factors, nutritional aspects leading to obesity and energy intake are also risk factors for
CC (Song et al., 2020). CC commonly begins as noncancerous polyps on the mucous
membrane of the colon or rectum (Alrushaid et al., 2023). These polyps can develop
into cancer if not treated early, making early detection and removal crucial. Various
types of polyps, including adenomas, have a high potential to become cancerous. CC
typically progresses from aberrant crypt foci to early and then advanced adenomas

(Mezzapesa et al., 2022).

Colon cancer treatment includes surgery, radiation therapy, and chemotherapy, with
these approaches tailored to the stage and characteristics of the cancer (Krasteva &
Georgieva, 2022). Surgery, commonly the first line of treatment, is aimed at removing
the tumor and the affected sections of the colon or rectum, particularly in the early
stages of cancer (Wlodarczyk & Lee, 2022). Radiation therapy is typically used for
rectal cancer to shrink the tumor before surgery or eliminate any remaining cells after
surgery (Gash et al., 2017). Chemotherapy is essential in treating CC, particularly in
advanced stages (Golshani & Zhang, 2020). A cornerstone of chemotherapy for CC is
the 5-fluorouracil (5-FU) due to its effectiveness in inhibiting cancer cell growth,
improving survival rates, and enhancing the overall efficacy of treatment regimens
(Vodenkova et al., 2020). However, its effectiveness comes with a range of associated
side effects that can significantly impact patient well-being. Specifically, around 20—
30% of patients experience severe toxicity (Knikman et al., 2021), including diarrhea,
nausea, vomiting, mucositis, neutropenia, and hand-foot syndrome (Alzahrani et al.,

2023; Yan et al., 2024). Severe-related toxicity can be fatal in up to 1% of patients
(Knikman et al., 2021). Moreover, 5-FU resistance also limits its use in CC (Gui et al.,

2024; Liu et al., 2020a; Yang et al., 2020).



Combination therapy allows targeting simultaneously different pathways involved in
cancer, taking advantage of different mechanisms of action in order to reduce the
development of tumor drug resistance (Leary et al., 2018). Several studies published
in recent years have shown that cancer treatment through a combinatorial approach is
much more effective than the use of drugs individually (Kano et al., 2023). Also,
chemosensitization by means of phytochemicals, based on the use of a natural
compound to increase the activity of a drug through modulation of its resistance
pathways, is one of the strategies proposed to overcome chemoresistance, one of the
main challenges in CC treatment (Zou et al., 2024), it is necessary for researchers to
mathematically assess the nature of these interactions between molecules (Redondo-
Blanco et al., 2017). This is often made by using the Chou-Talay combination index

(CI), based on the median-effect equation (Redondo-Blanco et al., 2017):

(D)1 (D)2
(COx =551 T D02

where, (Dx)1 is the dose of the drug D1 alone that inhibits the clonogenic capacity of
cell by x%, (Dx)2 is the dose of the drug D2 alone that inhibits the clonogenic capacity
of cell by x%, (D)1 and (D)2 are the doses of the drugs D1 and D2 in combination that
also inhibit the growth of cells by x%. CI shows an additive interaction between two
drugs when it is equal to 1, synergism when CI < 1, and antagonism when Cl > 1

(Duarte & Vale, 2022).

In recent years, plants have gradually become a new focus of cancer treatment research
due to their natural origin, diversity, and relatively low toxicity and side effects (Y.
Zhu et al., 2022). These plants contain a variety of bioactives that can inhibit tumor
cell growth, invasion, and metastasis through different mechanisms, and can enhance

the efficacy of traditional chemotherapy drugs (Yuan et al., 2022). Specifically, some



plants have been demonstrated to increase tumor cell sensitivity to 5-FU through
chemosensitization, thereby improving treatment efficacy without increasing drug
dosage (Gao et al., 2022; Ng et al., 2022). On the other hand, some plants were reported
to mitigate the toxic effects of 5-FU (Fu et al., 2018; Karimi et al., 2019; Pezzani et al.,

2019).

Polygonum minus Huds. (PM), also known as Persicaria minor (Huds.) Opiz, or
“laksa leaves” in Malaysia, is an aromatic plant in the Polygonaceae family, widely
utilized in the food industry (Z. Yang et al., 2024). Traditionally, PM leaves have been
used in various medicinal applications (Hassan et al., 2015). They have been employed
to treat digestive disorders (Han et al., 2024), reduce dandruff (Z. Muhammad &
Mustafa, 2015), improve eyesight (Jarukamjorn & Nemoto, 2008), warm the body
(Embong, 2007), enhance blood circulation (George, Ng, et al., 2014), treat fungal
infections (Ong & Nordiana, 1999), alleviate body aches (Amiruddin et al., 2020;
Wiart, 2006)), and as a postpartum beverage (Christapher, Xin, et al., 2015). Recent
research has highlighted a range of pharmacological activities of PM, including
cytoprotective, antibacterial, antifungal, antiulcer, antiviral, antioxidant, anticancer,
antitumor, anti-inflammatory, analgesic, and insecticidal effects (Shen et al., 2018;
Vikram et al., 2014). Although there have been reports PM extract has the potency to
reduce the side effect of chemotherapy agent cisplatin (Abd Rashid et al., 2021), so far,
no literature has reported PM extract can enhance the anticancer effects of
chemotherapeutic drug 5-FU and reduce its toxic side effects, and the underlying

mechanism.



1.2 Problem statement

Given the high frequencies of occurrence and recurrence of CC following treatment,
the main problems with the chemotherapeutic drug 5-FU are its side effects, toxicity,
and drug resistance. Thus, research on the use of plant extract in cancer treatment,
especially combined with chemotherapeutic drugs, is very important. PM extract has
been studied as a potential medicinal herb for the treatment of cancers due to its various
bioactivities. In addition, there have been reports PM extract has the potency to reduce
the side effects of the chemotherapy agent cisplatin. However, no studies to date have
specifically examined its ability to enhance the anticancer effects of the
chemotherapeutic drug 5-FU while reducing its toxic side effects, nor have they

explored the underlying mechanisms.

1.3 Hypotheses

The combination of PM extract and 5-FU exhibits synergistic anticancer effects against
CC by enhancing cytotoxicity, inducing apoptosis, and modulating key therapeutic
pathways in vitro. Furthermore, this combination improves anti-tumor efficacy in vivo
by inhibiting tumor growth and reducing systemic toxicity in CT26 tumor-bearing

BALB/c mice.

14 Objectives

1.4.1 General objective

This study aims to evaluate the complementary effects of PM extract in combination

with 5-FU against CC in vitro and in vivo.



1.4.2 Specific objectives

1. To prepare the PM extract and optimize its bioactive compounds via a cytotoxicity
assay on the CC CT26 cell line.

ii. To evaluate the anticancer effects of PM extract in combination with 5-FU on the
CC CT26 cell line.

iii. To explore the therapeutic mechanisms of the combination of PM extract and 5-FU
in vitro.

iv. To determine the anti-tumor efficacy of the PM extract in combination with 5-FU

on CT26 tumor-bearing BALB/c mice.



CHAPTER 2

LITERATURE REVIEW

2.1 Colon cancer

2.1.1 Epidemiology of colon cancer

Cancer is the second leading cause of death worldwide following cardiovascular
diseases (Oh et al., 2020). The incidence and mortality of colon cancer (CC) have been
rising rapidly worldwide, the third most common cancer and the second leading cause
of cancer-related deaths (Shao et al., 2023). While the prevalence of CC is lower in
Asia compared to Western countries, the region has the highest number of cases (CS
Wong et al., 2019). In Malaysia, CC is the second most frequently diagnosed cancer,
accounting for 13.5% of all new cases from 2012 to 2016 (Isah Tsamiya et al., 2024;
Tamin et al., 2020). It is the most common cancer among men and the second most
common among women (Abu Hassan et al., 2016). The age-standardized incidence
rate of 14.8 per 100,000 for men and 11.1 per 100,000 for women. Additionally, the
incidence of CC is highest among the Chinese population, compared to Malays and

Indians in Malaysia (Muhamad et al., 2023).

2.1.2 Causes of colon cancer

Numerous risk factors are associated with the development of CC (Esmeeta et al.,
2022). Genetic mutations, such as the activation of proto-oncogenes into oncogenes,

have been linked to CC (Baidoun et al., 2020). Age is another significant factor, with

individuals over 50 being particularly vulnerable (Hofseth et al., 2020). Dietary factors



also contribute, especially diets low in fiber and high in animal protein and fat, along
with excessive alcohol intake, smoking, and the consumption of processed foods
(Zargar et al., 2021). Excessive alcohol leads to the accumulation of acetaldehyde,
which damages DNA, while smoking induces oxidative stress that can result in DNA
damage and uncontrolled cell growth. Processed foods, which metabolize into N-
nitroso compounds, also pose a risk by damaging DNA and increasing CC
susceptibility (Esmeeta et al., 2022). Additionally, a sedentary lifestyle, lack of
physical activity, and obesity are associated with higher CC incidence (Friedenreich et
al., 2021). A personal history of colorectal polyps or inherited syndromes, such as
familial adenomatous polyposis, hereditary nonpolyposis CC, and Lynch syndrome,
further elevates the risk (Kastrinos et al., 2020). Other contributing factors include
type-II diabetes and inflammatory bowel diseases, such as ulcerative colitis and
Crohn’s disease (J. Kim et al., 2020). Figure 2.1 illustrates these potential causes and

risk factors.
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Figure 2.1: Risk factors for colon cancer.

2.1.3 Pathophysiology of colon cancer

Colon cancer often begins as noncancerous polyps on the mucous membrane of the
colon or rectum (Alrushaid et al., 2023). Without early detection and treatment, these
polyps can progress into cancer, highlighting the importance of timely intervention.
Certain types of polyps, such as adenomas, have a higher likelihood of becoming
cancerous. The progression of CC typically follows a sequence from aberrant crypt
foci to early-stage adenomas, eventually advancing to more severe forms (Mezzapesa
et al., 2022). Colonoscopy is the primary method for detecting these abnormalities,
successfully identifying approximately 90% of polyps. However, some polyps may
resemble normal tissue, making them harder to detect visually, though their molecular

characteristics can reveal their cancerous potential. Other effective screening methods



include sigmoidoscopy, fecal occult blood tests, and fecal immunochemical tests

(Randel et al., 2021).

2.1.4 Developmental stages of colon cancer

The development of CC is categorized into stages using the TNM system, initially
developed by the Union for International Cancer Control and later adopted by the
American Joint Committee on Cancer (Alrushaid et al., 2023). This system assesses
the primary tumor (T), including its size, growth, and the layers it has invaded, as
illustrated in Figure 2.2. In stage 1, the tumor extends to the submucosa without lymph
node involvement (Ebbehgj et al., 2021). Stage 2 is subdivided into three sub-stages:
stage 2A, where the tumor reaches the outer layers of the colon or rectum but does not
penetrate them; stage 2B, where it involves the visceral peritoneum; and stage 2C,
where the cancer invades nearby organs or structures (D. Xie et al., 2021). Stage 3 is
also divided into three sub-stages: stage 3A, where the tumor spreads to nearby lymph
nodes; stage 3B, where it affects up to four lymph nodes; and stage 3C, where it
extends beyond the muscular layers and involves four or more lymph nodes (Moon et
al., 2022). The final stage, stage 4, is subdivided into stage 4A, where the tumor has
metastasized to one distant site (e.g., liver, lungs, or distant lymph nodes); stage 4B,
where it has spread to two or more distant sites; and stage 4C, indicating cancer spread

throughout the peritoneum (Alrushaid et al., 2023).
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Figure 2.2: lllustration of the growth of a tumor through the mucosa layer of the
colon or rectum, and different colon cancer stages based (T1, T2, T3, and T4) on
the TNM system.

2.1.5 Treatments for colon cancer

Colon cancer treatment typically involves surgery, radiation therapy, and
chemotherapy, with the approach tailored to the cancer’s stage and characteristics (as
shown in Figure 2.3) (Krasteva & Georgieva, 2022). Surgery, often the first line of
treatment, aims to remove the tumor along with affected sections of the colon or
rectum, particularly in early-stage cancer (Wlodarczyk & Lee, 2022). The extent of
colon resection depends on tumor location and severity; in partial colectomy, only the
cancerous portion and a margin of healthy tissue are removed, whereas in total
colectomy, the entire colon is excised, typically in cases of widespread disease or
inherited conditions like familial adenomatous polyposis. In rectal cancer, a
proctectomy may be performed, sometimes requiring a permanent colostomy if the
anus cannot be preserved (Wlodarczyk & Lee, 2022). Radiation therapy is primarily
used in rectal cancer to shrink the tumor before surgery or to eliminate remaining
cancer cells afterward (Gash et al., 2017). Chemotherapy plays a crucial role in CC
treatment across all stages. In the early stages, it helps reduce tumor size before surgery

(neoadjuvant therapy) and eliminate residual cells afterward (adjuvant therapy)
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(O’Reilly et al., 2023). This dual approach reduces the risk of recurrence and improves
overall treatment outcomes. In metastatic cases, chemotherapy is essential for

controlling cancer growth, relieving symptoms, and extending survival (B. Huang et

al., 2015).
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Figure 2.3: Treatments for each stage of colon cancer.

Chemotherapy is crucial in treating CC at all stages, especially advanced stages, as it
targets cancer cells that surgery may not remove (McQuade et al., 2017). Several
chemotherapy drugs are used in standard treatment protocols, including oxaliplatin,
irinotecan, and capecitabine, often in combination regimens such as FOLFOX (5-
fluorouracil (5-FU), leucovorin, and oxaliplatin) and FOLFIRI (5-FU, leucovorin, and
irinotecan). These combinations improve treatment efficacy by targeting multiple
pathways involved in cancer progression (Vodenkova et al., 2020). Among these
agents, S5-fluorouracil (5-FU) remains a cornerstone of CC chemotherapy due to its
proven effectiveness in inhibiting cancer cell growth and improving survival rates
(Sethy & Kundu, 2021). The recommended dosage of 5-FU in human treatment varies
depending on the regimen. In the FOLFOX and FOLFIRI protocols, 5-FU is typically

administered at a bolus dose of 400 mg/m? intravenously (IV) on day 1, followed by a
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continuous infusion of 2400 - 3000 mg/m? over 46 - 48 hours every two weeks.
Additionally, oral 5-FU is administered at 1000 - 1250 mg/m? twice daily for 14 days

in a 21-day cycle (Karthika et al., 2021). The focus on 5-FU in this study is justified
by its widespread clinical use, well-characterized mechanisms of action, and ongoing
challenges related to resistance and toxicity. By investigating strategies to enhance 5-
FU’s efficacy and reduce its side effects, this study aims to improve its therapeutic

potential, thereby addressing a critical need in CC treatment.

2.2 5-Fluorouracil

2.2.1 Metabolism of 5-fluorouracil

2.2.1.1 5-Fluorouracil anabolism

5-FU is a chemotherapeutic agent resembling uracil but with a fluorine atom at the C-
5 position, facilitating its cellular entry using uracil transport mechanisms (Leelakanok
et al., 2018). Once inside the cell, 5-FU is metabolized into active compounds that
disrupt RNA and DNA functions, leading to cell death (Sethy & Kundu, 2021). The
primary active metabolites include fluorouridine triphosphate (FUTP), which
integrates into RNA, causing processing alterations, and fluorodeoxyuridine
triphosphate (FdUTP) along with fluorodeoxyuridine monophosphate (FAUMP),
which incorporates into DNA, causing damage and inhibiting thymidylate synthase
(TS) (Chalabi-Dchar et al., 2021). 5-FU activation involves its conversion to
fluorouridine monophosphate (FUMP) via orotate phosphoribosyltransferase (OPRT)
or indirectly through uridine phosphorylase (UrdPase) and uridine kinase (UK) (Hruba
et al., 2023). Another pathway includes conversion by thymidine phosphorylase

(dThdPase) to fluorodeoxyuridine (FUDR), which thymidine kinase (TK) then
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phosphorylates to FAUMP (Ghafouri-Fard et al., 2021). This metabolic complexity
ensures that FUTP, FAUTP, and FAUMP inflict substantial damage on cellular RNA

and DNA.

Additionally, the conversion of 5-FU in the gastrointestinal (GI) tract and bone marrow
can lead to significant toxicities, such as GI toxicity and myelotoxicity, primarily due
to the incorporation of FAUMP into DNA (Gmeiner, 2020b). Studies have
demonstrated that GI toxicity is associated with fluorinated pyrimidines, while
myelotoxicity is closely linked to the incorporation of 5-FU into DNA (Derissen &
Beijnen, 2020). Notably, a meta-analysis of clinical trials indicated that patients
receiving bolus 5-FU infusions experienced higher grades of hematologic toxicity

compared to those receiving continuous infusions (Lan et al., 2023).

2.2.1.2 5-Fluorouracil catabolism

Dihydropyrimidine dehydrogenase (DPD) is an enzyme found in the liver, intestinal

mucosa, and other tissues that catabolizes 5-FU into 5,6-dihydro-5-fluorouracil
(DHFU), eventually producing a-fluoro-B-ureido-propionic acid and ao-fluoro-3-
alanine (FBAL) (Danesh Pouya et al., 2022). A study by Imamaki et al. (2024) showed
that 60-90% of administered 5-FU is excreted as FBAL within 24 hours (Imamaki et
al., 2024). While most patients tolerate 5-FU, those with DPD deficiency face severe
toxicities, including diarrhea, mucositis, neurotoxicity, and potentially death (Garcia-
Alfonso et al., 2021). FBAL neurotoxicity has been extensively studied since the 1970s
(Koenig & Patel, 1970). Experiments on cats revealed that continuous administration
of FBAL into the brain ventricle caused neuropathological changes like vacuoles and

necrosis, which were more severe than those caused by monofluoroacetic acid and
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similar to changes seen in patients treated with oral 5-FU (Okeda et al., 1990).
Additionally, FBAL is linked to cardiotoxicity (Deac et al., 2020). The incidence of
fluoropyrimidine cardiotoxicity is relatively rare but significant. The most common
clinical manifestation is coronary vasospasm, which can lead to angina, myocardial
infarction, and even sudden cardiac death (Deac et al., 2020). Other reported cardiac
events include heart failure, arrhythmias, pericarditis, coronary dissection, QT

prolongation, and sudden cardiac death (Kanduri et al., 2019).

2.2.1.3 Ternary complex

FdUMP forms a stable ternary complex with TS and CH2THEF, inhibiting TS and
blocking dUMP from accessing the TS nucleotide-binding site (Ma et al., 2022). This
inhibition causes deoxynucleotide pool imbalances, particularly increasing
deoxyuridine triphosphate (dUTP) levels, leading to DNA damage. The depletion of
dTMP results in reduced dTTP levels, disrupting DNA synthesis and repair (Derissen
& Beijnen, 2020; Mullen & Singh, 2023). Despite TS inhibition causing dUMP
accumulation and increased dUTP, thymidylate can be salvaged from thymidine via
TK, which may confer resistance to 5-FU (Backer et al., 2023; Walter & Herr, 2022).
The molecular mechanisms downstream of TS inhibition by 5-FU remain unclear, and
the clinical significance of TS has not been definitively proven. A review by Showalter
et al. (2008) found no clear link between TS expression and patient response to 5-FU,
suggesting that factors like administration routes, types of 5-FU drugs, and leucovorin

(LV) effects may influence 5-FU metabolism and efficacy.

2.2.2 Anti-colon cancer mechanism of 5-fluorouracil
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5-FU stands as a cornerstone in CC treatment, leveraging multiple mechanisms to
impede cancer cell proliferation. As a fluorinated pyrimidine analog, 5-FU undergoes
intracellular activation, yielding active metabolites such as FAUMP and FUTP
(Gmeiner, 2020a). FAUMP exerts pivotal action by forming a stable ternary complex
with TS and 5,10-methylene tetrahydrofolate (CH>THF), inhibiting TS and disrupting
de novo thymidine nucleotide synthesis required for DNA replication (Masci et al.,
2023). This disruption induces a nucleotide pool imbalance, notably elevating dUTP
levels, which incorporate into DNA instead of thymidine, impairing DNA synthesis
and prompting cellular apoptosis (Z. H. Wang et al., 2024). Moreover, FUTP
incorporates into RNA, altering RNA metabolism and protein synthesis critical for
tumor cell viability (Therizols et al., 2022). This dual interference with DNA and RNA
synthesis pathways underpins 5-FU potent cytotoxicity against rapidly dividing CC

cells as shown in Figure 2.4.
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Figure 2.4: Mechanisms of 5-fluorouracil against colon cancer.

2.2.3 Side effects of 5-fluorouracil
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5-FU is a widely used chemotherapeutic agent known for its efficacy in treating
various cancers, including colorectal, breast, gastric, pancreatic, and skin cancers (Tian
et al., 2021; Vodenkova et al., 2020). However, its use is associated with a range of
side effects (shown in Figure 2.5), the severity of which can vary depending on dosage,
route of administration, and individual patient factors (Gmeiner, 2021; Zafar et al.,
2021). Acute side effects, such as nausea, vomiting, and neutropenia, can occur after a
single dose, while cumulative toxicity, including cardiotoxicity and neurotoxicity, is

more commonly observed after multiple cycles of treatment (Zafar et al., 2021).

Additionally, higher doses or prolonged continuous infusion of 5-FU increase the
likelihood of severe adverse effects, such as mucositis and hand-foot syndrome
(Gmeiner, 2021). Understanding these dose-dependent toxicities is critical for

optimizing treatment regimens and minimizing patient discomfort.
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Figure 2.5: Side effects of S5-fluorouracil.
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Gastrointestinal issues are frequent with 5-FU treatment, including nausea, vomiting,
diarrhea, and mucositis (inflammation and ulceration of the oral and gastrointestinal
mucosa) (Mohammed et al., 2023). These symptoms can usually be managed with
antiemetic and antidiarrheal medications, along with maintaining hydration and using
symptomatic treatments for mucositis (Garutti et al., 2023). Another common side
effect is myelosuppression, which results in decreased blood cell production, leading
to leukopenia (a decrease in white blood cells), thrombocytopenia (a decrease in
platelets), and anemia (a decrease in red blood cells) (Ishibashi et al., 2021). These
conditions increase the risk of infection, bleeding, and fatigue, respectively,
necessitating regular blood tests to monitor and manage these effects. 5-FU also
frequently causes dermatological effects (Ewert de Oliveira et al., 2021). 5-FU-
induced hand-foot syndrome is characterized by redness, swelling, pain, and peeling
of the skin on the palms and soles, which can be particularly distressing (Punt et al.,
2023). In addition, rash and hyperpigmentation are observed, and patients are advised
to protect their skin from sunlight. Fatigue, a general feeling of tiredness and lack of

energy, is another frequently reported side effect (Parment et al., 2022).

Moreover, 5-FU can cause serious side effects such as cardiotoxicity and neurological
effects (More et al., 2021). Cardiotoxicity manifests as chest pain and myocardial
ischemia caused by coronary artery spasms, with the risk of severe heart problems,
especially in patients with pre-existing heart disease (Jurczyk et al., 2021).
Neurological effects, including neurotoxicity, lead to confusion, cerebellar ataxia
(uncoordinated movements), and encephalopathy (Cordier et al., 2011). Although
these symptoms are typically reversible upon discontinuation of the drug, careful
monitoring is still required. Other potential side effects include ocular toxicity

(manifested by conjunctivitis and excessive tearing) and hepatotoxicity (manifested by
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elevated liver enzymes) (Gliclii et al., 2018). Rarely, patients may experience alopecia
(hair loss) and photosensitivity, leading to severe sunburns (Reyes-Habito & Roh,
2014). Management of these side effects generally requires dose adjustments,
supportive care with medications such as antiemetics and analgesics, and regular
monitoring of liver and kidney functions (Anaka & Abdel-Rahman, 2022; Hashimoto

et al., 2020; Smith et al., 2020).

2.2.4 Molecular mechanisms of drug resistance for S5-fluorouracil

Although 5-FU is effective, drug resistance can significantly limit its therapeutic
benefits over time. Several mechanisms contribute to the development of 5-FU
resistance. One of the primary mechanisms of resistance involves alterations in
enzymes involved in 5-FU metabolism (Blondy et al., 2020). Within cells, 5-FU is
converted into active metabolites that inhibit thymidylate synthase (TS), a crucial
enzyme for DNA synthesis (A. Kumar et al., 2023). Resistance develops when TS is
mutated or overexpressed, thereby reducing the effectiveness of 5-FU inhibition
(Negrei et al., 2016). Additionally, alterations in other enzymes in the metabolic
pathway, such as dihydropyrimidine dehydrogenase (DPD) responsible for the
breakdown of 5-FU, can lead to reduced intracellular levels of the active drug, thus
promoting drug resistance (Verma et al., 2022). Another significant mechanism is the
enhancement of DNA repair mechanisms in cancer cells (Sethy & Kundu, 2021). 5-
FU exerts cytotoxic effects by incorporating into DNA and RNA, causing DNA
damage and ultimately cell death (Blondy et al., 2020). However, cancer cells develop
drug resistance by upregulating DNA repair pathways, such as nucleotide excision
repair (NER) and base excision repair (BER), which effectively repair the damage

caused by 5-FU, thereby reducing its cytotoxic effects (Gomes et al., 2017).
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Moreover, alterations in cellular signaling pathways contribute to 5-FU resistance
(Sethy & Kundu, 2021). Activation of survival pathways, such as the PI3K/AKT
pathway or the MAPK pathway, promotes cell survival and proliferation despite
exposure to 5-FU-induced stress (Azwar et al., 2021). These pathways enhance cell
survival, allowing cancer cells to escape the cytotoxic effects of 5-FU. Furthermore,
changes in drug transport mechanisms can influence 5-FU resistance (Blondy et al.,
2020). Efflux pumps, such as ATP-binding cassette (ABC) transporters, actively pump
5-FU out of cancer cells, thereby reducing its intracellular concentration and
effectiveness (Cui et al., 2015). Overexpression of these transporters, such as P-
glycoprotein (P-gp), can confer resistance to 5-FU by preventing the accumulation of

5-FU within cancer cells (Asif et al., 2020).

2.3  Combination therapy

Combination therapy enhances cancer treatment by targeting multiple pathways
simultaneously, improving efficacy, and reducing drug resistance (Redondo-Blanco et
al., 2017). In CC, combination strategies are particularly relevant due to the complex
molecular mechanisms involved in tumor initiation and progression, such as
chromosomal instability (CIN), DNA mismatch repair deficiencies, and aberrant

signaling pathways (Amiri et al., 2013; Singh et al., 2013).

The effectiveness of combination therapy is typically assessed using the Chou-Talalay
combination index (ClI), based on the median-effect equation: Cl = a/A + b/B (Chou
& Talalay, 1984). In this formula, A and B represent the doses of drugs A and B,
respectively, needed to achieve a specified effect when used individually, while a and

b represent the doses required to produce the same effect in combination. A ClI value
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of 1 indicates an additive effect, Cl < 1 signifies synergism, and CI > 1 indicates
antagonism between the two drugs (Tallarida, 2002). This approach is widely used in
chemotherapy optimization, including natural compound-based chemosensitization,
which enhances drug efficacy by modulating resistance pathways (Amiri et al., 2013).
Natural compounds, particularly plant extracts, have gained attention in cancer therapy
due to their bioactive components, low toxicity, and ability to enhance conventional
chemotherapy (Y. Zhu et al., 2022). Several studies have demonstrated that certain
plant extracts improve tumor cell sensitivity to 5-FU, reducing the required dosage and
minimizing side effects (Gao et al., 2022; Ng et al., 2022). This study evaluates the
synergistic effects of PM extract and 5-FU, assessing their combined anticancer
activity using in vitro and in vivo models to explore potential mechanisms of action

and clinical applicability.

2.4  Polygonum minus

Polygonum minus Huds. (PM), also known as Persicaria minor (Huds.) Opiz, or
“laksa leaves” in Malaysia, is an aromatic plant in the Polygonaceae family, widely
utilized in the food industry (Christapher, Parasuraman, et al., 2015; Z. Yang et al.,
2024). In Japan, China, and Europe, PM has long been used as a hot-tasting spice
(Ahmad et al., 2014). In Malaysia, it is frequently added to vegetable salads and
various dishes, such as laksa (spicy noodle dish), kerabu (fried herbal rice), asam
pedas (spicy tamarind curry), and tom yam (spicy tangy soup) (Abdullah et al., 2017;
Rahim et al., 2022; Vimala et al., 2003). The Malaysian Government has included PM
in the National Agro-Food Policy to ensure an adequate food supply (Embong, 2007).
In Indonesia, particularly in West Kalimantan, PM is a key ingredient in padas porridge,

a unique local dish (Alves et al. 2001; Phatik, Das & Boruah 2014). Additionally, PM
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is valued for its wide range of ethnobotanical uses due to its diverse therapeutic

properties.

Traditionally, PM leaves have been used in various medicinal applications (Hassan et
al., 2015). They have been employed to treat digestive disorders (Han et al., 2024),
reduce dandruff (Z. Muhammad & Mustafa, 2015), improve eyesight (Jarukamjorn &
Nemoto, 2008), warm the body (Embong, 2007), enhance blood circulation (George,
Ng, et al., 2014), treat fungal infections (Ong & Nordiana, 1999), alleviate body aches
(Amiruddin et al., 2020; Wiart, 2006)), and as a postpartum beverage (Christapher, Xin,
etal., 2015). In India, PM has been used as diuretics, central nervous system stimulants,
diaphoretics, and styptics (Ahmad et al., 2016). Additionally, many Chinese Buddhists
consume PM leaves to reduce sexual desire, leading monks to cultivate PM in their

gardens as part of their celibate lifestyle (Abubakar et al., 2015).

2.4.1 Safety of polygonum minus

A primary concern regarding the toxicity of herbal remedies is their potential to cause
adverse effects or even lethality when consumed (Azad et al., 2022). Herbal plants are
distinguished by their secondary metabolites, which serve as natural defense
mechanisms and can offer substantial therapeutic benefits. However, these compounds
may also be harmful if consumed in excessive amounts (van Wyk & Prinsloo, 2020).
Thus, assessing the toxicity of medicinal plants is crucial for their safe application in

medicine and pharmacology (Pham et al., 2023).

2.4.1.1 Acute toxicity

An acute toxicity study assesses the potential harmful effects of a test substance when
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organisms are exposed to single or multiple doses over a 24-hour period, through
various routes such as oral, dermal, or inhalation (Saganuwan, 2017). The data from
these studies are crucial for establishing safe dosage levels in long-term toxicity studies

and other animal research (Erhirhie et al., 2018).

Although PM has well-established traditional uses in folk medicine and is generally
regarded as safe, it is important to evaluate its safety. Acute toxicity tests of PM
aqueous leaf extract show promising results. During a 14-day observation period, no
adverse effects were observed in experimental animals. Specifically, oral
administration of 2000 mg/kg of the PM aqueous extract did not result in mortality,
behavioral changes, or alterations in physiological functions (Ming et al., 2013; N.
Muhammad et al., 2013). Even at the highest dose of 5000 mg/kg body weight (bw),
no toxicity was observed, as liver and kidney examinations in treated rats showed no
significant changes compared to the control group. Hematological and clinical
biochemistry values were consistent with those of control animals, indicating that the
PM aqueous leaf extract is relatively non-toxic (Wasman et al., 2010). Additionally, a
study on the methanol extract of PM at 2000 mg/kg also showed no signs of acute
toxicity, suggesting an LDso greater than 2000 mg/kg (Christapher et al., 2017).
According to Sharma et al. (2020), all test animals remained healthy and displayed
normal behavior throughout the study, supporting the safety of this herb. Therefore,
PM holds potential for development into medications addressing contemporary health

issues (Table 2.1).

2.4.1.2 Sub-acute toxicity

Sub-acute toxicity studies are crucial for evaluating the safety of a substance when it
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i1s administered repeatedly over an extended period (Christapher et al., 2017). These
studies help identify any long-term adverse effects resulting from continuous daily

exposure (Nakakaawa et al., 2023).

In a 28-day sub-acute oral toxicity study, no mortality or toxic signs were observed
with oral administration of PM aqueous extract at doses of 125, 500, and 1000 mg/kg
(Ming et al., 2013). Similarly, a study conducted by Muhammad and colleagues found
no evidence of toxicity, behavioral changes, or fatalities at these doses. However, at a
higher dose of 2000 mg/kg body weight for 14 days, the study reported significant
reductions in hemoglobin, calcium, and sodium levels, alongside elevated potassium
levels. This indicates that while PM leaf extract generally does not cause sub-acute
toxicity in male rats, extremely high doses may lead to electrolyte imbalances, anemia,
and hypocalcemia (N. Muhammad et al., 2013). Furthermore, research by Christapher
et al. (2017) showed that the methanol extract of PM leaves did not exhibit
neurotoxicity, with no observed changes in locomotor activity or mental function in
treated animals. The chronic administration of PM methanol extracts up to 2000 mg/kg

also did not result in any mortality (Table 2.1).
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To date, sub-chronic and chronic toxicological studies on various parts and solvent
extracts of PM have not been conducted. Therefore, a comprehensive toxicological
assessment is necessary to establish the safety of PM extracts before considering them

as safe herbal drugs.

2.4.1.3 Genotoxicity

Research has indicated that certain plants commonly used in folk medicine may have
genotoxic potential (Ananthi et al., 2010; Marques et al., 2003; Melo-Reis et al., 2011;
Regner et al., 2011; Shin et al., 2011). However, Wan-Ibrahim et al. (2010)
demonstrated that the aqueous extract of PM does not exhibit genotoxic effects on
human lymphocytes. Additionally, Omar and colleagues assessed the teratogenic
potential of PM using a zebrafish model and found that the methanol extract of PM did

not disrupt zebrafish embryonic development (Table 2.1) (Omar et al., 2020).

2.4.2 Pharmacological effects of polygonum minus

2.4.2.1 Pre-clinical studies Antioxidant capacity

Several studies have documented the antioxidant activity of PM using assays such as
DPPH radical scavenging, TBARS, and FRAP. The observed antioxidant effects are
attributed to the high levels of polyphenols, vitamin C, and B-carotene present in PM
(Baharum et al., 2010; Hamidi et al., 1996). Extracts of PM, including those obtained
with aqueous, methanol, and ethanol solvents, have demonstrated significant
antioxidant potential, comparable to synthetic antioxidants like butylhydroxytoluene
(BHT) and gallic acid (Azlim Almey et al., 2010; Faujan et al., 2007; Gorinstein et al.,

2007; Huda-Faujan et al., 2009; Qader et al., 2011; Sumazian et al., 2010). Specifically,
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the total phenolic content (TPC) in the methanol and ethanol extracts of PM leaves
was reported as 31.38 mg and 21.06 mg Gallic Acid Equivalent (GAE) per gram of
extract, respectively. The aqueous leaf extract of PM showed notable antioxidant
properties with a high TPC of 2800.6 mg/100 g GAE (Vimala et al., 2011).
Additionally, the TPC for the aqueous, methanol, and ethanol extracts of the whole PM
plant were reported as 55.5 mg, 122.1 mg, and 207 mg GAE per gram, respectively
(Qader et al., 2011; Saputri & Jantan, 2011). The total ascorbic acid content was
measured at 0.54 mg/g fresh weight, and the flavonoid content was 2.46 mg/g dry

weight (Sumazian et al., 2010).

2.4.2.2 Role in LDL oxidation

Saputri and Jantan reported that PM exhibits inhibitory effects on LDL oxidation
induced by collagen (Saputri & Jantan, 2011). The study measured the LDL oxidation
activity of various concentrations of methanol extract of PM in relation to copper-
mediated oxidation in isolated human LDL. The results demonstrated that the
inhibition of LDL oxidation was dose-dependent, with higher concentrations of the
extract leading to greater inhibition (Saputri & Jantan, 2011). This study highlights a
correlation between high phenolic content in PM and its effectiveness in inhibiting

LDL oxidation.

2.4.2.3 Anti-platelet aggregation activity

Saputri and Jantan investigated the inhibitory effects of PM’s methanol extract on
human platelet aggregation (Saputri & Jantan, 2011). The study assessed the extract’s

efficacy against several platelet aggregation inducers, including arachidonic acid (AA),
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adenosine diphosphate (ADP), and collagen. The results indicated that the extract was
only moderately effective against AA and ADP-induced platelet aggregation, with
inhibition percentages of 25.6 £0.8 and 24.0 £2.1, respectively (Saputri & Jantan,

2011).

2.4.2.4 Gastro-protective activity

The aqueous extract of the entire PM plant was evaluated for its ulcer-preventive
properties using an ethanol-induced ulcer model (Wasman et al., 2010). The study
found that pretreatment with PM significantly reduced ulcerated areas in rats, with the
effect being dose-dependent. Notably, the extract at a dose of 250 mg/kg was as
effective as omeprazole at 20 mg/kg. The gastroprotective effect of the bioactive
fraction (EA= 1:1) of PM leaves may be attributed to changes in mucus production,
hexosamine levels, and PGE2 synthesis in rodent (Qader et al., 2012). Christapher et
al. also investigated the antiulcer effects of methanol and aqueous extracts of PM
leaves using a pyloric ligation model. The methanol extract exhibited significant
gastroprotective (antiulcer) effects at a dose of 200 mg/kg BW, while the aqueous
extract did not show any gastroprotective effects in Wistar rats (Christapher, Xin, et

al., 2015).

2.4.2.5 Antimicrobial activity

Plant extracts were evaluated for their antimicrobial properties against various bacteria,
viruses, and fungi. The antibacterial activity was primarily assessed against
Helicobacter pylori, a bacterium associated with duodenal ulcers. It was found that
petroleum ether, methanol, and chloroform extracts of PM exhibited significant

inhibition zones against Helicobacter pylori, whereas the aqueous extract did not show

28



any inhibition (Uyub et al., 2010). Musa et al. reported that PM demonstrated
antibacterial activity against ten isolated pathogenic bacteria from fish (Lee et al.,
2008). Additionally, PM was slightly more effective than the control in inhibiting
microbial growth in refrigerated duck meatballs. The antiviral activity of PM’s ethanol
extract was tested against Herpes simplex virus type-1 (HSV-1) and Vesicular
stomatitis virus (VSV). The extract showed strong antiviral activity against HSV-1 but

weak activity against VSV (Hamidi et al., 1996).

Johnny et al. investigated the antifungal properties of 15 Malaysian plants, including
PM, against Colletotrichum gloeosporioides isolated from mangoes. The study used
various solvents for extraction, and the methanol extract of PM was found to be more
effective in inhibiting fungal growth compared to chloroform and acetone extracts
(Johnny et al., 2011). Traditionally, PM is combined with a small amount of kerosene

and applied topically as a paste to treat fungal infections (Ong & Nordiana, 1999).

2.4.2.6 Digestive enhancing activity

Vimala et al. identified oxalic acid in PM using High-Performance Liquid
Chromatography (HPLC) at a concentration of 200 nm. Given that oxalic acid is
known to aid digestion, this finding supports the traditional use of kesum as a stimulant

for the digestive system (Eastwood & Nyhlin, 1995; Vimala et al., 2011).

2.4.2.7 Immunomodulatory effect

George et al. (2014) investigated the immunomodulatory effects of the aqueous extract

of PM on Swiss albino mice using an in vivo carbon clearance assay. The phagocytic
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effect refers to the ability of immune cells, particularly macrophages and neutrophils,
to engulf and eliminate pathogens, cellular debris, and foreign particles, playing a
crucial role in innate immunity. Their findings indicated a dose-dependent increase in
the phagocytic index, with doses of 200 and 400 mg/kg demonstrating enhanced
phagocytic activity. Notably, the phagocytic index at 400 mg/kg was comparable to
that of the standard drug Levamisole (2.5 mg/kg body weight), suggesting a significant

immunostimulatory effect.

2.4.2.8 Cytotoxicity

The PM leaf extracts, including 50%, 70%, and 100% ethanol extracts, exhibited
significant suppression of cell viability in colon cancer (HCT116, HT29, and CT26)
cell lines. The 100% ethanol extract also demonstrated antiproliferative activity against
cervical cancer (HeLa) cells (Ali et al., 1996; Rohin et al., 2020). Conversely, the
acetone extract from PM leaves showed no toxicity towards colon cancer (HCT116,
HT29, and CT26) cell lines, suggesting that the efficacy of the extracts may be
influenced by the choice of extraction solvent. Additionally, the ethyl acetate extract
of PM leaves exhibited potent cytotoxicity against colon cancer (HCT116, HT29,
CT26), cervical cancer (HeLa), and liver cancer (HepG2) cells (Abdullah et al., 2017;
Mohd Ghazali et al., 2014; Rohin et al., 2020). While the ethyl acetate extract showed
cytotoxicity against breast cancer (MCF7) cells, the ICso was >250 pg/mL (Mohd
Ghazali et al., 2014). The hexane extract from PM leaves demonstrated promising
cytotoxicity against colon cancer (HCT116) cells, with an ICs¢ value of 40 pg/mL
(Abdullah et al., 2017). Another study found that the methanol extract of PM leaves
had antiproliferative effects on colon cancer (HCT116, HT29, CT26) and cervical

cancer (HeLa) cells and exhibited cytotoxicity towards liver cancer (HepG2) and
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breast cancer (MCF7) cells, though the ICsp was >250 pg/mL (Christapher et al., 2016;
Mohd Ghazali et al., 2014; Rohin et al., 2020). The petroleum ether extract also
suppressed growth in colon cancer (HCT116), cervical cancer (HeLa), liver cancer
(HepG2), and breast cancer (MCF7) cells (Mohd Ghazali et al., 2014). Furthermore,
in vitro studies indicated that the water extract of PM leaves had antiproliferative
effects against a range of cancer cells, including colon cancer (HCT116, HT29, CT26),
cervical cancer (HeLa), liver cancer (HepG2), and breast cancer (MCF7) cells

(Christapher et al., 2016; Mohd Ghazali et al., 2014; Rohin et al., 2020).

For normal cells, the water, ethanol, ethyl acetate, methanol, and petroleum ether
extracts of PM leaves showed no activity against human fibroblast (Hs888Lu) and
kidney epithelial (Vero) cells, and exhibited an 1Cso >250 pg/mL for normal colon
(CCDB841), liver (Chang liver and WRL-68) cells (Abdullah et al. 2017; Mohd Ghazali
et al. 2014; Qader et al. 2011; Vimala et al. 2011; Wahab, Bunawan & Ibrahim 2015).
In addition, the hexane, methanol, and water extracts of PM leaves demonstrated

cytotoxicity towards normal colon (CCD841) and human endothelial (EA.hy926) cells,
while the methanol extract from PM stems exhibited cytotoxicity against kidney
epithelial (Vero) cells (Abdullah et al., 2017; Christapher et al., 2016; Wahab et al.,

2015).

These findings suggest that certain PM extracts are effective in treating cancers due to

their selective toxicity, which results in minimal adverse effects on normal cells,

thereby making them a promising option for cancer management and treatment.

2.4.2.9 Anti-inflammatory and analgesic activity
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Christapher et al. investigated the anti-inflammatory and analgesic properties of
methanol and aqueous extracts from PM leaves in rodent models. The results indicated
that the aqueous extract exhibited significant analgesic effects in various assays,
including the formalin test, acetic acid-induced writhing, and tail immersion test, as
well as anti-inflammatory activity in the carrageenan-induced inflammation model. In
contrast, the methanol extract demonstrated analgesic effects but did not show any

anti-inflammatory activity (Christapher, Xin, et al., 2015).

2.4.2.10 Cognitive enhancing effect

George et al. investigated the impact of PM water extract on learning and memory,
reporting that the extract demonstrated protective effects against scopolamine-induced

cognitive deficits in a Barnes maze rat model (George, Ng, et al., 2014).

2.4.2.11 Sexual performance and well-being

Udani et al. (2014) conducted a randomized, double-blind, placebo-controlled clinical
trial to assess the effects of Eurycoma longifolia (200 mg/day) combined with PM
water extract (100 mg/day) in healthy male volunteers aged 45-65. The results
indicated that the combination significantly improved sexual performance compared
to the placebo group (Udani et al., 2014). In clinical studies, dosages are often
expressed in “mg/day”’, which refers to a fixed daily dose for all participants, regardless
of body weight. This approach is commonly used in human trials where a standardized
dose is given to ensure consistency across individuals. In contrast, “mg/kg” is used in
preclinical studies and animal experiments, where the dosage is adjusted according to

body weight. This method accounts for differences in metabolism and physiological
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responses among different-sized subjects, making it more suitable for dose
extrapolation from animals to humans. The use of “mg/day” in this clinical study
ensures a controlled and uniform dose among participants, whereas “mg/kg” would be

necessary in studies where weight-based adjustments are required for accurate dosing.

2.5 Metabolomics

Metabolomics involves the analysis of metabolites within cells and tissues, which can
be detected in various body fluids. The presence of a tumor can disrupt an individual’s
overall metabolism, leading to alterations in fuel utilization to meet the energy
requirements of the tumor. Additionally, tumor metabolism may evolve as the disease
advances. Given that metabolic dysregulation is a key characteristic of cancer,
metabolomics presents a promising approach for studying the disease (Nannini et al.,

2020).

2.5.1 Cancer cell metabolism

One of the earliest and most well-known metabolic changes in cancer cells is their
increased glucose consumption. This heightened glucose uptake by tumors can be
detected using fluorodeoxyglucose-positron emission tomography (FDG-PET)
imaging, which is utilized for initial cancer staging, evaluating treatment response, and
monitoring. The discovery by Otto Warburg and others nearly a century ago showed
that tumor cells exhibit elevated glucose uptake and produce large amounts of lactate,
even in the presence of oxygen. This has firmly established the link between altered
metabolism and cancer cells (Heiden et al., 2009; Koppenol et al., 2011; Warburg,

1924, 1956). During the genomic era, research predominantly focused on how
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signaling pathways and transcription factors control cancer cell growth and the cell
cycle. However, there has been a resurgence of interest in understanding the role of
metabolic alterations in cancer pathogenesis. Several factors, such as tumor hypoxia,
stromal composition, immune cell infiltration, and genetic mutations are crucial in
shaping cancer cell metabolism. Genetic and epigenetic changes offer cancer cells a
survival advantage, particularly in nutrient-deprived environments. This renewed
focus on cancer metabolism initially stemmed from the recognition that dysregulated
signaling pathways and transcriptional reprogramming lead to metabolic alterations in
cancer cells (Dang & Semenza, 1999; De Berardinis & Chandel, 2016; Hsu & Sabatini,
2008; Shaw, 2009). Subsequent research has shown that the activation of oncogenes
or the loss of tumor suppressors is enough to drive metabolic changes in cancer cells
(Dang, 2013; Kimmelman, 2015; Vousden & Ryan, 2009). Consequently, tumor-

associated metabolic changes are now recognized as an emerging hallmark of cancer

(Hanahan & Weinberg, 2011).

2.5.2 Methodology and Instrumentation

An overview of key technologies utilized in metabolomics is shown in Figure 2.6. The
primary focus is on mass spectrometry (MS) and nuclear magnetic resonance (NMR),
both of which are effective for detecting compounds in various biofluids or cell/tissue
extracts in liquid form. NMR is also applicable to solid-phase samples, including cell
membranes and even whole cells and tissues. Other techniques, such as matrix-assisted
laser desorption/ionization mass spectrometric imaging (MALDI-MSI) and NMR-
based in vivo imaging methods like magnetic resonance spectroscopic imaging (MRSI),
are more specialized and have been discussed in separate reviews (Crecelius et al.,

2015; Posse et al., 2013).
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Figure 2.6: The optimal metabolomics workflow depends on source material and
application. Various technologies and methods can be used to acquire raw data, which
then provide the starting point for computational analysis. See text for details. CE
indicates capillary electrophoresis; GC, gas chromatography; LC, liquid
chromatography; MALDI-MSI, matrix-assisted laser desorption/ionization mass
spectrometric imaging; MRSI, magnetic resonance spectral imaging; MS, mass
spectrometry; NMR, nuclear magnetic resonance.

2.5.2.1 Nuclear Magnetic Resonance (NMR)

NMR spectroscopy measures the chemical properties of specific atomic nuclei within
amolecule. This method is highly versatile, applicable to biospecimen in liquid, solid,
or gas phases without requiring extensive sample preparation. In NMR, a sample is
exposed to a strong magnetic field and then irradiated with radiofrequency waves. This
process temporarily excites certain nuclei, such as 'H, *C, '*N, or 3'P, causing them to
change their spin states. As the nuclei return to their original states, they emit energy
that creates a distinctive spectroscopic pattern, known as a chemical shift, which
provides information about the type, position, and electromagnetic environment of the
excited atoms in the molecule. Importantly, NMR does not consume the sample,

allowing it to be used for further analyses. However, NMR instruments are large and
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have lower sensitivity (micromolar) compared to mass spectrometry (nanomolar)
(Emwas et al., 2019). Additionally, while NMR can resolve several hundred unique
metabolites, it is less capable of detecting the vast range of chemical species that mass
spectrometry can identify, which can extend to thousands of unique features based on

their masses.

2.5.2.2 Mass spectrometry (MS)

Mass spectrometry is a fundamental analytical technique in metabolomics, primarily
used for determining the mass-to-charge ratio (m/z) of molecules and their fragments.
In this process, a sample in either liquid or gas phase is introduced into the mass
spectrometer, where it is ionized and then separated based on its m/z ratio. The sample
material is consumed during the analysis. MS is often combined with an initial
chromatographic step to enhance resolution by separating isobaric compounds and

minimizing signal interference from more abundant species.

2.5.2.3 Source material

Metabolomics can be applied to a diverse array of biological materials, including
cultured cells and tissues, specimens from laboratory animals, and clinical samples
such as tumors and biofluids, whether freshly obtained or properly archived. The
volume of starting material required varies depending on the analytical technique used.
For nuclear magnetic resonance (NMR) spectroscopy, sample volumes generally range
from 0.1 to 0.5 mL for liquid samples. In contrast, mass spectrometry (MS) methods
offer greater sensitivity, with detection limits that are 10 to 1000 times lower than those
of NMR, allowing the analysis of just a few microliters or milligrams of sample to

detect numerous metabolites.
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2.5.3 The implication of metabolomics in colon cancer study

In 2018, Loke et al. employed LC-MS metabolomics combined with 16S rRNA next-
generation sequencing to explore differences in function and taxonomy between CC
and normal tissue samples, suggesting that microbiome dysbiosis may contribute to
variations observed at cancer sites. Their findings indicated elevated levels of the
metabolite S-adenosyl-L-homocysteine (SAH) in tumors compared to normal tissues
(Loke et al., 2018). Metabolomics is also utilized to evaluate the anti-proliferative and
apoptotic activities of natural products. For instance, GC-MS metabolomics was used
to analyze the anti-proliferative effects of methanol and water extracts of
Chamaecyparis obtusa on the HCT-116 human CC cell line, identifying methanol
extract and anthricin as key compounds responsible for this activity (H. Y. Kim et al.,
2015). A recent 2018 study used rapid *H-NMR metabolomics to identify secondary
metabolites with anti-proliferative effects against human CC cell lines, including HCT-
116, HT-29, and Caco-2, revealing two bioactive compounds, cycloartane glycoside
and protodioscin derivative, that demonstrated anti-proliferative activity (Graziani et

al., 2018).

2.6 Proteomics

Proteomics involves analyzing the structure and function of proteins, including their
interactions and roles within biological systems. In the quest for novel CC biomarkers,
proteomics research emphasizes identifying differences in protein expression between
normal and cancerous cells or characterizing distinct proteomic profiles in bodily

fluids. Key methodologies for discovering protein biomarkers in cancer include two-
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dimensional gel electrophoresis combined with liquid chromatography-mass
spectrometry (2-DE-MS), two-dimensional difference gel electrophoresis (2D-DIGE),
and liquid chromatography-mass spectrometry (LC-MS) (Boja & Rodriguez, 2014).
Advanced quantitative proteomic assays can assess changes in proteins, their
interacting partners, isoforms, and post-translational modifications (Boja & Rodriguez,

2014).

2.6.1 Cancer cell proteomics

To uncover and identify proteins implicated in tumor development, experimental
approaches are crucial for elucidating aberrant mechanisms in controlled environments.
Research has shown that certain cancer cell lines, such as those derived from breast
cancer, exhibit chromosomal, genetic, and transcriptional abnormalities similar to
those found in primary breast tumors (Neve et al., 2006). This suggests that cell lines
can partially represent the heterogeneous nature of breast cancer and provide insights
that correlate with human samples. The use of cell lines in cancer research offers
several advantages, including the ability to manipulate experimental conditions
extensively and the suitability for high-throughput screening. Cultured cell lines are
often more homogeneous compared to the diverse cell types found in tissues, which
facilitates more controlled studies. However, the applicability of findings from cell
line studies is sometimes challenged due to limitations such as in vitro artifacts, lack
of metabolic activity, restricted cell types, and conditions that differ from the in vivo
environment. Despite these limitations, in vitro proteomics offers controlled
experimental conditions, homogeneous cell types, cost-efficiency, and experimental
convenience. Utilizing cell lines is valuable for exploring cancer pathogenesis and for

hypothesis generation and testing.
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2.6.2 Label-free quantitation

Label-free quantification offers a cost-effective alternative to isotope labeling for
analyzing cancer proteomes (B. Zhang et al., 2006). There are two primary approaches
in label-free quantitative proteomics: relative quantification, which relies on spectral
counting of peptides/proteins, and absolute quantification using the exponentially
modified protein abundance index (emPAl). Spectral counting assumes that the
intensity of precursor ions correlates with peptide abundance (Liu et al., 2004). This
method involves analyzing samples separately but following the same data acquisition
protocol. The emPAI method, an extension of label-free quantification, correlates
protein abundance with the ratio of observed peptides to the theoretical number of
peptides for each protein (Ishihama et al., 2005). A significant challenge with label-
free mass spectrometry quantification is ensuring reproducibility across sample
preparation, liquid chromatography separation, and computational analysis to achieve
accurate quantitative results (B. Zhang et al., 2006). Additionally, label-free
quantification methods face limitations, such as lower accuracy (semi-quantitative
nature), difficulties in quantifying low-abundance or short peptides, reduced
throughput, and less precise quantitation due to independent handling of samples (Lill,
2003). Despite these limitations, label-free quantification is cost-effective and has been

utilized in various oncoproteomic studies (X. Hu et al., 2009).

2.6.3 The implication of proteomics in colon cancer study

Proteomics enables the identification of proteins that are expressed at low

concentrations, which, when consistently different in CC patients, can serve as
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biomarkers for diagnosis and treatment (Ahrens et al., 2010; Liu et al., 2004). Using a
Fisher-based model system, fragments of complement C3f were detected in the serum
of CC patients, distinguishing them from healthy individuals. MALDI-TOF mass
spectrometry confirmed that complement C3f is present at lower concentrations in CC
patients, marking it as a potential biomarker for differentiation (D. Zhu et al., 2013).
Proteomic profiling of human and mouse tissues has revealed novel cancer-associated
fibroblasts linked to cancer progression. This research highlighted the roles of proteins
such as LTBP2, CDH11, OLFML3, CALU, and FSTL1 in the migration and invasion
of CC, identifying them as stromal biomarkers (Torres et al., 2013). A study on tissue
secretomes found significant differences between cancerous and healthy colon tissues,
noting that cancer tissues secrete 40% nuclear proteins compared to just 5% in healthy
tissues. Among these nuclear proteins, minichromosome maintenance 5 (MCM5) is
notably overexpressed in CC and could serve as a biomarker (de Wit et al., 2014).
Exoproteome analysis has established OLFM4, a member of the olfactomedin family,
as a marker for non-metastatic tumors in CC, useful for distinguishing between
cancerous and non-cancerous tissues (Besson et al., 2011). Additionally, elevated
levels of SI00A9, carcinoembryonic antigen cellular adhesion molecule-5 (CEA or
CEACAMYS), and dipeptidase-1 (DPEP1) proteins have been observed in CC patients,
while CEACAM-7 was found to be downregulated (Tu et al., 2017). A cohort study
examining immunological changes in colorectal carcinogenesis identified increased
levels of CD4" helper T-cells recognizing tumor cells with HLA DR™ CD4, reflecting
heightened antigen recognition in cancer patients. Elevated concentrations of cytotoxic
T-cells capable of targeting malignant cells were also reported (Berndt et al., 2008).
Chromosomal abnormalities, such as aneuploidy, have been identified as prognostic
factors in many cancers, including CC. A study induced and maintained chromosomal

trisomy in colorectal cell lines to explore its relationship with CC
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(Gramolini et al., 2008; Schrimpf et al., 2009). Proteomic analysis revealed differential
expression of proteins like PCNA, HMGB1, IDH3A, and PSMB3 in trisomic cells,
which are associated with cell growth and proliferation, and their abnormal expression
may contribute to colorectal carcinoma (Gemoll et al., 2013). Proteomic profiling of
APC mutant cells showed disruptions in cell adhesion proteins, increased cell cycle
regulators, altered Wnt signaling proteins, and redistributed B-catenin, highlighting the
role of Wnt pathway hyperactivation as an early event in CC initiation (Bell et al.,
2009). Understanding these mutations can provide new insights into cancer biology

(Goh et al., 2011).
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CHAPTER 3

PREPARATION OF Polygonum minus EXTRACT AND OPTIMIZATION OF

ITS BIOACTIVE COMPOUND VIA CYTOTOXICITY ASSAY ON COLON

CANCER CT26 CELL LINE ANALYSIS

3.1 Introduction

In recent years, the exploration of natural products as potential therapeutic agents has
gained considerable momentum, driven by their promise of offering effective
treatments with reduced toxicity compared to traditional chemotherapy (Kalachaveedu
et al., 2023; Weth et al., 2024; Y. Xia et al., 2024). Among the diverse array of
medicinal plants, Polygonum minus (PM) has emerged as a notable candidate due to
its rich phytochemical composition, which includes a variety of bioactive compounds
such as flavonoids, phenolic acids, and other secondary metabolites (Z. Yang et al.,
2024). These compounds are known for their diverse pharmacological activities,
including antioxidant, anti-inflammatory, and anticancer properties (Shen et al., 2018;

Vikram et al., 2014).

Colon cancer (CC), a leading cause of cancer-related mortality globally, underscores
the urgent need for innovative therapeutic approaches (Xi & Xu, 2021). Despite
advancements in treatment, the search for effective and less toxic alternatives remains
a critical focus in oncology (Islam et al., 2022). Natural products like PM offer a
promising avenue for discovering new treatments with potentially enhanced safety

profiles.
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This chapter is dedicated to the systematic preparation and optimization of PM extract
to evaluate its cytotoxicity against the CT26 CC cell line. The research process
involves several sequential steps designed to maximize the yield and efficacy of
bioactive compounds from PM. Initially, solvent extraction is employed to obtain
crude extracts using four different solvents: hexane, dichloromethane, methanol, and
water. Each solvent serves a specific purpose based on its polarity, which affects the
solubility and extraction of various compounds (Daud et al., 2022). Hexane and
dichloromethane are non-polar solvents that primarily target lipophilic substances,
while methanol and water are polar solvents used to extract more hydrophilic
compounds (Rajhard et al., 2021; Saini et al., 2021). By utilizing a combination of
these solvents, the aim is to capture a comprehensive profile of PM’s bioactive

constituents.

Following the extraction, the cytotoxicity of each crude extract is assessed against the
CT26 cell line. This evaluation is crucial for identifying which extract exhibits the
strongest anticancer activity. The selection of the most potent extract is based on its
ability to inhibit cancer cell growth and induce cell death, providing an initial

indication of its therapeutic potential.

The next phase involves optimizing the selected crude extract through liquid-liquid
partition. This technique is employed to further refine the extract by separating it into
different fractions based on their solubility in immiscible solvents. Liquid-liquid
partition enhances the purity and concentration of bioactive compounds, allowing for
a more targeted analysis of their effects. By concentrating and isolating the active

components, liquid-liquid partition facilitates a clearer understanding of which
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fractions are most responsible for the observed cytotoxicity.

The final step involves evaluating the cytotoxicity of each partitioned extract against
the CT26 cell line. This assessment provides a detailed profile of the bioactive fractions,
helping to pinpoint the most effective components responsible for the anticancer
activity. By comparing the effects of different fractions, the research aims to identify
and characterize the key bioactive constituents that hold promise for further

development as therapeutic agents for CC.

3.2 Materials and methods

3.2.1 Plant material

In December 2022, fresh plant samples (2.5 months old) were obtained from the
Agricultural Conservatory Park at the Institute of Bioscience (IBS), Universiti Putra
Malaysia (UPM). The Biodiversity Unit, IBS, UPM identified and cataloged the

sample as Voucher No. KM 0087/23.

3.2.2 Crude extract

3.2.2.1 Crude extract preparation

The extraction process was carried out sequentially using hexane (H), dichloromethane
(D), methanol (M), and water (W), with a solid-to-liquid ratio of 1:10 (w/v) for H, D,
and M, and 1:20 (w/v) for W. Dried leaves (L) and stems (S) of 5g weight, were placed
in separate Schott bottles. A 50 mL aliquot of hexane was added to the powdered
samples in the Schott bottles, which were then mixed under a fume hood. The mixture

was soaked in hexane at 5 °C with continuous shaking at 200 rpm in an incubator
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shaker for 1 h. For water extraction, the supernatant was centrifuged at 4000 rpm for
10 min and then filtered through Whatman filter paper (No.1) (Gu et al., 2020). The
extraction was repeated twice, and the residue was dried. 10 mL of hexane solvent
collected was transferred to a round-bottom flask (DWK Life Sciences, Germany)),
labeled, and concentrated under reduced pressure at 50 °C using a rotary evaporator
(Buchi Rotavapor). The water extract was concentrated at 6 °C. The concentrated
extract in the round-bottom flask was then dried in an oven at 50 °C until no solvent

remains. The flask was cooled in a desiccator and weighed to a constant weight.

3.2.2.2 Estimation of extraction yield

The extraction yield (%) of PM extracts was calculated according to the method
described by Setyani et al. (2023) using the following equations.
Extraction yield (%) = (Dried weight of extract + Dried weight of plant powder)

x100%.

3.2.2.3 Cell culture

The CT26 and NIH/3T3 cell lines were maintained in RPMI 1640 medium
supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 mg/mL
streptomycin, and incubated at 7 °C in a 5% CO; incubator. Cells in the exponential

growth phase were used for experiments.

3.2.2.4 Cytotoxic evaluation (MTT assay)

The MTT colorimetric assay was used to assess the cytotoxicity of the extracts (Z.

Yang et al., 2025). Briefly, cells were counted and seeded at a density of 5 x 10
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cells/mL in a 96 well flat bottom microplate and then incubated for 24 h. Afterward,
the medium was removed, and the cells were treated with varying concentrations of
PM extracts (75-300 pg/mL), with an untreated control (blank control) group included
for comparison. Following the 24, 48, or 72h of incubation, the treatment was removed,
and 20puL of MTT (Livning, China) solution (5 mg/mL) was added to each well. The
plates (NEST, China) were then incubated for 4 h in a humidified 5% CO: incubator
at 7 °C in the dark. After incubation, the supernatant was aspirated, and 150 pL of
DMSO (SYSTERM, ChemAR, Malaysia) was added to each well to dissolve the dark-
blue formazan crystals. The absorbance was measured at 570 nm, with a reference
wavelength of 630 nm, using Infinite F50 Absorbance Microplate Reader (Tecan
Trading AG, Switzerland). The percentage of cell viability was calculated using the
following equation:
Cell viability (%) = (OD treated — OD blank) + (OD control — OD blank) x100%.

The cytotoxicity of the extracts was expressed as 50% inhibitory concentration (ICso),
which is the concentration of the extract that inhibits 50% of cell viability compared

to the control group.

The cytotoxicity level of the PM extract was categorized according to the Geran
protocol and the guidelines from the National Cancer Institute of the United States.
Substances were classified as highly cytotoxic (ICso < 20 pg/mL), moderately
cytotoxic (MCs) (ICso of 21-200 pg/mL), weakly cytotoxic (WCs) (ICso of 201-500

png/mL), or non-cytotoxic (NCs) (ICso > 501 pg/mL) (Youssef et al., 2023).

3.2.2.5 Toxicity assays (Brine shrimp lethality assay)

Briefly, 4 g of non-iodized sea salt was dissolved in 1 L of distilled water to create
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simulated seawater, which was placed in a fish tank. Artemia salina eggs (1 g),
obtained from a pet shop, were added to the saltwater and incubated at room
temperature with constant aeration and a 12-h light-dark cycle. After approximately
24 h, the eggs hatched into nauplii (Sahandi et al., 2022). 10 active nauplii were then
transferred into each well of a 24-well plate, along with 1 mL of simulated seawater.
For this study, PM extract was dissolved in DMSO and diluted with artificial seawater
to six different concentrations (50, 100, 250, 500, and 1000 pg/mL). Potassium
permanganate (KMnO4) dissolved in artificial seawater at the same concentrations
served as a positive control, while DMSO (3.33%) served as a negative control (NC),
and artificial seawater was used as a blank control (BC) (Muneer et al., 2020). The
respective samples were added to the wells containing the nauplii. After 24 h, the wells
were inspected under a microscope, and the number of surviving nauplii was recorded.
The experiment was performed in triplicate. The percentage of brine shrimp mortality
was calculated using the following equation (Billah et al., 2013):
Mortality (%) = (Total larvae — Alive larvae) x 100/Total larvae.
Three independent tests were conducted, and a nonlinear regression analysis was used

to determine the lethal concentration 50 (LCso) values (Shah et al., 2014).

Toxicity was evaluated based on the LCsp value using Clarkson’s toxicity index
(Clarkson et al.,, 2004), which categorizes substances as non-toxic
(LCs0>1000 pg/mL), low toxicity (LCso: 500—1,000 pg/mL), medium toxicity (LCso:

100-500 pg/mL), and high toxicity (LCsg: 0—100 pg/mL).

3.2.3 Fraction

3.2.3.1 Fractionation of active extracts using liquid-liquid partition
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The crude leaves or stem extracts of PM hexane, PM dichloromethane, PM methanol,
and PM water were selected based on their cytotoxic activity and submitted to
fractionation using liquid-liquid partition. The cytotoxic activity of the solvent extracts
was estimated, and the highest cytotoxic activity was found in the case of the PM
hexane extract, which was tested against the CC (CT-26) cell line and hence was

chosen for liquid-liquid partition.

For further processing (as illustrated in Figure 3.1), the hexane extract was dissolved
in n-hexane (solid to liquid ratio of 1:200 (w/v)) and partitioned against fresh distilled
water (1:1, v/v) to yield a hexane-soluble fraction and a water fraction. The final
mixture was stirred at room temperature for 1 h and then transferred into the separating
funnel and allowed to stand until two phases were observed. The organic and aqueous
phases were collected separately. Further, the hexane layer was repeatedly washed with
water to remove the remaining polar substances, and the collected fractions were dried
under reduced pressure at 50 °C using a rotary evaporator. In a similar fashion, the
extracts were partitioned with acetonitrile and methanol. Subsequently, all four

fractions were subjected to cytotoxic activity analysis.
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Figure 3.1: The procedure of preparing different fractions of polygonum minus.

3.2.4 Statistical analysis

Data were shown as means + standard deviation (SD) from three independent
experiments. SPSS R26.0.0.0 software was used for statistical analysis. The P values

were analyzed using ANOVA and P<0.05 is considered significant.

3.3 Results and discussion

3.3.1 Extraction yield of crude extract

Extraction yield in various solvents indicates the number of various classes of
phytochemicals present in a plant. The extraction yields of different solvents for each
part of PM are shown in Table 3.1. Among the leaf extracts, the methanol extract (PM-
L-M) had the highest yield of 14.11%, followed by the water extract (PM-L-W) at
13.08%, and the hexane extract (PM-L-H) had the lowest yield of 1.65%. For the stems,
the water extract (PM-S-W) had the highest yield of 18.92%, followed by the methanol

extract (PM-S-M) at 11.09%, and the hexane extract (PM-S-H) had the lowest yield of
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1.02%.

Table 3.1: The extraction yield of PM in different solvents.

PM extract Hexane Dichloromethane Methanol Water
Leave extract yield (%) 1.65%40.07 3.39540.08 14.11°40.21 13.08°+0).56
Stem extract yield (%) 1.02240.03 1.52A40.04 11.09840.14 18.92€40.65

Values with different lowercase in the same lines are significantly different (P<0.05).
Values with different capitals in the same lines are extremely significantly different
(P<0.01).

In this study, four solvents ranging from non-polar to polar were used to ensure the
extraction of various compounds with different polarities from PM. The findings,
which showed higher yields of PM extract with polar solvents compared to non-polar
ones, align with previous reports (Abdullah et al., 2017; Christapher, Xin, et al., 2015).

Additionally, the results confirmed earlier observations that the PM whole plant

contains fewer non-polar components (Abdullah et al., 2017).

3.3.2 Cytotoxic evaluation of crude extract

Cytotoxic effects of PM extracts on selected cell lines were evaluated. The 1Cso values
of PM extracts on different cell lines after 72 h of incubation are shown in Table 3.2.
PM stem extracts exhibited no cytotoxicity against CC cells CT26 or normal cells (NIH
3T3) (IC50>300 pg/mL in all cases). Similarly, the PM-L-W extract showed no
cytotoxicity against CT26 cells. Furthermore, PM leaf polar extracts demonstrated
weak cytotoxicity across all tested cell lines, while PM leaf non-polar extracts were
moderately cytotoxic. Among these, PM-L-H exhibited the strongest antiproliferative

effects.
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The CT26 and NIH/3T3 were treated with the PM-L-H for 24, 48, and 72 h and its
cytotoxic effects are shown in Table 3.3. PM-L-H showed time-dependent
antiproliferative activity, with distinct ICso values for the two cell lines at each time
point. Notably, PM-L-H displayed the strongest antiproliferative effect at 48 h, as

indicated by the lowest ICso value at this time.

Table 3.2: ICso values of PM extracts on different cell lines after 72 h of
incubation.

PM CT26 NIH/3T3

extract ICso(ng/mL)  Category  ICso(ng/mL) Category
PM-L-H  126.78*+2.74 MCs 134.27°+1.54 MCs
PM-L-D  149.76£590 MCs 115.094£7.61  MCs
PM-L-M  300.04°£9.48  WCs 221.538£21.06  WCs
PM-L-W  >300 NCs 265.49%°£2595  WCs
PM-S-H  >300 NCs >300 NCs
PM-S-D  >300 NCs >300 NCs
PM-S-M  >300 NCs >300 NCs
PM-S-W  >300 NCs >300 NCs

PM-L-H: PM leave hexane extract, PM-L-D: PM leave dichloromethane extract, PM-
L-M: PM leave methanol extract, PM-L-W: PM leave water extract, PM-S-H: PM stem
hexane extract, PM-S-D: PM stem dichloromethane extract, PM-S-M: PM stem
methanol extract, PM-S-W: PM stem water extract. MCs: moderately cytotoxic
substances, WCs: weakly cytotoxic substances, NCs: non-cytotoxic substances. Values
with different lowercase in the same column are significantly different (P<0.05).
Values with different capitals in the same column are extremely significantly different
(P<0.01).
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Table 3.3: Cytotoxic effect of PM-L-H on CT26 and NIH/3T3 in 24, 48 and 72 h.

. CT26 NIH/3T3
Time (h)
ICso(png/mL) Category ICso(ng/mL) Category
24 143.53°£11.40 MCs 104.148+£5.12 MCs
48 92.914+7.11 MCs 99.07°+6.41  MCs
72 126.78B%+2.74 MCs 134.274£1.54 MCs

Values with different lowercase in the same column are significantly different (P<0.05).
Values with different capitals in the same column are extremely significantly different
(P<0.01). MCs: moderately cytotoxic substances.

This study is the first to evaluate the cytotoxicity of PM stem extracts. The findings
indicate that PM stem extracts exhibit no cytotoxicity for CC and normal cells,
providing a basis for further investigation of these extracts. The data revealed that PM
leaf non-polar extracts demonstrated moderate cytotoxicity across all tested cell lines,
whereas PM leaf polar extracts showed weak or no cytotoxicity (Abdullah et al. 2017;
Christapher et al. 2016; Rohin, Hadi & Ridzwan 2020). Additionally, compared to
other extracts, PM-L-H exhibited the most significant anti-proliferative effect on CC

cells, with the strongest activity observed at 48 h.

3.3.3 Brine shrimp lethality assay of crude extract

The results of the 24h lethality determination of PM extract on brine shrimp are shown
in Figure 3.2. All the prepared PM extracts exhibited toxicity with a clear
concentration-dependent effect, except for PM-L-H and PM-L-D. The LCso values for
PM-L-H and PM-L-D were 631 pg/mL and 375.01 pg/mL, respectively (Table 3.4).
According to the toxicity index, PM-L-H is classified as a low-toxicity substance,
while PM-L-D is classified as medium-toxicity. The remaining extracts were non-toxic.

Figure 3.3 illustrates the toxicity effects of PM-L-H and PM-L-D on brine shrimp at
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various concentrations and incubation times. Mortality rates increased with exposure
time at the same concentration, with the lowest mortality observed after 12 h and the

highest after 48 h, indicating that the toxicity of PM-L-H and PM-L-D escalates over

time.
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Figure 3.2: Toxicity results after 24 brine shrimp exposure to PM extract from

different concentrations. negative control (NC), blank control (BC), positive
control (KMnO4).
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Table 3.4: LCso of PM extract against brine shrimp lethality assay after 24 h and
toxicity level evaluation.

PM extract LCso (ug/mL) Toxicity
PM-L-H 631°452.42 Low toxicity
PM-L-D 375.018425.26 Medium toxicity
PM-L-M >1000 Non-toxic
PM-L-W >1000 Non-toxic
PM-S-H >1000 Non-toxic
PM-S-D >1000 Non-toxic
PM-S-M >1000 Non-toxic
PM-S-W >1000 Non-toxic

Values with different lowercase in the same column are significantly different (P<0.05).
Values with different capitals in the same column are extremely significantly different
(P<0.01).
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Figure 3.3: PM-L-H and PM-L-D on the mortality rate of brine shrimp after 12,
24, 36, and 48 h.

The toxicity of the plant extracts was assessed using the brine shrimp lethality assay,
a widely used method known for its simplicity, cost-effectiveness, and efficiency in

evaluating the toxicity of natural products, as well as pure and synthetic organic
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compounds (War Naw et al., 2020). Unlike vertebrates, especially mammalian species,
Artemia species are not typically subject to strict animal research regulations (Clemen-
Pascual et al.,, 2022). Besides, Lagarto Parra et al. (Lagarto Parra et al., 2001)
demonstrated a strong correlation (r = 0.85; P < 0.05) between the LCs of the brine
shrimp lethality assay and the LCso of the acute oral toxicity assay in mice. Hence,
many researchers advocate for the use of the brine shrimp assay in evaluating plant

toxicity (Mwangi et al., 2015).

In this study, neither the blank control (artificial seawater) nor the negative control
(3.33% DMSO) exhibited toxic effects or caused mortality after 24 h, confirming that
the absence of food and the presence of 3.33% DMSO during the treatment period did
not lead to brine shrimp mortality. The positive control (potassium permanganate)
demonstrated clear concentration-dependent toxicity, consistent with previous studies
(Weli et al., 2020). The inclusion of these control groups enhanced the reliability and

validity of the experimental results.

Previous studies have reported that PM-L-W and PM-L-M are non-toxic substances
(Christapher et al., 2017; Ming et al., 2013; N. Muhammad et al., 2013; Wasman et
al., 2010). The findings align with this research, confirming that PM water extract and
PM methanol extract were non-toxic to brine shrimp. However, no toxicity data were
available for PM-L-H and PM-L-D, preventing a direct comparison with existing
literature. To address this gap, the toxicity of PM-L-H and PM-L-D was investigated
on brine shrimp over 12, 36, and 48 hours. The results indicated that both extracts
exhibited dose- and time-dependent lethal activity, though the underlying mechanisms

require further study.
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Based on these studies, PM-L-H is identified as the active extract against CC, as it
demonstrated strong anticancer activity and low toxicity. However, considering its
moderate ability to inhibit the proliferation of CC cells and its toxicity to brine shrimp,
further research should focus on the fractionation of PM-L-H to isolate its active
fraction, such as through liquid-liquid partitioning, which may provide a new strategy

for CC treatment.

3.3.4 Extraction yield of fraction

The active extract PM-L-H was separated by liquid-liquid separation using three
solvents: water, acetonitrile, and methanol, which produced 4 extracts with yields
ranging from 1.59% to 65.27%, which varied with the extraction solvent. The liquid-
liquid partition yield for PM-L-H decreased as follows: hexane >

acetonitrile >methanol > water (Table 3.5).

Table 3.5: The liquid-liquid partition yield for PM-L-H in different solvents.

Solvent Water Acetonitrile Methanol Hexane
Yield (%) 1.59440.15 14.06°40.50 9.67840.49 65.27P+1.80

Values with different lowercase are significantly different (P<0.05). Values with
different capitals are extremely significantly different (P<0.01).

The experimental results showed that the polar (aqueous) fraction had the lowest
extraction yield, at only 1.59%. This occurred because hexane, as a non-polar solvent,
extracted only less polar compounds from the plant material, leading to a lower overall
yield (Tan et al., 2020). When the polar fraction is removed, the non-polar (hexane)

fraction is left.
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3.3.5 Brine shrimp lethality assay of fraction

The results of the 24 h lethality determination of PM-L-H partitions on brine shrimp
are shown in Figure 3.4. Only PM leaves hexane extract hexane partition (PM-H-H)
exhibited non-toxicity in all prepared PM partitions. The LCso values for PM leaves
hexane extract water partition (PM-H-W), PM leaves hexane extract acetonitrile
partition (PM-H-A) and PM leaves hexane extract methanol partition (PM-H-M) were
380.61 g/mL, 631pg/mL and 881.33 g/mL, respectively (Table 3.6). According to
the toxicity index, PM-H-W is classified as a medium-toxicity substance, while PM-

H-A and PM-H-M are classified as low-toxicity.

Figure 3.5 illustrates the toxicity effects of PM-H-H on brine shrimp at various
concentrations and incubation times. No mortality was observed in the 12 h incubation
at any concentration tested. For the 24, 36, and 48 h incubation, mortality was observed
in brine shrimp only at the maximum concentration of 1000 pg/mL, and mortality

increased with increasing exposure time.
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Figure 3.4: Toxicity results after 24 brine shrimp exposure to PM-L-H partitions
from different concentrations. negative control (NC), blank control (BC), positive
control (KMnO4). PM-H-W: PM leaves hexane extract water partition, PM-H-A: PM
leaves hexane extract acetonitrile partition, PM-H-M: PM leaves hexane extract
methanol partition, PM-H-H: PM leaves hexane extract hexane partition.

Table 3.6: LCso of PM-L-H partitions against brine shrimp lethality assay after
24 h and toxicity level evaluation.

Partition LCso (ng/mL) Toxicity
PM-H-W 380.61°443.12 Medium toxicity
PM-H-A 631B452.42 Low toxicity
PM-H-M 881.33°471.67 Low toxicity
PM-H-H 1066P+17.32 Non-toxic

Values with different lowercase in the same column are significantly different (P<0.05).
Values with different capitals in the same column are extremely significantly different
(P<0.01).
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Figure 3.5: PM-H-H on the mortality rate of brine shrimp after 12, 24, 36, and
48 h.

Previous experimental results showed that PM-L-H is a low-toxic substance that
exhibits dose- and time-dependent lethal activity for brine shrimp. Despite this, PM-
L-H is an active extract against CC. Therefore, liquid-liquid partitioning was
performed to remove the toxic compounds in PM-L-H and provide a safer treatment

strategy for CC.

Through liquid-liquid partitioning, it was found that PM-H-H is a non-toxic substance,
while PM-H-W, PM-H-A, and PM-H-M were all toxic to brine shrimp. Consequently,
the toxic substances of PM-L-H were divided into PM-H-W, PM-H-A, and PM-H-M.
It is suggested that future research should focus on testing the anti-CC activity of PM-

H-H.

3.3.6 Cytotoxic evaluation of fraction

Cytotoxic assays on CT26 and NIH/3T3 cell lines showed that PM-H-H demonstrates

toxic effects on cell viability. With the increase in time, the cytotoxic decreases (Table
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3.7). The ICso values for CT26 and NIH/3T3 cell lines after 24 of exposure are 155 +

9.85 pg/mL and 194.33 £+ 9.29 pg/mL, respectively.

Table 3.7: Cytotoxic effect of PM-H-H on CT26 and NIH/3T3 in 24, 48 and 72 h.

. CT26 NIH/3T3
Time (h)
ICso(ng/mL) Category ICso(pg/mL) Category
24 1554+9.85 MCs 194.338+9.29 MCs
48 >300 - >300 -
72 >300 - >300 -

Values with different capitals in the same lines are extremely significantly different
(P<0.01).

The current study demonstrated significant cytotoxicity of PM-H-H against cancer cell
lines CT26 and NIH/3T3. Previously, PM active fractions have been evaluated for their
biological activities, such as antioxidant, anticholinesterase, anti-HIV-1 protease
activities, and antidepressant (Ahmad et al., 2023; Bashir et al., 2020). While the
present study has assessed for the first time the cytotoxic activity of PM-H-H against

the CT26 and NIH/3T3.

Based on the above studies, PM-H-H is the active fraction against CC, since it exhibits
strong anticancer activity and relatively high safety. However, given its moderate
cytotoxicity against CC. Future research should focus on using PM-H-H as a
complementary drug in combination with high-toxicity chemotherapy agents,

positioning it as a promising adjuvant compound for CC treatment.

3.4 Conclusion
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This chapter investigated the extraction yields, cytotoxicity, and toxicity of PM
extracts and their fractions, with a focus on their potential application as anticancer
agents, particularly against CC. This study demonstrated that extraction yields varied
significantly depending on the solvent used, with polar solvents like methanol and
water providing the highest yields for both PM leaves and stems. Among the various
extracts tested, PM-L-H exhibited the strongest antiproliferative effects on CT26 CC
cells, while also showing low toxicity in brine shrimp lethality assays. This suggests
that PM-L-H could be an active component in cancer treatment, although its moderate

cytotoxicity and low toxicity call for further investigation.

Further fractionation of PM-L-H via liquid-liquid partitioning identified PM-H-H as
the most promising fraction, demonstrating strong anticancer activity against CT26
cells and relative safety with non-toxicity in brine shrimp assays. These findings
suggest that PM-H-H holds potential as an adjunct therapy in combination with
conventional chemotherapy, offering a more targeted and possibly less toxic approach
to CC treatment. Nonetheless, additional studies are warranted to fully elucidate the
mechanisms of action, optimize therapeutic efficacy, and ensure safety in clinical

applications.
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CHAPTER 4

IN VITRO ANTI-COLON CANCER EFFECTS OF Polygonum minus

EXTRACT COMBINATION WITH 5-FLUOROURACIL ON COLON

CANCER CT26 CELL LINE

4.1 Introduction

The battle against CC, a major cause of cancer-related deaths worldwide, often
involves the use of chemotherapeutic agents such as 5-FU (Islam et al., 2022;
Vodenkova et al., 2020). While 5-FU remains a key player in the treatment of CC, its
use is frequently accompanied by significant side effects and the emergence of drug
resistance, which can diminish its effectiveness over time (Azwar et al., 2021; Sethy
& Kundu, 2021). These challenges underscore the need for novel strategies that can
enhance the efficacy of 5-FU while reducing its adverse impacts on patients (Barathan

et al., 2024).

The concept of drug combination therapy is increasingly recognized as a powerful
strategy in cancer treatment (Jaaks et al., 2022; Plana et al., 2022; M. Zhao et al., 2020).
By using two or more agents that target different pathways or mechanisms within
cancer cells, combination therapies can potentially overcome drug resistance, reduce
the required doses of individual drugs, and minimize toxic side effects (Jin et al., 2023;
Y. Liu et al., 2021; M. Sharma et al., 2022; Ward et al., 2021). In the context of CC,
combining 5-FU with natural compounds like PM extract could enhance therapeutic

outcomes by attacking cancer cells on multiple fronts, thereby increasing treatment

success and reducing the chances of relapse (Kamran et al., 2022; Liang et al., 2022).
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Previous studies have highlighted the anti-CC effects and safety of PM-H-H. This
chapter delves into the in vitro anti-CC effects of combining PM-H-H with 5-FU on
the CT26 CC cell line. Unlike the preparation and optimization of the PM-H-H
discussed in earlier chapters, this section directly utilizes the optimized PM-H-H to
assess its synergistic potential when combined with 5-FU. The primary focus is on
evaluating whether the PM-H-H can enhance the cytotoxic effects of 5-FU against CC

cells, thus offering a more potent therapeutic strategy.

The experimental approach involves treating CT26 cells with PM extract, 5-FU, and
their combination. The cytotoxicity of these treatments is measured to determine the
extent of cell viability reduction, with particular attention to whether the combination
therapy surpasses the effects of 5-FU alone. Additional analyses, such as apoptosis
assays and cell cycle studies, are conducted to explore the mechanisms through which

the combination of PM extract and 5-FU exerts its effects.

4.2 Materials and methods

4.2.1 Cell culture

The CT26 cell lines were maintained in RPMI 1640 medium supplemented with 10%
fetal bovine serum, 100 U/mL penicillin, 100 mg/mL streptomycin, and 1% non-
essential amino acids, and incubated at 37 °C in a 5% CO: incubator. Cells in the

exponential growth phase were used for experiments.

4.2.2 Determination of drug interaction
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The MTT colorimetric assay was used to assess the cytotoxicity of the PM-H-H and
5-FU. The drug interactions of 5-FU with PM-H-H were determined by calculating the
combination index (CI) according to the Chou-Talalay method (Chou & Talalay, 1981).
Data analysis was performed with CompuSyn software (Biosoft, Ferguson, MO, USA),
which is based on the drug combination theory of Chou, to calculate the CI and dose-
reduction index (DRI) values (Chou, 2006). CI<1, CI=1, and CI>1 are considered

synergistic, additive, and antagonistic effects, respectively.

4.2.3 Cell morphological analysis

For cell morphology observation, CT26 cells were seeded in 6 well plates and
incubated at 7 °C in a 5% CO- humidified atmosphere of 24 h. Once the cells reached
80% confluence, they were treated with PM-H-H, 5-FU, or a combination of both for
24 h. Morphological changes were then examined using an Inverted Fluorescence

Microscope (Carl Zeiss Microscopy, GmbH 37081, Gottingen, Germany).

4.2.4 AO/PI double staining assay

In this assay as previously described (Z. Yang et al., 2025), CT26 cells were seeded
into 6 well plates and incubated for 24 h to reach 60% confluence. The cells were then
treated with PM-H-H, 5-FU, or a combination of both for 24 h. After treatment, the
medium was removed, and the cells were washed twice with PBS. Acridine orange
(AO) and propidium iodide (P1) were added to the wells and stained for 5 minutes at
room temperature in the dark. Finally, the cells were examined using an Inverted
Fluorescence Microscope (Carl Zeiss Microscopy, GmbH 37081, Gottingen,

Germany).
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4.2.5 Clonogenic formation assay

A clonogenic formation assay was used to assess the CT26 cell growth to study
whether the combination of PM-H-H and 5-FU could synergistically inhibit CT26 cell
proliferation (Gupta et al., 2021). CT26 cells were seeded on 6 well plates at a density
of 600000 cells per well and allowed to attach and grow for 48 h. The cells were then
treated with PM-H-H, 5-FU, or their combination for 24 h. Following treatment, the
medium was replaced with fresh media every 3 days until colonies formed. After 7 d,
colonies were washed twice with PBS, fixed with methanol for 30 min, and stained
with 0.5% crystal violet (BKMAM, Changde, China) for 30 min at room temperature.
The plates were rinsed under running water and air-dried for 1-2 d. Colonies were
observed and counted using a Nikon light microscopy (Nikon, Eclipse TS 100-F,

Japan).

4.2.6 'Wound-healing assay

The antiproliferative activity of PM-H-H, 5-FU, and their combination on CT26 cells
was assessed using the scratch-wound assay, as described in previous studies
(Asgharzadeh et al., 2022; Y. Chen et al., 2022; S. Kumar et al., 2023). CT26 cells
were seeded into 6 well plates and incubated at 37 °C in CO; incubator for 24 h. The
following day, a scratch was made in the center of each well using a 200 pL sterile
pipette tip, creating a wound in the cell monolayer. Images of cell migration were
captured at 0 and 24 h post-injury. The width of the scratch was measured using ImageJ
software, with measurements taken at least seven times. Each experiment was

conducted in triplicate.
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The migration rate was calculated using the following equation:
Migration rate (%) = [(Wo— Wy) + Wo] X 100%,
where Wy is at time 0, and W is at 24 h or 48 h, respectively. The reported values are

the means from three independent experiments.

4.2.7 Cell apoptosis

This experiment aimed to evaluate the apoptotic effects of combination therapy
compared to monotherapy. CT26 cells were seeded into 6 well plates and incubated
overnight. Following incubation, the cells were treated with PM-H-H, 5-FU, or a
combination of both for 24 h. After treatment, cells were collected by trypsinization,
washed with PBS, and resuspended in Annexin V-binding buffer. The cells were then
stained with Annexin V-FITC and PI for 15 min in the dark at room temperature.
Apoptotic cells were analyzed using flow cytometer (BD FACSCanto II flow
cytometer (BD Biosciences, USA)), and the data were processed with BD FACSDiva

software. All experiments were performed in triplicate.

4.2.8 Cell cycle

Cell cycle distribution was assessed using flow cytometry. CT26 cell lines were seeded
into the 6 well plates and treated with PM-H-H and/or 5-FU for 24 h. Following
incubation, the cells were harvested by trypsinization, washed twice with ice-cold
PBS, and pelleted by centrifugation. Cells were fixed in 70% ethanol overnight. After
fixation, the cells were washed with PBS, stained with PI solution, and incubated at
37 °C for 30 min. The cell population in each phase of the cell cycle was analyzed

using Flow cytometer (BD FACSCanto II flow cytometer (BD Biosciences, USA)).
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4.2.9 Spheroid growth inhibition analysis

Spheroids were cultured as previously described (Deng et al., 2024). Briefly, CT26
cells were seeded in U-shaped 96 well microplates pre-coated with 60 pL of 10%
agarose. After 96 h, images of each spheroid were captured using a Nikon Eclipse TS
100-F light microscope (Nikon, Japan). Spheroids were then treated with either the
identified drug combinations or individual drugs for 24 h. Every other day, 30% of the
treatment-containing medium was replaced. Spheroids were imaged every 3 d, and
their diameters were determined by measuring their cross-sectional area using ImageJ
software. Results were obtained from 3 independent experiments (n = 3). For each
treatment, at least 6 spheroids were measured during each experiment, and the mean
spheroid growth was calculated using the following equation:

% spheroid growth=dx + d0 x100%,

% spheroid inhibition = (dex—dtx) + dex x100%,

where dx represents the mean diameter of at least 6 spheroids on a given day of
incubation, d0 is the mean diameter of at least 6 spheres at cell seeding day 4 (day of
the drug treatment). dcx is the mean diameter of at least 6 control group spheroids on
a given day of incubation and dtx is the mean diameter of at least 6 spheroids on a
given day of incubation. All sphere diameters are normalized by dividing by the

diameter of day 4 (the day of the drug treatment).

4.2.10 Metabolomics

4.2.10.1 Sample preparation

CT26 cells were treated with PM-H-H, 5-FU, or a combination of both for 24 h. After
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treatment, cells were washed with PBS twice, and methanol was added to quench the
cells while scraping with cell scrapers. Approximately 1x10° cells were employed as
one sample for NMR analysis, and the cell suspension was transferred into a fresh 5
mL centrifuge tube. Chloroform and ultrapure water were added to the cell suspension,
with a mixture of methanol, chloroform, and water in the volume ratio 1:1:0.95.
Afterward, the mixture was vortexed and centrifuged at 140000 rpm for 30 min at 4 °C.
The upper aqueous phase was transferred and lyophilized. The lyophilized sample was
reconstituted in 6000 pL of 90.9% D,0O (containing 100 mM KH>PO4, 0.01% TSP, pH
7.4) and centrifuged at 14000 rpm for 10 min at 4 °C. The supernatant was then

transferred to a Smm NMR tube for 'TH-NMR analysis.

4.2.10.2 "TH-NMR metabolomic analysis

The '"H-NMR spectra of the samples were acquired on a 500 MHz Varian Unity INOVA
NMR spectrometer (Varian Inc., Palo Alto, CA, USA). All spectra were subjected to a
64-scan presaturation (PRESAT) pulse sequence to suppress water signals. The Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence was then employed to suppress
macromolecule signals, with a spectral width of -2 to 14 ppm, 128 scans, a relaxation

delay of 4 s, and an acquisition time of 8.12 min.

4.2.10.3 Metabolomic data analysis

The acquired spectra were phased and baseline-adjusted manually, and the chemical
shift of TSP was referenced at 0 0.0. The spectra were then processed using the
Chenomx NMR Suite 5.1 Professional (Edmonton, Canada). Region (o 4.7-4.9)
distorted due to residual water was excluded. The spectral regions of 6 0.3 to 10.0 ppm

were segmented at 0.04 ppm intervals and all data points were normalized for further
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analysis. Assignments of metabolites were conducted using a combination of the
Human Metabolome Data Base, Biological Magnetic Resonance Data Bank, and
relevant published references. The normalized data were uploaded into the SIMCA
14.1 software for multivariate data analysis. The identified metabolites were screened
as differentially expressed metabolites with variable importance in the projection
exceeding 1 and P<0.05. Volcano plot was carried out to visualize the differences of
metabolite expressions, and the pathway enrichment analysis of differentially
expressed metabolites was performed by R 4.2.2 software based on the KEGG

database (Li et al., 2022).

4.2.11 Proteomics

4.2.11.1 Protein extraction

CT26 cells were treated with PM-H-H, 5-FU, or a combination of both for 24 h. After
treatment, the cells were washed with PBS twice and harvested using a cell scraper.
Proteins were extracted from the cell pellets with lysis buffer (80 M urea, 705 mM
NaCl, 500 mM HEPES, protease inhibitor cocktail, pH 7.0) followed by centrifugation
at 140000 rpm for 105 min at 14 °C. The protein concentration was determined using
the BCA protein assay. Subsequently, proteins were reduced with 10 mM DTT for 4 h
at 37 °C and alkylated with 20 mM IAA for 3 h at 5 °C. The protein samples were
diluted with 50 mM NH4HCO;3 to ensure urea concentration below 1 M before adding
trypsin at a ratio of 1:20 (w/w) to digest the protein samples overnight at 7 °C, followed
by quenching with 1% formic acid. Digested peptides were further purified with C18

tips to remove the salt for nano LC-MS/MS analysis.
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4.2.11.2 LC-MS/MS analysis

Desalted peptides were analyzed using the Dionex Ultimate 3000 RSLCnano coupled
to an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific). The peptides
were separated by EASY-Spray PepMap column (C18, 100 A, 2 um, 50 um x 15 cm)
using mobile phases of A (0.01% formic acid in water) and B (0.01% formic acid in
acetonitrile) at a flow rate of 250 nL/min, with a gradient as follows: 5-40% B for 91
min; 40-85% B for 12 min; 85% B for 3 min; 85-5% B for 1 min; 5% B for 4 min. The
mass spectrometer was operated in positive ion mode and data-dependent mode. The
full scan was performed at the range of 310-1800 m/z at a resolution of 120000 with a
maximum injection time of 50 ms. Only precursors with a charge state of 2-7 were
further analyzed for MS/MS and filtered using a 20 s dynamic exclusion window and
an intensity threshold of 5000. Precursors were fragmented by high-energy collision
dissociation and collision-induced dissociation at a normalized collision energy of 28%

and 30%, respectively.

4.2.11.3 Proteomic data analysis

Each group consists of three biological samples and each biological sample was
injected three times into nano LC-MS/MS as three technical replicates. The raw MS
files were processed using the Proteome Discoverer 2.5 software and searched against
the UniProt Mus musculus database using the SEQUEST HT search algorithm. False
discovery rate (FDR) tolerance in the Percolator node was set to 0.01 and at least one
identified unique peptide was required to filter proteins. Student’s t-test was used to
identify differentially expressed proteins between two groups, where proteins with
[fold change|>1.5, and P<0.05 were considered significant. The volcano plot and

heatmap were generated using R 4.2.2 software, and Gene Ontology (GO) and Kyoto
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Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed

using R 4.2.2 software.

4.2.12 Combined metabolomics and proteomics analysis

KEGG pathway analysis was used to integrate proteomics and metabolomics data. The
enriched co-regulated pathways were screened to elucidate the mechanism of PM-H-

H in combination with 5-FU against CC.

4.2.13 Statistical analysis

Data were shown as means + standard deviation (SD) from three independent
experiments. SPSS R26.0.0.0 software was used for statistical analysis. The P values

were analyzed using ANOVA and P<0.05 is considered significant.

4.3 Results and discussion

4.3.1 Determination of the interaction between PM-H-H and 5-FU on CT26 cells

To assess the potential of PM-H-H for synergistic inhibition of CC in combination
with 5-FU, the inhibitory effects of PM-H-H, 5-FU, and their combination at various
concentrations on CT26 cells were evaluated. The data from MTT assays were
analyzed using CompuSyn software, as described by Chou et al. (2006), to determine
the CI and the DRI, as shown in Figure 4.1 and Table 4.1. The results indicated that
the combination of 5-FU and PM-H-H resulted in CI values of less than 1,
demonstrating a synergistic effect in CT26 cells. The combination of PM-H-H (75

pg/mL) and 5-FU (7.5 uM) exhibited the strongest synergistic effect. Consequently,
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these concentrations were selected for subsequent experiments. Additionally, the

synergistic effects suggested a dose reduction of 1.44 to 11.89-fold for 5-FU and 1.11

to 10.93-fold for PM-H-H.

Figure 4.1: CI of the combination treatments of PM-H-H and 5-FU on CT26

cells.
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Table 4.1: DRI of the combination treatments of PM-H-H and 5-FU on CT26
cells.

Drug combination DRI

PM-H-H (ug/mL)  5-FU (uM) PM-H-H 5-FU
37.5 1.875 2.26 1.79
37.5 7.5 1.27 2.03
37.5 30 10.93 0.86
75 1.875 1.21 1.96
75 7.5 4.43 2.62
75 30 6.00 0.97
150 1.875 1.11 4.27
150 3 2.71 3.40
150 30 4.08 1.44
300 1.875 1.22 11.89
300 7.5 1.79 4.87
300 30 243 181

The type of drug interaction was assessed using the CI calculation (Duarte & Vale,
2022). The results demonstrated that 5-FU and PM-H-H exhibited synergistic effects
in CT26 cells at specific concentration combinations. The Chou-Talalay method was
used to determine the DRI value (Chang & Chou, 2000). The DRI quantifies the extent
to which the concentration of compounds can be reduced while maintaining the same
therapeutic effect when administered in combination compared to when administered
separately (Baum et al., 2020; Chou, 2014). The DRI calculated for 5-FU and PM-H-
H in CT26 suggested that the effective concentration of 5-FU could be reduced by 1.44
to 11.89 times in CT26 cells when combined with PM-H-H. This implies that the

combination of PM-H-H enhances the chemotherapy sensitivity of 5-FU, allowing for
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a reduced dosage of 5-FU, thereby minimizing its toxicity.

The synergistic effects of herbal extracts in combination with chemotherapeutic agents
have been reported in various studies, supporting the potential of natural compounds
in cancer treatment. For example, curcumin (from Curcuma longa) has been shown to
enhance the cytotoxic effects of 5-FU in CC by modulating apoptotic pathways and
drug resistance mechanisms (Shakibaei et al., 2013). Similarly, the combination of
resveratrol (from grapes) and 5-FU demonstrated synergistic effects by inducing cell
cycle arrest and apoptosis in CC models (Brockmueller et al., 2023). In another study,
epigallocatechin gallate from green tea potentiated the effects of oxaliplatin, a standard
CC chemotherapy agent, by inhibiting cell proliferation and modulating oxidative
stress (Saleem et al., 2024). By demonstrating a strong synergistic effect between PM-
H-H and 5-FU, this study adds to the growing body of evidence supporting the use of
plant-based compounds to enhance chemotherapy outcomes. Future studies should
explore the mechanistic basis of these interactions to optimize their therapeutic

potential.

4.3.2 Cell morphology

The morphology of CT26 cells was examined after 24 h of exposure to PM-H-H, 5-
FU, and their combination, as showed in Figure 4.2. The combination of PM-H-H with
5-FU enhanced the sensitivity of CT26 cells to 5-FU treatment. Observations indicated
that many cells detached from the plate surface, particularly in the combination
treatment group. Microscopic imaging revealed notable morphological changes: a
reduction in cell number, loss of intercellular contact, decreased cell-cell interactions,

and an increase in exfoliated cells in the combination treatment group compared to the
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single treatment groups (PM-H-H or 5-FU).

Figure 4.2: Cell morphological changes in CT26 cells after treatment with PM-
H-H, 5-FU, and their combination. An inverted microscope with 100 um scale bars
was used, and representative photos of cell morphology were captured. A: control, B:
PM-H-H, C: 5-FU, D: PM-H-H plus 5-FU.

Data on the interaction between PM-H-H and 5-FU in CT26 cells were supported by
morphological observations, which showed significant changes in cell morphology,
such as cell shrinkage and cell wall blabbing. Additionally, the reduction in cell number
induced by the combination treatment was evident compared to single treatment (PM-

H-H or 5-FU) cells (Figure 6), typically indicating cytotoxicity and the induction of

apoptosis in the cells (Nguyen et al., 2020).

4.3.3 AO/PI staining

To confirm the synergistic antiproliferative effects of PM-H-H and 5-FU on CT26 cells,
an AO/PI double staining assay was conducted to microscopically examine cell death.

Fluorescence staining results revealed that untreated cells appeared as large, green
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colonies, indicating cell viability (healthy cells) (Figure 4.3). In contrast, cells treated
with PM-H-H, 5-FU, and particularly their combination, exhibited a decrease in green
(healthy cells) cells and an increase in red (apoptotic) cells, along with a reduction in
colony size. Meanwhile, cells treated with the PM-H-H and 5-FU combination also
displayed significant morphological changes, including loss of membrane integrity,
cell shrinkage, membrane damage, organelle breakdown, and detachment from the

culture plate.

Figure 4.3: Fluorescence microscopy images of cell lines stained with AO and PI.
An inverted microscope with 100 um scale bars was used, and representative photos
of cell morphology were captured. A: control, B: PM-H-H, C: 5-FU, D: PM-H-H
plus 5-FU.

The AO/PI staining method is a rapid, sensitive, and effective technique for examining
cellular morphology, including live and dead cells, as well as apoptosis and necrosis
(Mbemi et al., 2020). In addition, AO/PI double staining assay can be mutually verified
with cell morphology analysis (Koosha et al., 2019). In this study, the synergistic

antiproliferative effects of PM-H-H and 5-FU on CT26 cells were evaluated using the

AO/PI1 double staining assay. Early apoptotic cells, indicated by bright green
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fluorescence, were observed in the control group, likely due to excessive cell density
(Krampe & Al-Rubeai, 2010; Vicar et al., 2020). Some early apoptotic cells were also
observed in the treatment group. However, since the cell density in the treatment group
was lower than that in the untreated group, it is reasonable to infer that the treatment
drugs induced early apoptosis. Validation through cell cycle experiments is still
required. Based on the cell count in each group, the outcomes of this experiment

correspond well with the analysis of cell morphology.

4.3.4 Clonogenic formation assay

Colony formation was inhibited by all treatments, with the combined treatment being
the most effective against cell colony formation, indicating that the cells’ ability to

divide was inhibited by PM-H-H, 5-FU, and co-treatment (Figures 4.4 and 4.5).
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Figure 4.4: Representative photographs of the clonogenic formation assay on
CT26 cells. 100 pm scale bars were used. A: control, B: PM-H-H, C: 5-FU, D: PM-
H-H plus 5-FU.
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Figure 4.5: Graph showing % of CT26 colonies formed relative to control. The

results with the different superscripts (a-d) indicate significant differences
(P<0.0001).
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To further validate the synergistic antiproliferative effects of the PM-H-H and 5-FU
combination, clonogenic assays were conducted. A clonogenic assay was performed
to mimic cancer growth from single mutated cells to form cancer cell colonies or tumor
mass (Brix et al., 2021). In the control group, CT26 cells successfully formed colonies
within 7 d. all treatment groups exhibited a significant reduction in colony number and
inhibited colony formation. Since successful cancer development and metastasis
depend on the cells’ ability to proliferate and migrate (Fares et al., 2020), reducing
these factors may be an effective strategy to prevent early metastasis. Therefore,
decreasing these two factors could be a suitable strategy to prevent early metastasis of
the cancer. Previous results indicated that PM-H-H and 5-FU both suppressed CT26
cell migration, with combination treatment showing superior inhibition compared to
single agents. To gain a deeper understanding of the mechanisms behind the combined
anti-proliferative and anti-migrative effects of PM-H-H and 5-FU, further analysis of

the cell cycle and apoptosis is warranted.

4.3.5 Cell migration

The effects of PM-H-H, 5-FU, and their combination on CT26 cell migration were
evaluated using a wound-healing assay. Migration capacity was assessed by measuring
the closure rate of the wound at 24 and 48 h compared to O h (Figure 4.6). After 24 h
of treatment, cells exposed to PM-H-H, 5-FU, and the PM-H-H/5-FU combination
showed 31.59%, 26.12%, and 20.90% wound closure, respectively, which was
significantly lower than the control cells. Control cells healed approximately 43.03%
of the wound width in 24 h (Figure 4.7). As the treatment duration increased, the
inhibitory effect on cell migration persisted. Notably, the combination of PM-H-H and

5-FU exhibited a more pronounced inhibition of cell migration compared to either
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treatment alone, regardless of the treatment duration.

Figure 4.6: Effect of PM-H-H, 5-FU, and PM-H-H plus 5-FU on the migration of
CC model, representative pictures of the wound-healing assay in CT-26 cells in 24
and 48 h. A: control, B: PM-H-H, C: 5-FU, D: PM-H-H plus 5-FU.
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Figure 4.7: CT26 cells migration was observed at the indicated concentration

and healing rate was analyzed by ImagelJ. Each experiment was repeated at least 3
times. *P<0.05, **P<0.01, ***P<0.001, ****P<(0.0001.

Cancer cell migration is a key factor in metastasis, which is the leading cause of cancer-
related mortality in patients with CC (Amin et al., 2021; Deyell et al., 2021). To assess

the antimetastatic effects of PM-H-H, 5-FU, and their combination on CT26 cell lines,
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wound healing assays were conducted. The results indicated that PM-H-H and 5-FU
suppressed the migration of CT26 cell lines. Interestingly, the combination treatment

demonstrated greater suppression of migration compared to single treatments.

4.3.6 Cell apoptosis

The Annexin V-FITC assay was used to assess cellular apoptosis induced by
monotherapy and combination therapy. The results showed that PM-H-H primarily
induces early and late apoptosis in CT26 cells, whereas 5-FU and co-treatment mainly
trigger early apoptosis. Notably, the combination treatment resulted in a higher
incidence of early or late apoptosis compared to either treatment alone (Figure 4.8).
Flow cytometry data revealed that the highest percentage of apoptotic cells (48.03%)

was observed in the combination treatment group, compared to 13.49% with PM-H-H

alone and 32.23% with 5-FU alone (Figure 4.9).
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Figure 4.8: Flow cytometry graphs in CT26 cells after 24 h of monotherapy and
combination therapy. A: control, B: PM-H-H, C: 5-FU, D: PM-H-H plus 5-FU.
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Figure 4.9: Flow cytometry apoptosis quantification in CT26 cells after 48 h of
monotherapy and combination therapy. The control group remained untreated.
Total apoptotic cells (early apoptosis + late apoptosis). “P<0.0001, vs control group.
While *P<0.01, **P<0.001, ***P<0.0001, vs (PM-H-H + 5-FU) group.

Apoptosis is a highly regulated process of cell death that is considered a promising
approach for developing chemotherapy treatments for various cancers (Chien et al.,
2022). It also plays a crucial role in maintaining normal tissue homeostasis. Thus,
targeting apoptosis could be an effective strategy for preventing the progression of CC
(Kamran et al., 2022). In this study, early-stage apoptosis in CT26 cells treated with 5-
FU was observed at 30.6%, while late-stage apoptosis was 1.63%. These findings align
with recent studies (L. Xie et al., 2023). Combination therapy with PM-H-H and 5-FU
significantly increased the proportion of apoptotic cells to 48.03% compared to single-

agent treatment. This demonstrates that the combination of PM-H-H and 5-FU exhibits

a synergistic anticancer effect in CT26 cells.

4.3.7 Cell cycle

Cell cycle distribution was analyzed using Pl staining and flow cytometry, with

representative results shown in Figure 4.10. In the control group, CT26 cells were
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distributed as follows: 30.43% =#0.35% in the GO/G1 phase, 53% *0.2% in the S
phase, and 16.57% +0.15% in the G2/M phase. However, treatment with PM-H-H and
the combination of PM-H-H with 5-FU results in significant changes in cell cycle
distribution compared to the control. On the other hand, PM-H-H increased the
accumulation of GO/G1 phase cells treated with 5-FU and decreased the accumulation

of S and G2/M phase cells treated with 5-FU (Figure 4.11).
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Figure 4.10: The effects of PM-H-H and/or 5-FU on the cell cycle.
Cell cycle distribution was examined by PI staining and flow cytometry in CT26 cell
lines after treatment with 5-FU and/or PM-H-H for 48 h. A: control, B: PM-H-H, C:

5-FU, D: PM-H-H plus 5-FU. Data shown are a representative example of three

separate experiments with similar results.
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Figure 4.11: G0/G1, S, and G2 phase cell population of PM-H-H and/or 5-FU
treated CT26 cells. “P<0.0001, vs control group. While *P<0.01, **P<0.0001, PM-
H-H or 5-FU group vs (PM-H-H + 5-FU) group.

Cancer cells often exhibit cell cycle abnormalities that lead to uncontrolled
proliferation (Liu et al., 2020b). Previous studies have reported that ethyl acetate
extracts of PM exhibit antiproliferative effects on HepG2 cells by inhibiting the cell
cycle at the S-phase (Mohd Ghazali et al., 2014). Similar to the findings, flow
cytometric analysis of cells exposed to 5-FU revealed a significant reduction in cells
in the G2/M phases. These results are consistent with previous studies (Mun et al.,
2022). Combined treatment with PM-H-H and 5-FU resulted in a significant increase
in GO/G1 phase accumulation and a marked decrease in the S and G2/M phases sharply
decreased which strongly supports the ability of PM-H-H to enhance the effects of 5-
FU. As aresult, the cell cycle arrest in GO/G1 phase was probably one of the underlying

mechanisms of synergistic interactions between PM-H-H and 5-FU.

4.3.8 Spheroid growth inhibition analysis

The efficacy of synergistic drug combinations in inhibiting tumor spheroid growth was

evaluated, and these results were compared with those from single-agent treatments
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(Figures 4.12 and 4.13). Untreated spheroids initially grew and increased in size until
a decrease occurred on day 14 d. Treatment with PM-H-H, 5-FU, and their
combination significantly altered the spheroid morphology, particularly in size. Figure
4.13 shows that the most profound change after incubation with the tested compounds
was the significant inhibition of their growth compared to that of untreated control
cultures. Moreover, PM-H-H plus 5-FU showed the strongest inhibitory effect among

all treatments.
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Figure 4.13: Percentages of spheroid growth and inhibition over time. *P<0.05,
**P<(.01, ***P<0.001, ****P<0.0001. A: control, B: PM-H-H, C: 5-FU, D: PM-H-H
plus 5-FU.

Traditional 2D monolayer cell cultures are valuable for assessing the biochemical and
molecular effects of new compounds (Habanjar et al., 2021). However, it often
overlooks cell heterogeneity, cellular interactions, and nutrient gradients (K. Gong et
al., 2022). Additionally, 2D cultures fail to adequately represent drug penetration into
tumors and their effects on patient tissues (M. Huang et al., 2022). 3D cell cultures are
emerging as crucial tools in drug testing and anticancer research (Kulesza et al., 2021).
3D cancer cell spheroids offer a more accurate model of the tumor microenvironment
compared to conventional 2D cultures (Yusoh et al., 2023). In our experiments, CT26
cell spheroids in the control group showed a gradual increase in diameter over 4 days,
with a decrease in size observed by day 14, consistent with previous findings (Deng et
al., 2024). It is worth mentioning that PM-H-H, 5-FU, and the combination of PM-H-
H with 5-FU effectively inhibited tumor growth. Although these treatments were less
impactful in 3D spheroid cultures compared to 2D cultures, the synergistic growth-
inhibitory effects of PM-H-H and 5-FU were still evident. In summary, both PM-H-H

and 5-FU exhibit potent synergistic inhibitory effects on CT26 cells, whether grown
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in monolayer cultures or as spheroids.

4.3.9 Metabolomics analysis

4.3.9.1 'H NMR spectra analysis of cell metabolites

To reveal metabolic distinctions between each group, NMR-based metabonomic
analyses were performed on aqueous extracts derived from each group of CC cells.
The 'H NMR spectra of cells from the different groups are shown in Figure 4.14.

Totally, 26 metabolites were identified based on the NMR spectra.
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Figure 4.14: Typical '"H NMR spectra of CC obtained from control, PM-H-H, 5-
FU, and combination (PM-H-H + 5-FU) groups.

The results of the NMR-based metabonomic analyses revealed distinct metabolic
profiles across the different groups of CC cells. The 'H NMR spectra (Figure 4.14)

enabled the identification of 26 metabolites, underscoring the differential metabolic
88



activities in the cell groups. The distinct separation of metabolites across these groups
likely reflects variations in cellular metabolic processes influenced by the experimental

conditions (Pavlova et al., 2022; Voss et al., 2021).

4.3.9.2 Multivariate statistical analysis of cell metabolites

Both PCA and OPLS-DA of the normalized NMR data were performed to evaluate the
effects of each treatment on the metabolic profiles of the CC cells. All the samples are

situated in the Hotelling’s T2 oval of the 95% confidence intervals (Figures 4.15 and

4.16).

PCA is a pattern recognition method to simplify the complex relationship between
variables, which could give an overview of all serum samples and examine the intrinsic
variation within the groups. As revealed in PCA the score plot (Figure 4.15), the first
two principal components (t1 and t2) could explain 68.8% of the total variance.

Moreover, to find metabolites from each group, an OPLS-DA model was used between
the control group and the model group. As shown in the score plot (Figure 4.16), each
group appeared an obvious separation, suggesting significant differences between each
group. The permutation test was used to further verify the model, with values of R2X=

0.75, R?Y=0.878, and Q* = 0.787, indicating robust statistical models.
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Figure 4.15: PCA scores plots based on '"H NMR data of cells from control, PM-
H-H, 5-FU, and combination (PM-H-H + 5-FU) groups. PCA: principal component
analysis.
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Figure 4.16: OPLS-DA scores plots based on '"H NMR data of cells from control,
PM-H-H, 5-FU, and combination (PM-H-H + 5-FU) groups. OPLS-DA: orthogonal
partial least squares-discriminant analysis.

The application of principal component analysis (PCA) and orthogonal partial least
squares-discriminant analysis (OPLS-DA) to the normalized NMR data provided
valuable insights into the metabolic effects of the treatments on CC cells (Esturau-
Escofet et al., 2022; C. He et al., 2020). Both PCA and OPLS-DA eftectively captured
the variation in the metabolic profiles across the different treatment groups, situating

all samples within the 95% confidence intervals of the Hotelling’s T2 ellipse (Figures

4.15 and 4.16), thus ensuring the reliability of the data (Y. Pan et al., 2022).
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PCA, as a dimensionality reduction method, simplified the complex relationships
between the numerous metabolites (Posma et al., 2020). The PCA score plot (Figure
4.15) revealed that the first two principal components (t1 and t2) accounted for 68.8%
of the total variance, suggesting a strong ability to capture the majority of the intrinsic
variability within the dataset. This high percentage of variance explained by the first
two components indicates a clear differentiation in the metabolic profiles of CC cells,
likely due to the effects of various treatments (Andersen et al., 2021). The clustering
patterns observed in the PCA score plot demonstrate that treatment-specific metabolic
alterations are present and distinguishable between the groups (Schoen & Singh, 2022).
Furthermore, PCA provided an unbiased overview of the metabolic landscape, making
it possible to detect inherent similarities and differences between the control and

treated cells (Blaise et al., 2021).

To further elucidate the metabolic distinctions between groups, OPLS-DA was
performed, offering a more targeted approach to identifying significant metabolites
(Lin etal., 2021). The score plot (Figure 4.16) demonstrated a clear separation between
the control and model groups, signifying substantial metabolic differences induced by
the treatments (L. Pan et al., 2020). The robust discrimination achieved by OPLS-DA
is further supported by the permutation test results, with values of R?X= 0.75, R?Y=

0.878, and Q? = 0.787, respectively, indicating that the model is both reliable and
predictive. These values suggest that the OPLS-DA model effectively captures the
systematic variation between the groups, with minimal risk of overfitting. The
separation observed in the OPLS-DA score plot highlights key metabolic alterations

caused by the treatments, supporting the hypothesis that distinct pathways are activated
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or suppressed in the CC cells. These results demonstrate the significant metabolic

impact of the treatments.

4.3.9.3 Global comparative metabolite analysis

The variable importance projection (VIP values) could be obtained from these models.
The difference multiple of each metabolite content (fold-change) between the pair-
wise groups and the transformed P value after the t-test could be calculated and
analyzed. Based on VIP>1 and the degree of perturbation of the evaluated metabolites,
the fold change of these metabolites was computed and is shown in Figure 4.17.
Accordingly, the characteristic metabolites with significant differences between the
pair-wise groups can be screened out to characterize CC and its management. As a
result, for the combination group and control group, 18 of the metabolites showed
significant changes in CC cells, including the higher levels of glutamate, aspartate,
glutamine, lipid, dimethylamine, proline, succinate, taurine, ATP (adenosine
triphosphate), glutathione, alanine, and creatine, and the lower levels of
phosphocreatine, methionine, UDP-glucuronate, histidine, phenylalanine, and
asparagine in the combination group than the control group. We also compared the
changes in the relative concentration of differential metabolites between the different

groups. It was found that the contents of 7 differential metabolites, including glutamate,
ATP (adenosine triphosphate), lipid, proline, glutamine, succinate, and glutathione
demonstrated a recovered trend in the 5-FU group compared with the control group,
while 7 differential metabolites, including choline, taurine, glycine, histidine, UDP-
glucuronate, lactate, and phosphocholine demonstrated a decreased trend. 2
differential metabolites demonstrated a recoverable metabolic trend in the PM-H-H
group compared with the control group, including phosphocreatine and histidine, while
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9 differential metabolites, including phosphocholine, lactate, choline, taurine,
isoleucine, creatine, alanine, glutamate, and glycine have a decreased trend. In addition,
the comparison results between other groups can be seen in Figure 4.17. The results
showed that both 5-FU and PM-H-H could regulate the metabolic profile of CT26 cells,

and their combined treatment had a synergistic effect.
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The results from the VIP (variable importance projection) analysis, coupled with the
fold-change calculations and t-test, provided critical insights into the metabolic shifts
induced by the different treatments in CC cells (Z. Huang et al., 2020). The VIP values
(VIP>1) allowed the identification of key metabolites with significant perturbations,
enabling a deeper understanding of how treatments influence the metabolic landscape
of CC (X. Xia et al.,, 2022). Previous research metabolites were identified as
significantly altered in the combination treatment group compared to the control group,
reflecting both the complexity of cancer metabolism and the effects of therapeutic

intervention.

Specifically, the combination treatment resulted in elevated levels of metabolites such
as alanine, proline, lipid, glutamate, glutamine, glutathione, aspartate, dimethylamine,
and ATP, while phosphocreatine, phenylalanine, methionine, and UDP-glucuronate
were decreased. These findings suggest that the combination of 5-FU and PM-H-H
triggered substantial metabolic reprogramming in CC cells, likely reflecting alterations
in key biochemical pathways such as amino acid metabolism, energy production, and

membrane biosynthesis (D. Wang & Wan, 2022).

Comparison between the groups treated with 5-FU or PM-H-H alone further
highlighted distinct metabolic responses, indicating different mechanisms of action.
The 5-FU-treated cells exhibited a recovery in metabolites such as ATP, proline, and
succinate, suggesting a partial restoration of mitochondrial function and oxidative
metabolism. This aligns with previous findings where 5-FU induces metabolic stress,
triggering adaptive responses that support cell survival despite chemotherapy-induced

damage (Mapuskar et al., 2023; S. Sharma et al., 2024; Zong et al., 2024). However,
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this adaptation may contribute to drug resistance over time. In contrast, PM-H-H
treatment alone led to decreased levels of lactate and phosphocholine, indicating a
disruption of glycolysis and altered membrane lipid metabolism. The reduction in
lactate suggests that PM-H-H interferes with anaerobic energy production, a hallmark
of cancer metabolism (B. Liu et al., 2023; Shiratori et al., 2019; Tufail et al., 2024).
Additionally, the suppression of phosphocholine levels implies that PM-H-H affects
lipid signaling pathways, which are crucial for cell membrane integrity and tumor
progression. These findings suggest that PM-H-H exerts anticancer effects through
different metabolic targets compared to 5-FU. The combination of 5-FU and PM-H-H
demonstrated a synergistic effect, with a significant recovery of key metabolites,
further supporting the complementary action of both agents in regulating CC cell
metabolism. The metabolic alterations observed in the combination therapy indicate a
broader disruption of cancer cell homeostasis, likely making it more difficult for cells
to develop resistance compared to treatment with 5-FU alone. This suggests that PM-
H-H may enhance the efficacy of 5-FU by targeting alternative metabolic pathways,
weakening the adaptive capacity of cancer cells and leading to more effective tumor

suppression.

These findings suggest that both 5-FU and PM-H-H influence distinct yet
interconnected metabolic pathways in CC cells, offering valuable insights into their
mechanisms of action. The combined treatment’s ability to modulate metabolic

profiles more effectively than either agent alone underscore the potential of using PM-

H-H in combination therapies for improved CC management.

4.3.9.4 Metabolic pathway analysis
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In order to understand the altered metabolic pathways induced by CC CT26 cells with
the different treatments, pathways enrichment analysis was performed on the
differential metabolites from the pair-wise groups including groups Com vs Ctrl. The
results were shown in the form of a bubble map (Figure 4.18), where the bubble size
was proportional to the number of metabolites in the pathway and the color of the
bubble corresponds to the significance of the difference (from red represents the
highest significant difference to blue represents the lowest significant difference). The
results showed that the combined treatment resulted in changes in six metabolic
pathways in CT26 cells, including central carbon metabolism in cancer, protein
digestion and absorption, biosynthesis of plant secondary metabolites, biosynthesis of

amino acids, aminoacyl—tRNA biosynthesis, and ABC transporters.
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Figure 4.18: Impact overview of the altered CT26 cell metabolic pathways in the
different treatment regimens. groups Com vs Ctrl. Ctrl: control (just media alone),
Com: combination (PM-H-H + 5-FU).

The pathway enrichment analysis of differential metabolites in CC CT26 cells treated
with combination therapy revealed significant disruptions in key metabolic pathways,
providing insights into the mechanisms of action of the combined treatment. As
visualized in the bubble map (Figure 4.18), six metabolic pathways were significantly

altered in the combination group compared to the control group, highlighting the broad

metabolic impact of the therapy.
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Among the most affected pathways, central carbon metabolism in cancer was notably
altered, reflecting changes in the core energy and biosynthetic processes that sustain
cancer cell growth (Bernasocchi & Mostoslavsky, 2024). This pathway’s involvement
underscores the potential of the combination treatment to disrupt the metabolic
flexibility of CC cells, potentially limiting their ability to fuel rapid proliferation and
survival (Lin et al., 2023). Additionally, significant changes in the biosynthesis of
amino acids and aminoacyl-tRNA biosynthesis pathways suggest impaired protein
synthesis and reduced availability of key amino acids, which may further contribute to
the inhibition of cancer cell growth and survival (Gsottberger et al., 2023; Knight &

Sansom, 2021; Schmidt et al., 2020).

The disruption of protein digestion and absorption, along with the biosynthesis of plant
secondary metabolites pathways, indicates a broader impact on nutrient uptake and
processing. These changes may compromise the cancer cells’ ability to adapt to
nutrient stress, potentially enhancing the effectiveness of the treatment (Loveday,
2022). Alterations in the ABC transporters pathway, known to play a role in drug
resistance and cellular transport, could also enhance the therapeutic effects of the
combined treatment by reducing the cancer cells’ ability to efflux therapeutic agents

(Muriithi et al., 2020; Xiao et al., 2021).

Overall, the combination treatment not only targets core cancer-related metabolic
pathways but also affects nutrient acquisition and drug resistance mechanisms,
offering a multifaceted approach to impairing CC cell viability. These findings suggest
that targeting multiple pathways simultaneously could improve treatment outcomes

and reduce the likelihood of therapeutic resistance.
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4.3.10 Proteomics analysis

4.3.10.1 Analysis of differentially expressed proteins (DEPs)

A total of 202 differentially expressed proteins (DEPs) (|fold change[>1.5, and P<0.05).
Compared with the control group, the PM-H-H group upregulated 20 differentially
expressed proteins and downregulated 41 differentially expressed proteins; the 5-FU
group upregulated 1 differentially expressed protein and downregulated 133
differentially expressed proteins; while the combined treatment group upregulated 13
differentially expressed proteins and downregulated 92 differentially expressed
proteins. Interestingly, compared with the 5-FU group, the combined treatment group
upregulated 51 differentially expressed proteins and downregulated 2 differentially
expressed proteins; compared with the PM-H-H group, the combined treatment group
upregulated 16 differentially expressed proteins and downregulated 51 differentially
expressed proteins. The Differentially Expressed Proteins were presented by a cluster
heat map (Figure 4.19). Changed proteins (right side) and the samples in different
groups (bottom). The color from red to blue shows the relative intensity of the

differentially expressed proteins.
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Figure 4.19: Hierarchical clustering heat map of differentially expressed proteins
of the CT26 cells. groups Combination vs Control.

The proteomic analysis of CC CT26 cells revealed 202 differentially expressed
proteins across the treatment groups, indicating distinct molecular responses to PM-H-
H, 5-FU, and their combination. The PM-H-H-treated group exhibited moderate
proteomic alterations, with 20 proteins upregulated and 41 downregulated compared
to the control. These changes suggest that PM-H-H primarily influences pathways
related to cancer cell metabolism, oxidative stress response, and survival mechanisms,
potentially targeting alternative regulatory networks distinct from conventional
chemotherapy. The observed downregulation of key metabolic enzymes may indicate

a disruption in energy homeostasis, contributing to impaired cancer cell proliferation.
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In contrast, 5-FU treatment resulted in a more pronounced proteomic shift, with 1
upregulated and 133 downregulated proteins, reflecting its strong cytotoxic effects on
protein synthesis and DNA replication machinery. The significant downregulation of
ribosomal and translation-associated proteins highlights the impact of 5-FU on
inhibiting cancer cell growth. However, this widespread suppression of protein
expression may also trigger adaptive resistance mechanisms, which can limit long-
term therapeutic efficacy. The combination treatment group displayed a distinct
proteomic signature, reinforcing the synergistic interaction between PM-H-H and 5-
FU. Compared to the control group, the combination upregulated 13 proteins and
downregulated 92, suggesting an enhanced ability to disrupt essential cancer survival
pathways. Notably, compared to the 5-FU group, the combination therapy upregulated
51 proteins and downregulated only 2, indicating that PM-H-H may counteract some
of the proteomic dysregulation induced by 5-FU and introduce new molecular targets
for therapeutic intervention. Similarly, when compared to the PM-H-H group, the
combination therapy upregulated 16 proteins and downregulated 51, further
demonstrating that the co-treatment engages unique regulatory mechanisms not
observed with individual treatments. The heatmap analysis highlights these proteomic
differences, with the combination therapy inducing the most extensive molecular
reprogramming. The broader downregulation of cancer survival-related proteins
suggests that PM-H-H enhances 5-FU’s impact by interfering with complementary
pathways, potentially amplifying stress responses, suppressing oncogenic signaling,
and inhibiting metabolic adaptation (Guo et al., 2020). These differentially expressed
proteins could serve as valuable biomarkers or therapeutic targets for future studies,
supporting the clinical potential of PM-H-H as an adjunct to chemotherapy. Further
validation of these findings through functional assays and in vivo proteomic profiling

would provide deeper insight into the mechanisms underlying the enhanced anti-
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cancer activity of PM-H-H in combination with 5-FU.

4.3.10.2 GO enrichment analysis

The top 30 of GO enrichment analysis are shown in Figure 4.20. The results showed
that compared with the control group, the combined group was significantly enriched
in multiple biological processes, molecular functions, and cellular component
categories (P<0.05). The differentially expressed proteins in the combined group were
involved in biological processes such as positive regulation of chromosome
organization, ribosomal small subunit assembly, ribosomal small subunit biogenesis,
ribonucleoprotein complex subunit organization, rfRNA metabolic process,
ribonucleoprotein complex assembly, rRNA processing, ribosome biogenesis,
ribonucleoprotein complex biogenesis, and cytoplasmic translation. These
differentially expressed proteins were related to the regulation of molecular functions,
such as protein folding chaperone, ADP binding, translation factor activity, RNA
binding, unfolded protein binding, ribonucleoprotein complex binding, translation
elongation factor activity, translation regulator activity, nucleic acid binding,
translation regulator activity, mRNA binding, and structural constituent of ribosome.
Compared with the control group, the main enriched cellular components in the
combination group were polysomal ribosome, myelin sheath, polysome, small
ribosomal subunit, large ribosomal subunit, cytosolic small ribosomal subunit,
cytosolic large ribosomal subunit, ribosome, ribosomal subunit, and cytosolic

ribosome.
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The GO enrichment analysis (Figure 4.20) highlighted significant enrichment (P<0.05)
in multiple biological processes, molecular functions, and cellular components in the
combined treatment group compared to the control. In terms of biological processes,
the differentially expressed proteins were highly enriched in pathways related to
chromosome organization, ribosome assembly, and RNA metabolism, such as
ribosomal small subunit biogenesis, rRNA processing, and ribosome biogenesis. These
findings suggest that the combination treatment disrupts core processes involved in
protein synthesis and cellular organization, potentially contributing to its enhanced
anti-cancer effects by impairing the fundamental machinery required for cancer cell
growth and survival (C. Chen et al., 2016; C. Xia et al., 2020; Y. Zhang et al., 2022).
The molecular functions associated with the differentially expressed proteins further
support this hypothesis. The combination treatment group showed significant
enrichment in functions related to RNA and protein binding, including RNA binding,
translation factor activity, and protein folding chaperone activity. These functions are
crucial for maintaining cellular homeostasis, particularly in cancer cells, where
increased protein synthesis is essential for rapid proliferation. The disruption of these
processes likely impairs cancer cell survival and proliferation (Fukao et al., 2021;
Kershaw et al., 2023; Lyons et al., 2021). In the context of cellular components, the
combined treatment led to the enrichment of ribosomal structures, including both small
and large ribosomal subunits, as well as cytosolic and polysomal ribosomes. This
suggests that the combination treatment targets ribosome biogenesis and function, a
process essential for protein synthesis. By affecting these key cellular components, the
combined treatment may inhibit translation and reduce the overall protein production
capacity of cancer cells, thereby contributing to its anti-proliferative effects (Kang et

al., 2021; Melnikov et al., 2018; Paternoga et al., 2023; Temaj et al., 2022). Overall,
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the GO enrichment analysis highlights the multifaceted impact of the combined PM-
H-H and 5-FU treatment, particularly its ability to interfere with protein synthesis,
ribosome assembly, and RNA metabolism, which are critical for the survival and
growth of cancer cells. These findings support the potential of combination therapy to
exert broader and more effective anti-cancer effects by targeting multiple cellular

pathways simultaneously.

4.3.10.3 KEGG pathway enrichment analysis

A total of 86 protein pathways were enriched through the KEGG analysis, of which 6
pathways were changed (P<0.05) in the combination treatment group. As shown in
Figure 4.21, the most enriched pathways in the combination versus control group were
ribosome, coronavirus disease-COVID-19, cytoskeleton in muscle cells, biosynthesis

of amino acids, carbon metabolism, and glycine, serine and threonine metabolism.
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Figure 4.21: KEGG pathway enrichment of differentially expressed proteins in
combination versus control groups.
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The most enriched pathways (Figure 4.21) provide insight into the mechanisms
through which the combination of PM-H-H and 5-FU exerts its effects on CT26 CC
cells. The ribosome pathway was the most significantly enriched, suggesting that the
combination treatment disrupts protein synthesis by impairing ribosomal function
(Metge et al., 2023). Since cancer cells require high levels of protein production to
support their rapid growth, targeting the ribosome pathway may contribute to the anti-
proliferative effects observed in the combined treatment group (Elhamamsy et al.,
2022). This finding aligns with the results from the GO enrichment analysis, further
emphasizing the importance of ribosomal dysregulation in the anti-cancer response.
Interestingly, the combination treatment also enriched pathways related to coronavirus
disease (COVID-19), which may reflect broader disruptions in host defense and
immune response mechanisms. While the specific connection to cancer treatment
remains unclear, the modulation of immune-related pathways could play a role in
enhancing the immune system’s ability to recognize and eliminate cancer cells (A. Hu
et al., 2024; S. K. Kim & Cho, 2022). Finally, the glycine, serine, and threonine
metabolism pathway were also significantly enriched. This pathway is critical for
nucleotide biosynthesis and cellular redox balance, both of which are crucial for
rapidly dividing cancer cells (S. Pan et al., 2021; Reina-Campos et al., 2020).
Disrupting these metabolic pathways may contribute to the observed inhibition of cell
growth and survival in CT26 cells treated with the combination therapy. In conclusion,
the KEGG enrichment analysis highlights the broad range of cellular processes
affected by the combination of PM-H-H and 5-FU, with significant disruption in
pathways related to protein synthesis, metabolism, and cellular structure. These
findings support the potential of combination therapy to target multiple essential

pathways, offering a more comprehensive approach to CC treatment.
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4.3.11 Combined metabolomics and proteomics analysis

Through the KEGG database, a total of 22 shared pathways of proteins and metabolites
are shown in a Venn plot and bar plot (Figures 4.22 and 4.23). Among them, the protein
and metabolite contents of the 3 pathways were significantly changed, including
Biosynthesis of amino acids, Glycine, serine and threonine metabolism, and Carbon
metabolism, playing an important role in the combined treatment of CT26 cells (Figure

4.24).

According to KEGG pathway enrichment analysis, the Biosynthesis of amino acids,
Glycine, serine and threonine metabolism, and Carbon metabolism pathways
correspond to the Aldoa, Asns, Psatl, and Shmt2 proteins. As can be seen from Figure
4.19, proteins Asns, Psatl, and Shmt2 showed a decreasing trend, while protein Aldoa
showed an increasing trend. This suggests that changes in these proteins may be the

mechanism by which combined therapy inhibits CT26.

Proteomics Metabolomics

Figure 4.22: The Venn diagram of the pathways involved in the differential
metabolites and proteins, in which the overlap represents the shared pathways.
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Figure 4.24: The KEGG pathway enrichment based on the differential
metabolites and proteins.

The identification of 22 shared pathways of proteins and metabolites through KEGG
analysis, as depicted in the Venn and bar plots (Figures 4.22 and 4.23), underscores the
interconnected nature of metabolic and proteomic changes induced by the combined
treatment of CT26 cells. Among these pathways, significant alterations were observed
in the Biosynthesis of amino acids, Glycine, serine and threonine metabolism, and
Carbon metabolism, indicating their pivotal roles in the therapeutic response to
combination therapy (Figure 4.24). The involvement of specific proteins, namely
Aldoa, Asns, Psatl, and Shmt2, within these pathways provides insight into the
molecular mechanisms underpinning the effects of the combined treatment. The
observed trends in protein expression, with Asns, Psatl, and Shmt2 showing a decrease
and Aldoa demonstrating an increase, suggest a dynamic response that may contribute

to the inhibition of CT26 cell proliferation.

The downregulation of Asns, which plays a crucial role in the synthesis of asparagine,
indicates a potential shift in amino acid availability essential for cancer cell growth
(Krall et al., 2016; Yu et al., 2024). Asparagine is often upregulated in cancer cells to
support their rapid proliferation; thus, inhibiting its biosynthesis could limit tumor
growth (Cai et al., 2022). Similarly, the downregulation of Psatl and Shmt2, both
involved in serine and glycine metabolism, further suggests a metabolic
reprogramming in response to treatment (Sun et al., 2023). These proteins facilitate the
conversion of intermediates crucial for nucleotide synthesis and redox balance,
processes that are frequently hijacked by cancer cells to promote survival and
proliferation (L. He et al., 2023). Conversely, the upregulation of Aldoa, which

encodes aldolase A, indicates an adaptive response that may enhance glycolytic flux
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(Gizak et al., 2019). This pathway is essential for energy production and metabolic
flexibility in rapidly dividing cancer cells. The increase in Aldoa expression suggests
that, while the combined treatment inhibits certain metabolic pathways, it
simultaneously activates others to meet the energetic demands of the cells (Li et al.,
2021; Miyazawa et al., 2022; Xu et al., 2024). This dual response highlights the
complexity of metabolic regulation in cancer and underscores the necessity for

comprehensive therapeutic strategies that address multiple metabolic vulnerabilities.

In summary, the results of the KEGG analysis provide compelling evidence that the
combined treatment of CT26 cells significantly alters critical metabolic pathways
associated with amino acid biosynthesis and carbon metabolism. The changes in
protein expression of Aldoa, Asns, Psatl, and Shmt2 not only reflect the immediate
effects of the treatment but also illuminate potential mechanisms through which this
combination therapy exerts its anti-cancer effects. These findings contribute to a
deeper understanding of the metabolic reprogramming that occurs in cancer cells and

suggest further avenues for research into targeted therapeutic interventions.

4.4 Conclusion

The study comprehensively investigated the effects of 5-FU, PM-H-H, and their
combination on CT26 CC cells through a combination of cytotoxicity assays,
metabolomics, and proteomics analyses. The findings reveal significant synergistic
effects and provide a detailed understanding of the mechanisms underlying this

combination therapy.

The combination of PM-H-H and 5-FU demonstrates a potent synergistic effect in
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inhibiting the growth and proliferation of CT26 CC cells. This is evidenced by reduced
effective concentrations of 5-FU required for cytotoxicity, increased apoptosis, and
cell cycle arrest at the GO/G1 phase. Morphological changes, such as cell detachment
and loss of intercellular contact, further support the synergistic interaction. The
combination also shows superior inhibition of cell migration and clonogenic formation,
suggesting reduced cancer metastasis and early-stage tumor development. Spheroid
growth inhibition studies corroborate these findings, highlighting the effectiveness of
the combination therapy in a more physiologically relevant 3D model. These results
emphasize the potential of PM-H-H to enhance 5-FU’s therapeutic efficacy while

potentially reducing the toxicity associated with high-dose chemotherapy.

The metabolomics analysis, utilizing NMR and multivariate statistical methods,
identified 26 key metabolites with distinct profiles across treatment groups. The
combined treatment resulted in substantial metabolic reprogramming, affecting key
pathways related to amino acid metabolism and energy production. This broad impact
on cancer cell metabolism underscores the efficacy of the combination therapy in

disrupting cancer metabolism more comprehensively than individual treatments.

Proteomics analysis revealed extensive changes in protein expression, with the
combined treatment leading to the most significant reprogramming. GO enrichment
analysis revealed that the combined group was significantly involved in processes
related to ribosomal assembly and RNA metabolism, while KEGG pathway analysis
showed alterations in six significant pathways, including the ribosome and amino acid
biosynthesis pathways. In summary, the combined treatment of PM-H-H and 5-FU
effectively modulated protein expression, highlighting its potential to enhance

therapeutic strategies against CC through targeted biological processes and metabolic
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pathways.

The combined treatment of 5-FU and PM-H-H exhibits a promising synergistic effect,
leading to comprehensive alterations in both metabolic and proteomic profiles of CC
cells. This multifaceted targeting of cancer cell metabolism and survival pathways
suggests enhanced therapeutic efficacy and reduced side effects. Future research
should focus on validating these results in vivo to further explore the therapeutic

potential and mechanisms of this combination approach in cancer treatment.
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CHAPTER 5

IN VIVO EVALUATION OF ANTICANCER EFFICACY OF Polygonum

minus EXTRACT COMBINATION WITH 5-FLUOROURACIL IN CT26

TUMOR-BEARING MOUSE MODEL

51 Introduction

In the quest to improve CC treatments, combining natural products with conventional
chemotherapy agents has gained significant attention (Zhou et al., 2023). PM, a
medicinal plant known for its diverse bioactive compounds, has shown promising in
vitro anticancer effects (Z. Yang et al., 2024). When combined with 5-FU, a
cornerstone in CC chemotherapy, the potential for enhanced therapeutic outcomes
arises, given the challenges of drug resistance and toxicity associated with 5-FU

(Alrbyawi, 2024).

The previous chapters explored the preparation, optimization, and in vitro anticancer
effects of PM extracts, as well as their synergy with 5-FU. Chapter 3 focused on the
preparation of PM extract and optimization of its bioactive compounds, while Chapter
4 examined the in vitro effects of PM extract combined with 5-FU on the CT26 CC
cell line. These findings laid the groundwork for assessing the therapeutic potential of

PM extract in a more complex in vivo setting.

This chapter focuses on evaluating the in vivo anticancer efficacy of a combination of
PM extract and 5-FU using the CT26 tumor-bearing mouse model. Building on the

earlier in vitro findings where the PM extract showed promising results in combination
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with 5-FU, this section aims to assess the therapeutic potential of this combination in

a more complex and physiologically relevant system.

The study involves administering the PM extract and 5-FU, either individually or in
combination, to mice bearing CT26 CC tumors. The primary objectives are to evaluate
the impact of the combination therapy on tumor growth, survival rates, and overall
health of the animals. Key endpoints include measurement of tumor volume,

assessment of tumor weight, and analysis of any associated toxicities.

The outcomes of this study aim to provide valuable information on the potential
benefits of combining PM extract with 5-FU in a preclinical setting. By demonstrating
the in vivo efficacy and safety of this combination therapy, the research seeks to
contribute to the development of improved treatment strategies for CC, offering a

potential advancement in the field of oncology.

5.2 Materials and methods

5.2.1 Animal

The animal study protocol was approved by the Institutional Ethics Committee of
Universiti Putra Malaysia (UPM/IACUC/AUP-R073/2023) for studies involving
animals. A total of 40, 6-8week-old female BALB/c mice, weighing 18.2 + 3.6 g were
obtained from Laboratory Animal Facility and Management (LAFAM), Faculty of
Pharmacy, UiTM Puncak Alam Campus. The animals were allowed to acclimatize for
one week before the experiment in the animal research house of the Comparative

Medicine and Technology Unit (COMeT), Institute of Bioscience UPM. They were
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given a normal mouse diet and filtered tap water ad libitum.

5.2.2 Tumor induction and treatment

To further validate the antitumor effects of PM-H-H+5-FU in vivo, we subcutaneously
injected CT26 cells into BALB/c mice for syngeneic tumorigenesis and subjected them
to treatment with PM-H-H, 5-FU, and their combination, accurately measured the
tumor weights, as well as collected and manipulated the organs and tumors of the
tumor-bearing mice after two weeks treatment (Figure 5.1). Briefly, 32 mice were
inoculated subcutaneously on the right side of their shaved back with a single-cell
suspension of CT26 cells (1000000 cells in 100 pl). Tumor growth was monitored
every day by the vernier caliper. After the tumor injection, the mice were randomly
divided into 4 groups. The treatments were administrated when the tumor grew up to
a volume of 100 mm?>. Each group of mice received different treatments: G1) Control
group: 10% Tween 80 via oral gavage. G2) PM group: PM hexane fraction (1000
mg/kg) daily via oral gavage. G3) FU group: 5-FU (200 mg/kg) thrice weekly via
intraperitoneal injection. G4) PM+FU group: PM hexane fraction (1000 mg/kg) daily.

5-FU (200 mg/kg) thrice weekly.

During the experiments, the mice were monitored daily, and the body weight and
tumors size were measured every day. Euthanasia was performed when one of the
following humane endpoints was reached: lethargy, reduced mobility, persistent
hunching, labored breathing, or lack of response to stimuli, indicating significant
distress. Additional criteria included 50% body weight loss, clinical signs of distress
such as excessive grooming or self-mutilation, the presence of an ulcerated necrotic
tumor, or a tumor volume exceeding 1800 mm?.
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Figure 5.1: Schematic of mice model establishment and treatments.

5.2.3 Anti-tumor assay

Tumor sizes were monitored every day and volume was calculated using the following
formula, from a previously established protocol:
Volume (mm?) = (longest diameter) x (shortest diameter) % / 2.

Moreover, final body and tumor weights were measured after dissection and the tumor
volumes were also evaluated after dissection by immersion method. The anti-tumor
activity of the treatments was evaluated using the following formula:

Tumor inhibitory rate (%) = [(Average tumor weight of control group - Tumor weight

of treatment groups) / Average tumor weight of control group] x100%.

Finally, tumors were excised and divided into 2 pieces for histopathological, and

ELISA analysis as described below, respectively.

5.2.4 Organ weight and colon length measurement

The heart, liver, lungs, kidneys, thymus and spleen were isolated. Weight to calculate
tumor inhibition rates and organ indexes:
Organ index = organ weight (mg) / body weight (g).

Moreover, the colon length of each mouse was clipped and measured. Colon index was
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calculated using the following formula:

Colon index = colon length/body weight.

5.2.5 Histopathological analysis

Tissues of mice tumors were fixed with 10% paraformaldehyde. The tumors were

trimmed to a 0.5 + 0.1 cm thickness placed in a plastic box, and then dehydrated

using an automatic tissue processor. Then, the tumors and colon were embedded in
paraffin, respectively. Sectioned, stained with hematoxylin and eosin (H&E), and

observed using an optical microscope (Olympus BX53P, Japan) (Lai et al., 2021).

5.2.6 Biochemical assessment

Blood was collected in anticoagulant-free serum blood collection tubes for serum
biochemical analysis from overnight-fasting mice by cardiac puncture following light
anesthesia with ketamine and xylazine cocktail (IP, 0.1ml/10g). After complete
coagulation, the serum was centrifuged at 4000 rpm for 15 min using a centrifuge. The

serum was then transferred to 1.5 mL Eppendorf tubes and stored at -80°C until

analysis. Aspartate aminotransferase (AST), alanine aminotransferase (ALT), alanine
phosphatase (ALP), creatinine, and urea levels were evaluated using an automatic
biochemistry analyzer (Chemistry Analyser Automatic, HITACHI 902®). Serum
samples were analyzed for AST, ALT, and ALP to assess hepatic damage. Serum
creatinine and urea levels were evaluated and used to indicate possible renal damage.
Blood biochemistry was examined in treatment groups and compared with data from

the control group.
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5.2.7 Enzyme-linked immunosorbent assay (ELISA)

The concentrations of Psatl and Shmt2 were evaluated by ELISA. Briefly, the tumor
tissues of control and combination groups were thawed at room temperature and
homogenized by bead beating in PBS with protease inhibitor cocktail at 4 °C. After
centrifuging at a speed of 12000 rpm/min for 10 min, the supernatants were collected
for ELISA tests (Z. Wang et al., 2022). The procedures were followed the
manufacturer’s instructions of Psatl (Baiyi Bio, Shanghai, China), Shmt2 (Baiyi Bio,

Shanghai, China) ELISA kits.

5.2.8 Statistical analysis

Data were shown as means + standard deviation (SD) from three independent
experiments. SPSS R26.0.0.0 software was used for statistical analysis. The P values

were analyzed using ANOVA and P<0.05 is considered significant.

5.3 Results and discussion

5.3.1 Antitumor efficacy

CT-26 tumor mouse model was employed to investigate the in vivo anti-tumor efficacy
of PM-H-H and 5-FU. None of the mice died over the course of treatment and all mice
developed tumors, successfully. After the end of treatment, the mean tumor volume in
the control, PM-H-H, 5-FU, and PM-H-H+5-FU treatment groups were 1543.35 +
233.76 mm’, 974.96 + 84.31 mm’, 751.39 + 66.94 mm’, and 185.12 + 24.39 mm’,
respectively (Figure 5.2). As is shown in Figure 5.2, compared with the negative

control group, the tumor volumes of all treatment groups decreased significantly, and
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the tumor volume of the combination group decreased more significantly than that of

the 5-FU or PM-H-H treatment groups.
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Figure 5.2: Tumor growth curves of mice after different treatments. B: Control
group, tumor mice untreated. C: Tumor mice treated with PM-H-H. D: Tumor mice
treated with 5-FU. E: Tumor mice treated with PM-H-H+5-FU. *P<0.05, #P<0.01,
##p<0.001, ##P<0.0001, vs control group. While *P<0.05, **P<0.01, ***P<0.001,
*#x%p<0.0001. PM-H-H or 5-FU group vs (PM-H-H + 5-FU) group.

At the end of the treatment, all animals were sacrificed, and the tumor was excised and
weighed. The mean tumor weights in different groups were also recorded (Figure 5.3).
As is shown in Figure 5.3, compared with the negative control group, the tumor
weights of all treatment groups decreased significantly, and the tumor weights of the

combination group decreased more significantly than those of the 5-FU or PM-H-H

treatment groups.
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Figure 5.3: Tumor weight of mice after different treatments. B: Control group,
tumor mice untreated. C: Tumor mice treated with PM-H-H. D: Tumor mice treated
with 5-FU. E: Tumor mice treated with PM-H-H+5-FU. #4¢P<0.0001.

And results showed that the tumor weight inhibition rates were 44.00 + 7.81%, 51.31
+ 4.34%, and 88.01 + 1.58% for the PM-H-H, 5-FU, and PM-H-H+5-FU treatment
group, respectively (Figure 5.4). The trend of tumor weight inhibition was consistent

with tumor volume inhibition. As shown in Figure 5.4, compared with the 5-FU or

PM-H-H treatment groups, the tumor growth inhibition rate in the combination group

was significantly increased.
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Figure 5.4: Tumor inhibition rate of mice in different treatment groups. B: Control
group, tumor mice untreated. C: Tumor mice treated with PM-H-H. D: Tumor mice
treated with 5-FU. E: Tumor mice treated with PM-H-H+5-FU. ¢P<0.05, ¥P<0.0001

Similarly, the tumor sites of the mice in each group were dissected for comparison
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(Figure 5.5), and PM-H-H+5-FU showed the best antitumor effect.

Control PM-H-H 5-FU PM-H-H+5-FU

Figure 5.5: Representative photographs of tumor of the different treatments.

Hematoxylin-eosin staining was used to observe the microstructure changes after
different treatments. The control group showed compact tumor cells with blue-purple
nuclei and pink cytoplasm. In the PM-H-H or 5-FU treatment groups, the tumor cells
were sparse and separated from each other. In PM-H-H+5-FU treatment groups, the
structure of tumor tissue was more seriously damaged than that in PM-H-H or 5-FU

alone groups accompanied by obvious vacant sections and lots of nuclear fragments

(Figure 5.6).
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A tumor is a pathological state characterized by uncontrolled proliferation (Braicu et
al., 2022). In this study, a CT26 tumor-bearing model was successfully induced in mice
according to established methods (Hosseini et al., 2022). It is an established model
commonly used to investigate different chemotherapeutic treatment strategies for
treating CC (Demeckova et al., 2022). This model reflects a high-grade malignancy
due to its virulence, quick development and infiltrative nature (Freund et al., 2019;
Olivo Pimentel et al., 2021; Wei et al., 2018). Therefore, it can be used as a potential
model to study the curative effect of 5-FU in vivo. The results show that the use of PM-
H-H significantly increased the antitumor activity of 5-FU, which is consistent with
the previous in vitro study results. In addition, histopathological examination showed
that the tumor tissue structure destruction in the combination treatment group was
more severe than that in the single treatment groups, with more nuclear fragments and

obvious cavities.

However, it is essential to acknowledge the limitations associated with using murine
models. While the CT26 model offers valuable insights into therapeutic efficacy,
differences in immune system composition, tumor microenvironment, and metabolic
processes between mice and humans may pose translational challenges. These
discrepancies can affect the interpretation and applicability of the results to human
conditions, potentially leading to variations in treatment response and safety profiles.
Therefore, while our findings highlight the potential of PM-H-H as an adjuvant to 5-
FU, further validation in clinically relevant human models and trials is necessary to

ascertain its therapeutic efficacy and safety in human patients.

5.3.2 Toxicity analysis
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Mice were weighed daily throughout the experiment to record the effects of treatment
on their health. Although mice in all treatment groups lost weight, the difference was
not significant compared with the tumor control group, revealing that all treatment

might not cause severe systemic toxicity in vivo (Figure 5.7).
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Figure 5.7: Time-dependent body weight change curves. A: Healthy mice, B:
Control group, tumor mice untreated. C: Tumor mice treated with PM-H-H. D: Tumor
mice treated with 5-FU. E: Tumor mice treated with PM-H-H+5-FU. *P<0.05,
**P<0.01.

The daily monitoring of the mice’s body weight throughout the experiment provides
valuable insights into the systemic effects of the treatments administered. Body weight
is a critical indicator of overall health in animal studies, especially in the context of

cancer and chemotherapy, where weight loss often reflects systemic toxicity or adverse

side effects (Perse, 2021; Talbot et al., 2020).

The current study observed that mice in all treatment groups, including those treated
with PM-H-H and 5-FU, experienced weight loss, is consistent with the expected
physiological stress associated with tumor growth and treatment interventions (Breen
et al., 2020). Previous studies have shown that CT26 tumor causes weight loss in

tumor-bearing mice (A. Kim et al., 2016). This is consistent with the experimental
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results, which show that 5-FU treatment induces substantial weight loss in CT26
tumor-bearing mice, with higher doses leading to more severe and rapid weight loss
(Kojouharov et al., 2014). This is contrary to the experimental results, with the possible
reason being the smaller dose of 5-FU administered. However, the key finding is that
the weight loss observed in the co-treatment groups was not significantly different
from that in the tumor control group. This suggests that PM-H-H and 5-FU co-
treatment did not exacerbate weight loss beyond what was caused by the tumor itself.
Subsequently, the index of the following organs heart, lungs, liver, and kidney was
further assessed after treatment with PM-H-H, 5-FU, and the combination of PM-H-H
and 5-FU (Figure 5.8). Notably, although there were some changes in these organ index,
especially in the CC tumor mice untreated group and 5-FU treatment led to a decrease
in all organ index, there were no significant differences between the PM-H-H+5-FU
group and the healthy group. In other words, PM-H-H+5-FU can improve the changes

in organ indexes caused by CC tumors or 5-FU.
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Figure 5.8: Heart, lungs, liver, and kidney index after various treatments. A:
Healthy mice, B: Control group, tumor mice untreated. C: Tumor mice treated with
PM-H-H. D: Tumor mice treated with 5-FU. E: Tumor mice treated with PM-H-H+5-
FU. *P<0.05, **P<0.01, ***P<0.001, ****P<(0.0001.

Assessing organ index following treatment provides crucial insights into the potential

systemic impacts of PM-H-H, 5-FU, and their combination. The observed decrease in
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organ index in the tumor-bearing mice and the 5-FU-treated group was consistent with
the previous studies (da Silva et al., 2023; Y. Zhao et al., 2023). Tumors can exert
detrimental effects on various organs through mechanisms such as inflammation,
oxidative stress, and metabolic disruption (J. E. Gong et al., 2021). Similarly, 5-FU is
known to cause toxicity in non-target organs, contributing to the observed decreases in

organ index (da Silva et al., 2023).

However, the most striking finding in this study is that the PM-H-H+5-FU treatment
group did not exhibit significant differences in organ index compared to the healthy
control group. This suggests that the combination of PM-H-H with 5-FU not only
mitigates the harmful effects of the tumor on vital organs but also counteracts the
toxicity typically induced by 5-FU treatment alone. This protective effect of PM-H-H
when combined with 5-FU is noteworthy, as it indicates that PM-H-H may play a role
in safeguarding critical organs from the adverse effects of both the tumor and

chemotherapy.

To investigate the effect of treatment groups on immunity, immune organ indexes,
including those for the spleen and thymus, were calculated. As shown in Figure 5.9,
compared with the healthy mice group, the organ index of the spleen and thymus of
the tumor mice un-treatment or alone or co-treatment group was significantly changed,
indicates that the immune organs of tumor mice non or after drug administration are
affected, while the organ indexes of spleen and thymus in the combined treatment
group were not significantly different from those in healthy mice, indicating that PM-

H-H+5-FU has a certain protective effect on immune organs.
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Figure 5.9: Spleen and thymus indexes after various treatments. A: Healthy mice,
B: Control group, tumor mice untreated. C: Tumor mice treated with PM-H-H. D:
Tumor mice treated with 5-FU. E: Tumor mice treated with PM-H-H+5-FU. *P<0.05,
**P<0.01, ***P<0.001, ****P<(0.0001.

The experimental results show that the spleen index and thymus index of mice in the
5-FU group were lower than those in the model group. This finding is consistent with
the results of previous studies (L. Zhu et al., 2016). In addition, the results also showed
that the spleen index of CT26 tumor-bearing mice was higher than that of normal mice.
This condition is characterized by an increase in spleen size and is commonly observed
in various cancer models, including those involving CT26 tumor mice
(Alimohammadi et al., 2023; L. C. Yang et al., 2014). The enlargement of the spleen
in these tumor-bearing mice can be attributed to several factors, including immune

hyperplasia and extramedullary hematopoiesis, which occur as the body responds to

the tumor’s presence (Tobias et al., 2023; W. li Zhang et al., 2020).

Compared with the healthy mice, the colon index of the tumor-bearing mice decreased,
as did the colon index of the 5-FU-treated mice. PM-H-H treatment prevented the
decrease in the colon index of the tumor-bearing mice compared with the tumor-

bearing mice. Moreover, PM-H-H treatment also prevented the decrease in the 5-FU-
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treated group (Figure 5.10).
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Figure 5.10: Colon index after various treatments. A: Healthy mice, B: Control
group, tumor mice untreated. C: Tumor mice treated with PM-H-H. D: Tumor mice
treated with 5-FU. E: Tumor mice treated with PM-H-H+5-FU.

The findings from this study reveal a significant impact of PM-H-H treatment on the
colon index of CT26 tumor-bearing mice, highlighting its potential as a therapeutic
intervention. In untreated tumor-bearing mice, a decrease in the colon index was
observed, indicative of tumor progression and associated physiological changes. This
decline was similarly changed in the group treated with 5-FU, a common

chemotherapeutic agent known for its efficacy against CC but also associated with

adverse side effects, including gastrointestinal toxicity (Lo et al., 2023).

Interestingly, the administration of PM-H-H not only mitigated the reduction in the
colon index observed in tumor-bearing mice but also exhibited a protective effect in
the 5-FU-treated group. This suggests that PM-H-H may counteract some of the
deleterious effects of tumor growth and chemotherapy on colon health. The
preservation of the colon index in these groups implies that PM-H-H might contribute
to maintaining colon structure and function, which is crucial for overall gut health
during cancer treatment. The ability of PM-H-H to prevent the decrease in the colon

index highlights its potential dual role as both an anti-cancer agent and a protective
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adjuvant in chemotherapy.

The levels of AST, ALT, ALP, Creat, and Urea in the serum showed differences among
distinct groups (Figures 5.11 and 5.12). The PM-H-H+5-FU group showed no
significant difference from healthy mice. Overall, toxicity parameters together
supported the idea that the combinatorial treatment of PM-H-H and 5-FU showed

reduced toxicity of 5-FU and thus better its safety.

AST (U/L) ALT (U/L) ALP (U/L)

Figure 5.11: The level of AST, ALT, and ALP in the serum. A: Healthy mice, B:
Control group, tumor mice untreated. C: Tumor mice treated with PM-H-H. D: Tumor
mice treated with 5-FU. E: Tumor mice treated with PM-H-H+5-FU. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001.
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Figure 5.12: The level of Creatinine and Urea in the serum. A: Healthy mice, B:
Control group, tumor mice untreated. C: Tumor mice treated with PM-H-H. D: Tumor
mice treated with 5-FU. E: Tumor mice treated with PM-H-H+5-FU.

The evaluation of serum biomarkers, specifically AST, ALT, ALP, Creatinine, and Urea,
provides crucial insights into the hepatic and renal toxicity associated with cancer
treatments (Gur et al., 2022). In this study, distinct differences were observed in these

toxicity parameters among the various experimental groups, underscoring the impact

of different treatments on liver and kidney function.

Notably, the combination of PM-H-H with 5-FU (PM-H-H+5-FU group) demonstrated
no significant difference in the levels of these biomarkers compared to healthy mice,
suggesting that the combinatorial treatment did not induce additional toxicity. This is
in stark contrast to what is typically observed with 5-FU treatment alone, where
elevated levels of AST, ALT, and ALP often indicate hepatic stress or damage, and
increased Creatinine and Urea levels reflect impaired renal function (Dai et al., 2021;

Lousa et al., 2021).

The lack of significant alterations in toxicity markers in the PM-H-H+5-FU group

supports the notion that PM-H-H may mitigate the toxic side effects commonly
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associated with 5-FU. By potentially reducing liver and kidney damage, the
combination treatment appears to enhance the safety profile of 5-FU. This reduction
in toxicity is particularly important in clinical settings, as it could lead to improved
patient outcomes by allowing higher or prolonged doses of 5-FU without the

corresponding increase in adverse effects.

Previous studies have shown the potential of PM as an anticancer agent and that PM
extract has the potency to reduce the side effects of the chemotherapy agent cisplatin
(Abd Rashid et al., 2021). As in keeping with other such therapeutic agents, 5-FU
possesses a range of serious side effects (Valencia-Lazcano et al., 2023). From the
results, the preliminary safety analysis indicated that PM-H-H was able to alleviate the
side effects of 5-FU in vivo. Since this study used mice bearing CC tumors, the current
safety assessment has certain limitations and should be expanded through a series of

rigorous evaluations before clinical use.

5.3.3 ELISA validation

The changes in Psatl and Shmt2 levels in mouse tumors were assessed after combined
treatment with PM-H-H and 5-FU. As shown in Figure 5.13, the combination treatment
significantly reduced Psatl and Shmt2 levels compared to the control group
(P<0.0001). This finding suggests that PM-H-H enhances the effect of 5-FU by

targeting key metabolic pathways involved in CC progression.
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Figure 5.13: The level of Psatl and Shmt2 in the tumor. B: Control group, tumor
mice untreated. E: Tumor mice treated with PM-H-H+5-FU. *P<0.0001.

Psat]l and Shmt2 play crucial roles in glycine, serine, and threonine metabolism, as
well as cysteine and methionine metabolism, both of which are critical for tumor cell
proliferation and survival (Maugard et al., 2021; Shunxi et al., 2023; C. Zhang et al.,
2023). These metabolic pathways contribute to nucleotide synthesis, redox
homeostasis, and one-carbon metabolism, all of which are critical for sustaining
uncontrolled cancer cell growth and survival. Dysregulation of these pathways has
been linked to tumor progression, chemoresistance, and poor prognosis in CC patients,
emphasizing the therapeutic relevance of targeting Psatl and Shmt2 in cancer
treatment. The significant reduction in these markers following treatment with PM-H-
H and 5-FU suggests that the combination therapy effectively disrupts cancer
metabolism by impairing amino acid availability and metabolic flux through these key
pathways. This disruption compromises the proliferative capacity and adaptability of
tumor cells, thereby inhibiting their ability to sustain rapid division, evade apoptosis,
and resist therapeutic agents. Moreover, the observed metabolic inhibition may
contribute to enhanced oxidative stress and reduced cellular fitness, further sensitizing
cancer cells to chemotherapy-induced cytotoxicity. The ability of PM-H-H and 5-FU

to modulate glycine, serine, threonine, cysteine, and methionine metabolism highlights
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the potential of this combination as a metabolic-targeting therapeutic approach for CC
treatment. By simultaneously disrupting multiple metabolic pathways essential for
tumor growth, this strategy may provide a more effective and less toxic alternative to
conventional chemotherapy, ultimately improving treatment outcomes and patient

survival (J. Chen et al., 2024; S. Pan et al., 2021; Schiliro & Firestein, 2021).

As mentioned before, in vitro experiments similarly supported these findings, showing
that the combined treatment led to a reduction in Psatl and Shmt2 levels in CT26 cells.
This downregulation likely inhibits amino acid metabolism, impacting the ability of
cancer cells to sustain their growth and proliferation (Wei et al., 2021). The consistency
between in vitro and in vivo results reinforces the significance of these proteins as key

metabolic regulators in CC.

These findings have important clinical implications for CC treatment. Targeting Psat1
and Shmt2 through combination therapy could provide a novel therapeutic approach
for overcoming chemoresistance and metabolic adaptation in cancer cells. Given that
amino acid metabolism plays a crucial role in tumor progression, the observed
metabolic disruption suggests that the PM-H-H and 5-FU combination could enhance
treatment efficacy while potentially reducing the required dosage of 5-FU, thereby

minimizing its associated toxicity.

Further clinical research and in vivo testing are necessary to assess the long-term
therapeutic potential and safety profile of this combination. Future studies should
explore whether Psatl and Shmt2 suppression can serve as predictive biomarkers for
treatment response in CC patients. Additionally, integrating this combination into

standard chemotherapy regimens could pave the way for more personalized and less
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toxic treatment strategies, improving patient outcomes and quality of life.

5.4 Conclusion

In this study, the combination of PM-H-H and 5-FU showed a notable improvement in
antitumor effectiveness in the CT26 tumor mouse model when compared to the effects
of each treatment used separately. The combined therapy not only reduced tumor
volume and weight but also exhibited greater tumor growth inhibition, confirming the
synergistic potential of PM-H-H in augmenting the effects of 5-FU. Histopathological
analysis further revealed that the combined treatment caused more severe tumor tissue

damage than single treatments, aligning with its enhanced antitumor activity.

Regarding safety, PM-H-H reduced the systemic toxicity typically linked to 5-FU, as
evidenced by consistent body weight, better organ indices, and unchanged toxicity
biomarkers in the co-treated group. These results imply that PM-H-H may broaden the
therapeutic range of 5-FU by diminishing its adverse effects, particularly on essential

organs like the liver and kidneys.

Notably, the combined treatment significantly downregulated Psatl and Shmt2 levels
in tumor tissues, which is consistent with in vitro findings. This highlights the potential
disruption of critical metabolic pathways involved in cancer cell proliferation, further

supporting the efficacy of the combination therapy.

Overall, the findings indicate that PM-H-H combined with 5-FU shows potential as an
innovative treatment strategy for CC. Nevertheless, further research is necessary,

particularly more extensive in vivo studies and clinical trials.
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CHAPTER 6

CONCLUSION AND FUTURE RECOMMENDATION

6.1 Conclusion

This study demonstrated the anticancer potential of PM-H-H extract and its synergistic
effects with 5-FU in the treatment of CC. Through in vitro and in vivo experiments,
PM-H-H was identified as a promising adjunct to conventional chemotherapy,

significantly enhancing 5-FU efficacy while potentially reducing toxicity.

The in vitro findings showed that the combination of PM-H-H and 5-FU exhibited
strong synergistic anticancer effects, including increased cytotoxicity, apoptosis
induction, and GO/G1 cell cycle arrest. Additionally, the combination effectively
inhibited cancer cell migration, clonogenic formation, and spheroid growth, suggesting

its potential role in suppressing metastasis.

Metabolomics and proteomics analyses revealed that the combination therapy
disrupted key metabolic pathways involved in tumor progression, including glycine,
serine, and threonine metabolism, as well as cysteine and methionine metabolism. The
downregulation of Psatl and Shmt2 further supported the metabolic impact of the

treatment, suggesting a novel mechanism of action.

In vivo validation using a CT26 tumor-bearing mouse model confirmed these findings,
showing that PM-H-H combined with 5-FU significantly reduced tumor volume and
weight compared to single treatments. Importantly, this combination also mitigated

systemic toxicity, as evidenced by histopathological analysis, which demonstrated
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reduced damage to vital organs.

In conclusion, this study provides strong evidence that PM-H-H enhances the
therapeutic effects of 5-FU in CC treatment. These findings support the further
investigation of PM-H-H as a complementary agent in chemotherapy, with potential
clinical applications for improving treatment efficacy while minimizing adverse
effects. Future research should focus on pharmacokinetics, long-term safety, and

clinical translation to establish its therapeutic viability in human CC treatment.

6.2 Future recommendation

The implications of this research are significant, particularly in the context of
developing more effective and less toxic treatments for CC. By demonstrating that PM-
H-H can augment the effectiveness of 5-FU while mitigating its systemic toxicity, this
study opens new avenues for improving treatment regimens and patient outcomes.

However, the study also highlights several important areas for future research. While
the in vitro and in vivo results are promising, further validation is necessary to fully
understand the mechanisms through which PM-H-H enhances 5-FU’s efficacy and
reduces toxicity. This includes exploring the specific metabolic and proteomic
pathways affected by the combination therapy and confirming these findings in
broader animal models and eventually in clinical trials. Additionally, the potential of
PM-H-H as a standalone treatment or in combination with other therapeutic agents

warrants investigation to determine its broader applicability in cancer therapy.

Future studies should also focus on optimizing the extraction and formulation

processes of PM-H-H to ensure consistent quality and potency. Investigating the long-
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term safety and potential interactions of PM-H-H with other drugs will be crucial for
establishing its viability as a clinical option. Overall, the integration of plant extracts
like PM-H-H into therapeutic strategies holds promise for advancing cancer treatment,

and ongoing research will be key to realizing their full potential in clinical settings.
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